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Methods Following 2.5  months of infestation, we 
tracked the fate of OC (13CO2 pulse-labelling) in sev-
eral compartments of beech sapling – soil mesocosms 
over 5  days. In ecosystem solutions, water extracts 
and soil/plant compartments we determined OC and 
N and solid δ13C. Bacterial community structure (16S 
rRNA gene targeted amplicon sequencing and quan-
titative PCR) and metabolite profiles (LC-qTOF-MS) 
were analysed.
Results We found significantly higher aphid-medi-
ated inputs of OC within throughfall. Honeydew-
derived C on infested leaves was inconsequential for 
total phyllosphere bacterial abundances, but verifiably 
affected the community structure. In all soil compart-
ments, cold-water extractable OC pools declined sig-
nificantly by frequent inputs of readily available OC. 
This pattern might relate to reductions in rhizodeposi-
tions and altered microbial processing by accelerated 
soil C-mineralization. As a result, the abundance of 
metabolites changed significantly in different ecosys-
tem solutions.
Conclusions Our findings attest that insect infes-
tations induce distinct direct and indirect effects 
on plant-insect-microbiome interactions leading to 
marked alterations in C dynamics. This integrated 
approach improves our understanding on microbial 
dynamics and biogeochemistry and evaluates the role 
of insects for ecosystem processes.

Abstract 
Purpose The woolly beech aphid thrives on Euro-
pean beech leaves, which has complex direct and 
indirect impacts on above- and belowground pro-
cesses. A mechanistic understanding of insect-medi-
ated changes in organic carbon (OC) availability for 
microbial life and its implications for element cycling 
is still lacking. This study aims at disentangling 
aphid-induced effects on phyllosphere and rhizos-
phere bacterial communities, as well as investigating 
feedbacks to OC transfer from the canopy to the min-
eral soil.
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Introduction

In forest ecosystems, pest outbreaks of phytophagous 
insects can directly and indirectly affect a wide spec-
trum of key ecosystem processes and functions, such 
as primary productivity of plants and the turnover 
of organic matter (Schowalter 2016). Direct effects 
reduce the plant’s ability to assimilate and internally 
translocate photosynthates to carbon (C) sinks like 
roots. In addition, sap-feeding insects, directly affect 
belowground biota via their excrements, such as 
frass and honeydew, entering the forest floor. Indirect 
effects are the result of systemic induced responses 
in their host plants (van Dam and Heil 2011). Both 
direct and indirect effects lead to complex interac-
tions between aboveground and belowground biota, 
which may affect ecosystem organic matter (OM) and 
nutrient cycling to different degrees and directions 
(Bardgett and Wardle 2010).

The plant’s ability to assimilate C can be rapidly 
reduced by sap-feeding insects such as aphids. For 
instance, the amount of photo-assimilates diverted 
from phloem by sap-feeders may account for 6–8% 
of the net primary productivity (Beggs et  al. 2005). 
Furthermore, C and N allocation patterns in plants 
are directly affected by insect herbivory changing 
the amount and composition of rhizodepositions and, 
thus, altering the resource availability for soil biota 
(Bardgett and Wardle 2010; van Dam and Bouw-
meester 2016). Herbivory by chewing insects tempo-
rarily increases C allocation from shoots to roots as 
well as root exudation (Holland et al. 1996; Potthast 
et al. 2021), whereas aphid feeding triggers the oppo-
site effect (Smith and Schowalter 2001; Vestergård 
et al. 2004). We therefore suppose that aphid infesta-
tion decelerates the carbohydrate release to mycorrhi-
zae and/or rhizosphere organisms (Gange et al. 2002; 
Vestergård et al. 2004).

Aphid feeding does not only change the quantity 
but also the quality of the rhizodeposition, which 
has shown changes in the composition (Kim et  al. 
2016; Vestergård et al. 2004) and microbial richness 
of the rhizosphere community (Liu et  al. 2020). For 
instance, Gram-positive bacteria (Paenibacillus spp.) 

were enhanced in the rhizosphere of pepper (Capsi-
cum annuum) infested by sap sucking insects (Kim 
et al. 2016), which affected the resistance of their host 
plant towards further herbivory or pathogen attacks 
(Kim et al. 2016; Yang et al. 2011).

Aphids excrete most of the phloem-derived photo-
assimilates as sugars that often crystalize as so 
called “honeydew” in large droplets on leaf surfaces. 
Depending on the aphid and its host plant species, an 
individual aphid may excrete between ~4 and 2000 μg 
honeydew  h−1 (Moir et al. 2018). In forested ecosys-
tems, the amounts of honeydew produced may yield 
400–700 kg fresh weight per hectare and year (Zoe-
belein 1954). These sugars, mainly fructose, glucose 
and melezitose (Douglas 2006), may become directly 
available as energy source for phyllosphere micro-
organisms (Stadler and Müller 2000). In the phyllo-
sphere, different groups of organisms such as yeasts, 
bacteria, filamentous fungi, and epiphytic plants 
(Kinkel 1997) contribute to OM transformation and 
decay. They are likely to cause nutrient immobiliza-
tion, thereby changing the biochemical composition 
of solutions in the ecosystem (Michalzik et al. 2016). 
For example, in the presence of easily available C 
resources, phyllosphere microorganisms can grow 
and immobilize inorganic N. This may cause reduced 
fluxes of inorganic N during peak insect feeding 
activity (Stadler et al. 2001).

Direct inputs of large quantities of easily available 
honeydew to organic layer and topsoils likely leads to 
the acceleration of soil mineralization rates (Michal-
zik and Stadler 2005) which, in turn, will affect soil 
OM and nutrient dynamics (Choudhury 1985). Dis-
solved OM levels in soil solutions and extracts are 
sensitive indicators for changes in such dynamics 
(Zsolnay 2003). For instance, cold-water soil extracts 
reflect nutrient and energy sources for soil microbes 
(Jandl and Sollins 1997) and contain other metabo-
lites resulting from belowground plant and microbial 
processes (Gregorich et  al. 2003; Landsman-Gerjoi 
et  al. 2020). Impacts of aphid infestation on easily 
available OM and on secondary metabolites likely 
reflect changes in rhizodeposition and/or an altered 
microbial processing of available substrate, in par-
ticular, in the organic layer as an important part of the 
total soil OM pool.

Following this line of argumentation, we expected 
aphid infestation to affect microorganisms both in the 
phyllos- and in the rhizosphere via direct (honeydew) 
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and indirect effects (plant internal responses) with 
consequences for key ecosystem processes such as 
C and N cycling. To gain a better mechanistic under-
standing of these aphid-mediated processes, we used 
a mesocosm set-up with 13CO2 pulse-labelling in the 
main infestation phase to experimentally assess the 
effect of a woolly aphid (Phyllaphis fagi) infesta-
tion on four-year-old beech saplings. In this context, 
we hypothesized that honeydew excretion will 1) 
increase the microbial abundance and diversity in the 
phyllosphere due to higher C availability, and 2) will 
increase the availability of OM resources in the soil 
via the input of leached honeydew sugar from leaves. 
We further assumed that 3) aphid-mediated higher C 
input to the forest floor alters metabolite profiles of 
ecosystem solutions and extracts (throughfall, forest 
floor, root zone, mineral soil) collected from aphid 
and control treatments, and that 4) aphid attack will 
reduce rhizosphere bacterial diversity and abundance 
due to reduced plant-C allocations which may sup-
press copiotrophic bacteria. To better understand the 
underlying mechanisms, we pursued an integrated 
approach, linking metabolomics and microbial com-
munity analyses with elemental tracing (13C) and 
Scanning Electron Microscopy (SEM) imaging.

Material and methods

Experimental set-up

We designed a mesocosm experiment with Euro-
pean beech (F. sylvatica L.) saplings to standardize 
our investigations with regard to tree age, nutri-
tional stage, irrigation volumes and controlling 
of aphid infestation. In brief, our experiment con-
sisted of three phases: the preparation (3  months) 
and aphid infestation (2.5  months) phase outdoors 
and the subsequent five-day incubation phase in 
mesocosms under controlled conditions in a cli-
matic chamber. A detailed description of the set-
up of our custom-made mesocosms (196  l volume) 
is provided by Potthast et  al. (2021). Table  1 elu-
cidates the experimental timeline. The preparation 
phase encompassed the collection of organic layer 
(F-Mull) and top soil material (stagnic Luvisols) 
from a European beech dominated forest of the 
Hainich Critical Zone Exploratory (CZE), which 
was launched as an interdisciplinary research 

platform within the Collaborative Research Center 
(CRC) AquaDiva (Küsel et al. 2016). Two four-year 
old beech saplings each (60–70 cm in height) were 
potted in homogenized top soil in the bottom parts 
of 12 mesocosms (Fig. 1 left). After planting, the Oi 
and Oe horizons of the organic layer were carefully 
placed on top of the mineral soil following the natu-
ral dimensions as observed at the forest site.

At the beginning of May, aphid infestation started 
to emerge in the field. Half of the mesocosms (n = 6) 
were spatially separated (50 m apart, separated by a 
wall of an old greenhouse without roof) to avoid nat-
ural infestation of control treatments. The other half 
was artificially infested with 20 individuals of the 
woolly beech aphid (Phyllaphis fagi L.) per meso-
cosm to mimic field infestation patterns. Early July, 
one boro-silicate glass suction plate (ecoTech, Bonn, 
diameter 8 cm) per mesocosm was placed in the root 
zone in 4 cm soil depth. In late July, we started to pre-
pare the mesocosms for the incubation experiment. 
We randomly placed one throughfall sampler (glass 
funnel, diameter 12 cm) and one forest floor lysimeter 
(PE funnels, diameter 12  cm, filled with Oi and Oe 
material) underneath each canopy (see Fig. 1 left) to 
measure the input to the forest floor and the output 
as organic layer leachates into the mineral soil. Meso-
cosm output fluxes were collected by seepage losses 
at the outlet port of the bottom plate (Fig.  1 right). 
Soil moisture and temperature probes were installed 
in the top mineral soil to adjust similar soil moisture 
conditions in all mesocosms (Fig.  1) and to allow 
constant monitoring during incubation.

For the aphid treatments, differences in emerging 
aphid infestation levels were observed from early to 
mid-June onwards. Aphids were the most abundant 
in mid-July still exhibiting diverting infestation lev-
els. Accordingly, two infestation levels were defined 
for the incubation experiment with half (n = 3) of the 
mesocosms showing a heavy infestation level with 
nearly all twigs infested by aphids and > 30 aphids 
above throughfall and forest floor samplers and half 
(n = 3) with moderate levels with <50% of the twigs 
infested and with 10–20 individuals above the sam-
plers. As a result, we distinguished four treatment 
groups with three replicates each for the incubation 
experiment: C = 12CO2 (Control), L = 13CO2 without 
aphid infestation (Labelled), A = 13CO2 + moderate 
aphid infestation (Aphid), AH = 13CO2 + high aphid 
infestation (Aphid heavy).
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Incubation phase -13CO2 pulse-labelling

Before the start of the five-day incubation experi-
ment, mesocosms were equipped with two ventilators 
for headspace gas mixing and sealed gas-tight (Fig. 1 
right). Afterwards, mesocosms were flushed with 
C-free air followed by a stepwise release of  CO2 after 
addition of HCl to  CaCO3 (6.4242  mmol  CO2 for 
the Control and 13CO2 for the labelled mesocosms). 
A detailed description of the 13CO2 pulse-labelling 
procedure is provided by Potthast et al. (2021). Dur-
ing incubation, mesocosms were irrigated with 3.6  l 
tap water per mesocosm (corresponding to 18.3 mm) 
by applying 400, 600, 600, 2000 ml after 48, 80, 89, 
120 h, respectively. Event-based throughfall and soil 
solution volumes were documented and samples were 
pooled for further analyses. Lysimeter seepage solu-
tions were cumulatively sampled once at the end of 
the experiment following the last precipitation event. 
The total volume of irrigation subtracted by the 
respective collected volumes of throughfall and of 
OM solution (3.6  l  cosm−1 – sample volumes) was 
multiplied with element concentrations to calculate 
input budgets for each mesocosm.

After terminating the incubation, beech leaf mate-
rial for phyllosphere microbiome analyses was picked 
from all treatments and transferred to autoclaved 
0.5 L polypropylene ether (PPE) containers (see 2.4). 
The subsequent destructive sampling encompassed 
the quantitative collection of Oi and Oe layer mate-
rial, the whole beech tree harvest by separating leaves 

and above-ground stem and below-ground root bio-
mass. The soil adhering directly to the beech roots 
to a maximum of one centimetre was defined as the 
rhizosphere soil (Tischer et al. 2019). For rhizosphere 
microbiome analysis, about 2 g of soil were obtained 
from five different locations within the rhizosphere 
using a sterile spatula, transferred to sterile reac-
tion tubes, frozen immediately on dry ice, and stored 
at −80  °C. After rhizosphere sampling, roots were 
washed with tap water. Mineral soil samples were 
obtained by three soil cores (steel cylinder, height 
12  cm, diameter 9.5  cm) per mesocosm and pooled 
for further analysis.

Scanning electron microscopy (SEM)

To visualise the impact of woolly aphids on the 
surface conditions of the leaf undersides, one leaf 
sample from each treatment was harvested during 
destructive sampling and prepared for SEM analysis. 
Upon collection, randomly selected portions of fresh 
leaf samples were mounted to 10 mm diameter SEM 
discs. Dried discs, according to the protocol of Pathan 
et al. (2008), were each sputtered with 20 nm gold for 
SEM (Zeiss Auriga 60 with field emission cathode 
and Everhart-Thornley type SE detector, Carl Zeiss 
SMT, Oberkochen, Germany). The scanning electron 
microscope has a resolution of 1.0 nm at 15 kV. Each 
individual disc was imaged at magnifications of 20x 
and 100x.

Fig. 1  Experimental set-up – Left: non-infested beech sap-
lings equipped with soil moisture and temperature probe as 
well as with a glass and a plastic funnel for throughfall and 
organic layer leachate sampling, respectively. Right: Four 

gas-tight mesocosms (Control; Labelled (+13CO2); Aphid 
(+13CO2 + moderately infested); Aphid heavy (+13CO2 + heav-
ily infested)) infested for 2.5 months and afterwards incubated 
for 5 days in a climatic chamber
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Chemical analyses

Throughfall, organic layer and soil solutions were 
vacuum-filtered to <0.45  μm with prewashed mem-
brane filters (cellulose acetate, Sartorius, Göttin-
gen, Germany) and analysed for dissolved organic 
C (DOC) and total dissolved N (TDN) by thermal 
oxidation (TOC-VCPN/TNM-1, Shimadzu, Duisburg, 
Germany). Solution pH value (WTW pH-Elektrode 
SenTix81, Weilheim, Germany) and electrical con-
ductivity (WTW TetraCon 325, Weilheim, Germany) 
were analysed as well.

Immediately after destructive sampling, water-
extractable organic matter was obtained by cold-water 
extraction in triplicate from 10 g of field fresh rhizo-
sphere or mineral soil samples and from 3 g of fresh 
Oi and Oe layer samples, respectively, weighted into 
Falcon-tubes. Thirty ml of distilled water were added, 
samples were shaken on a horizontal shaker for one 
hour (150 r/min), centrifuged for 5 min at 2800 r/min 
and vacuum-filtered to <0.45 μm as above. Concen-
trations of DOC and TDN in solutions were analysed, 
then normalized to the used soil amount and water 
volume and expressed as mg  g−1 dry soil.

Leaves, roots and organic layer samples (Oi, Oe) 
were freeze-dried, whereas soil samples (rhizosphere 
and mineral soil) were dried at 40  °C until constant 
mass. All samples were ground and measured for 
organic C (TOC) and total N (TN) using an elemen-
tal analyzer (Elementar Vario El Cube; Elementar 
Analysensysteme GmbH, Germany) and for δ13C 
using an EA-IRMS (CE 1100 coupled via Con Flo III 
with a Delta+; Thermo Fischer, Germany).

Microbiome community structure analyses

Preparation of samples for analysis of phyllosphere 
bacterial communities was carried out as described 
previously (Herrmann et  al. 2021). In brief, 250  ml 
of suspension buffer (0.15 M NaCl, 0.1% Tween 20) 
were added to the containers in which leaves had 
been sampled, followed by mild sonication (2 × 1 min 
at 10% intensity), shaking at 100 r/min at room tem-
perature for 20 min, and filtration of suspensions on 
0.2 μm polyethersulfone filters (Supor, Pall Corpora-
tion) using a vacuum device. Filters were stored at 
−80  °C until nucleic acid extraction. Leaf material 
was dried at 50 °C for one week for determination of 
dry weight.

Extraction of DNA from phyllosphere and rhizo-
sphere samples was performed using the DNEasy 
PowerSoil kit (Qiagen, Germany) following the man-
ufacturer’s instructions. Filter material from half a fil-
ter cut into small pieces or 0.2 g of soil were used as 
starting material.

Quantification of bacterial 16S rRNA genes in 
rhizosphere soil samples was carried out by quanti-
tative PCR using Brilliant II SYBR Green Master-
mix (Agilent Technologies) on a Mx3000P qPCR 
cycler (Agilent Technologies) with the primer com-
bination Bac8Fmod/Bac338Rabc (Loy et  al. 2002; 
Nercessian et  al. 2005) following the cycling condi-
tions described in Herrmann et  al. (2012). To avoid 
amplification of chloroplast-derived 16S rRNA genes, 
we used a different primer combination for the phyl-
losphere samples - Bakt_0341F (Klindworth et  al. 
2013) and Bakt_0799R, the reverse complement of 
primer 799F (Chelius and Triplett 2001) with cycling 
conditions as in Herrmann et al. (2021).

Amplicon sequencing of bacterial 16S rRNA 
genes was performed using the primer combination 
Bakt_0341F/Bakt_0785R (Klindworth et  al. 2013) 
and the Illumina MiSeq platform (v3 chemistry) at 
LGC Genomics (phyllosphere samples) and in house 
sequencing (rhizosphere samples) as previously 
described (Krüger et al. 2021; Rughöft et al. 2016).

Sequences were analysed using Mothur (Schloss 
et  al. 2009) following the Mothur SOP (Kozich 
et  al. 2013) along with the SILVA v132 references 
for alignment and taxonomic classification (Quast 
et  al. 2013). Chimera check was performed using 
the ‘uchime’ algorithm implemented in Mothur, 
and Operational Taxonomic Units (OTUs) were 
assigned using ‘vsearch’ in Mothur with a 0.03 dis-
tance cut-off. Shannon diversity indices and esti-
mated numbers of OTUs (Chao) were derived 
within the Mothur pipeline. Sequence data gener-
ated in this study have been submitted to the Euro-
pean Nucleotide Archive (ENA) under the study 
accession number PRJEB46752, sample accession 
numbers SAMEA9456885 – SAMEA9456904 and 
SAMEA10017471-SAMEA10017482.

Estimation of cell abundances

Taxonomic information was combined with results 
of qPCR analyses to estimate the number of cells 
in phyllosphere and rhizosphere samples. To do 
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so, we calculated relative abundances of each OTU 
present in these samples. Following the OTU-based 
taxonomic assignment from the Mothur pipeline, 
we retrieved information from the rrnDB data-
base (https:// rrndb. umms. med. umich. edu, accessed 
April 2020 (Stoddard et  al. 2014) how many 16S 
rRNA operons are on average present in the cor-
responding taxa (genus or family level where avail-
able). Relative abundances of each OTU were then 
multiplied with 16S rRNA gene abundances of the 
respective sample and corrected for multiple 16S 
rRNA operons where necessary.

Liquid chromatography metabolite profiling

An aliquot of ecosystem solutions and cold-water 
extracts was freeze dried and kept at −80 °C before 
further clean up (Delory et  al. 2021). The sample 
residue was re-constituted with 2  ml of ultrapure 
water (MilliQ) containing 5% Methanol (v/v%), 
sonicated for 10  min at room temperature and 
transferred to a new safe lock tube. Afterwards, 
samples were centrifuged for 10 min at 6000 g and 
4 °C and the supernatant was transferred to a new 
tube for clean up by solid phase extraction (SPE). 
One millilitre of a sample aliquot was loaded 
on the column to clean it up on a SPE column 
(Chromabond C18-Hydra 200  mg/3  ml Macherey 
Nagel), that was previously conditioned with 2 ml 
of methanol (LC-MS grade, VWR) followed by 
2 ml of ultrapure water containing 2% formic acid 
(v/v%) (LC-MS grade, Sigma Aldrich). After the 
column was washed with 2  ml of ultrapure water, 
samples were eluted with 2  ml methanol contain-
ing 2% formic acid (v/v%) (LCMS grade, VWR). 
The eluate was evaporated to dryness in a vacuum 
concentrator at 40 °C and reconstituted in 150 μl of 
methanol containing 30% water (v/v%). The sam-
ples were sonicated for 10 min at room temperature 
and then centrifuged at 6000 g and 4 °C for 10 min. 
The supernatant was then transferred to 1.5 ml LC 
vials.

Metabolite profiling was done on a Bruker 
Maxis impact HD qTOF-MS coupled to a Dionex 
3000 liquid chromatography system. More detailed 
information about the applied procedure can be 
found in the supplementary material.

Processing of raw LC-MS data

The LC-qToF-MS raw data were converted to the 
mzXML format using the CompassXport utility of 
the Data Analysis software (Bruker Daltonics). Peak 
picking, feature alignment and feature grouping was 
done in R 3.6.0 (R core team 2019) using the Biocon-
ductor (Huber et  al. 2015) packages ‘xcms’ v1.52.0 
(Tautenhahn et  al. 2008) and ‘CAMERA’ v1.32.0 
(Kuhl et al. 2012). For raw data pre-processing with 
‘xcms’ and ‘CAMERA’, all samples were organ-
ized into four groups, according to their treatments: 
Control, Labelled, Aphid, Aphid heavy. The follow-
ing ‘xcms’ parameters were applied: peak picking 
method ‘centWave’ (snthr = 10; ppm = 10; peak-
width = 2, 10); peak grouping method ‘density’ 
(minfrac = 0.7; bw = 3; mzwid = 0.05); retention time 
correction method ‘peakgroups’ (family = symmet-
ric). CAMERA was used to annotate adducts, frag-
ments, and isotope peaks with the following param-
eters: extended rule set (https:// github. com/ stans trup/ 
commo nMZ/ tree/ master/ inst/ extda ta); perfwhm = 0.6; 
calcIso = TRUE; calcCaS = TRUE. CAMERA addi-
tionally sorted these adducts/ fragments into pseudo 
compound (PC) groups where each group poten-
tially represents a metabolite. Lastly, each PC group 
(referred to as ‘metabolite’) was collapsed using an 
in-house maximum heuristic approach aiming to 
find the feature that most often displayed the high-
est intensity values across all samples for each PC 
group (Ristok et  al. 2019). In our analysis, each PC 
group was therefore represented by one feature with 
a known mass-to-charge ratio (mz) and retention time 
(rt).

Statistical analyses

All response variables of plant, soil, and solution 
properties were described by mean and standard error 
(SE) or standard deviation (SD) as derived from the 
statistical models. Data were checked for normality 
and homogeneity of model residuals, and, if neces-
sary, were transformed using log10. Effects were ana-
lysed with linear mixed effect models (LMMs) (Pin-
heiro et al. 2013) in the R statistical environment, R 
3.5.0 (R core team 2019) using contributed package 
nlme (Pinheiro et al. 2013).

As fixed factor, we included treatment and type. 
We considered all respective treatments (C, L, A, 
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AH) as treatment levels. Depending on the tested eco-
system compartments, type was specified for biomass 
compartments, for solution type, and for soil, respec-
tively. Biomass compartments were separated into 
aboveground and belowground. Solution type was 
separated into throughfall, suction cups, forest floor 
and bottom lysimeters. Soil was separated into bulk 
and rhizosphere soil. Due to non-linearity in response 
variables, mineral soil and organic layer were sepa-
rated for TOC and TN analysis. Mesocosm ID was 
set as random effect to account for nested sampling 
of several biomass compartments, solution types, and 
soil strata within the same mesocosm. To allow for 
different variances for each level of type and hence to 
account for heteroscedasticity of the model, we finally 
used the varIdent class of the varFunc argument (Pin-
heiro et  al. 2013). The concentrations, isotopic sig-
natures, and stocks of elements in biomass, solution, 
soil and cold-water extracts of soil were included as 
response variable in the LMMs, respectively.

The final LMMs included 2-way interactions of 
treatment and type. These “full” models were used for 
model parameter estimation unless 2-way interactions 
were significant or not (Schielzeth and Forstmeier 
2009). The final model includes variance heterogene-
ity among treatments or types, depending on the per-
formance of the model in terms of Akaike Informa-
tion Criteria (AIC, see below) and patterns in model 
residuals. The procedure of model building and final 
model selection was equal as described in Potthast 
et al. (2021). The final model estimates were reported 
in the supplement (Tables S3–7) and are based on 
Restricted maximum likelihood (REML) estimates. 
Post-hoc tests were performed using emmeans pack-
age in R and estimates were adjusted for false discov-
ery rate (Verhoeven et al. 2005).

Differences in abundances of bacterial 16S rRNA 
genes or relative abundances of bacterial taxonomic 
groups between samples were analysed using pair-
wise Mann-Whitney tests. Principal Coordinate 
Analysis (PCoA) of samples based on their bacterial 
community composition was done using the software 
PAST (Hammer et al. 2001).

We used PERMANOVA analysis in R (R core 
team 2019) to test for the effect of treatments on 
phyllosphere and rhizosphere bacterial community 
composition, using the Adonis functions from the R 
package vegan (Oksanen et  al. 2015) and respective 
dependencies.

LCMS data were exported to Metaboanalyst 4.0 
(Chong et  al. 2019). A principal component analy-
sis (PCA) was applied after normalization of data to 
the amount of DOC and Pareto scaling. Hierarchical 
Clustering was done with Euclidean distances and 
Ward’s method as clustering algorithm. Chemical 
richness was calculated as the sum of all metabolites 
and chemical diversity as the Shannon diversity of 
all metabolites using the R-package vegan (Oksanen 
et al. 2015).

Results

Plant and soil properties

According to LMM results, basic plant and soil prop-
erties were not significantly different between treat-
ments (Table  S3, S5, S6). Briefly, total beech bio-
mass ranged from 55.6 to 60.3  g dry matter (DM) 
per mesocosm for aboveground biomass and from 
21.4 to 28.6 g DM for roots. The C:N ratios of leaf 
and root biomass ranged from 26 to 29 and 31–35, 
respectively. The amount of OC in the Oi layer was 
1.6 times higher than in the Oe layer with C:N ratios 
ranging from 28 to 32 and from 21 to 23 for the Oe 
layer. SOC and TN amounts of bulk and rhizos-
phere soil extended between 1.7–1.8% and between 
0.12–0.13%, respectively (Table S1).

The abundance of 13C in above- and belowground 
biomass increased significantly five days after 13CO2-
amendment (p < 0.0001) (Fig.  2a). The highest 13C 
abundances were found in leaves followed by roots 
> Oi layer > rhizosphere soil > bulk mineral soil > 
Oe layer. Compared to the control, roots were signifi-
cantly enriched in 13C in the labelled treatment, but 
not in any of the aphid treatments (Fig. 2a). The latter 
showed significantly higher δ13C values only in the 
Oi layer compared to the labelled treatment (Fig. 2b), 
but not for the Oe layer and the bulk mineral soil. 
LMM results revealed significantly higher δ13C val-
ues in rhizosphere soil compared to bulk mineral 
soil (p = 0.0181), which was mainly associated with 
13CO2 amendment (p = 0.0635). The treatments 
did not significantly differ in bulk mineral soil 13C 
abundance (Fig. 2b), whereas δ13C values in rhizos-
phere soil were higher in the labelled treatments than 
in the Control (L: p = 0.0855; A: p = 0.0056; AH: 
p = 0.0599, Table S6).
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Chemistry of soil solutions and cold-water extracts

We found strong effects of treatment (LMM, 
p = 0.0077) and solution types (p < 0.0001) for DOC 
concentrations (Table S7). Aphid treatments signifi-
cantly increased DOC concentrations in throughfall 
solutions, with the highest levels found in the heav-
ily infested mesocosms (Fig. 3). Whereas leachates 
of the organic layer and soil solution from 4  cm 
soil depth did not differ in DOC concentrations, 

significantly higher values were detected in seepage 
solutions of the heavy aphid infested mesocosms 
than in the Control (Fig.  3, Table  S7). In contrast, 
no significant treatment effect (p = 0.2977) became 
notable for TDN concentrations in any of the solu-
tion types (Table S2). Mean TDN concentrations in 
throughfall ranged from 1.0 to 1.3  mg   L−1, which 
was significantly lower than in other solution types 
(p < 0.0001). Highest TDN concentrations (mean 
range: 9.2–23.8  mg   L−1) were found in soil solu-
tions collected by suction plates.

The DOC and TDN amounts (mg   g−1 DM) in 
cold-water extracts showed significant effects of 
treatment (p < 0.0001) and of different soil com-
partments (p < 0.0001) (Table  S4). Significantly 
lower amounts of DOC were extracted in all com-
partments from aphid mesocosms compared to 
Control (p < 0.0001) and Labelled (p < 0.01) treat-
ments (Fig.  4a). Independent of infestation levels, 
all aphid treatments showed on average 3.6 and 
6.6 times lower water extractable DOC amounts 
across all compartments compared to Labelled and 
Control, respectively. Hence, 13CO2 pulse-label-
ling seemed to additionally affect extractable DOC 
amounts. The TDN amounts in all compartment 
solutions were significantly higher in the Labelled 
than in any other treatment (Fig.  4b) (Table  S7). 
Herbivory also affected C to N ratios in soil extracts 
(p < 0.0001) with significantly lower ratios across 
all compartments of the aphid treatments compared 
to the Control.

Fig. 2  Abundance of 13C in leaves and roots (a) and in organic 
layer (Oi, Oe) and mineral soil (bulk, rhizosphere) (b) depend-
ing on treatment: Control (+12CO2), Labelled (+13CO2), Aphid 
(+13CO2 + moderately infested), Aphid heavy (+13CO2 + heav-

ily infested). Different lower-case letters indicate significant 
differences between treatments of each compartment according 
to LMM (p < 0.05)

Fig. 3  Concentrations of dissolved organic carbon (DOC) of 
different solution types (throughfall, organic layer leachate, 
soil solutions via suction plate in 4 cm mineral soil depth and 
via seepage loss) depending on treatment: Control, Labelled, 
Aphid (moderately infested), Aphid heavy (heavily infested). 
Different lower-case letters indicate significant differences 
between treatments of each solution type according to LMM 
(p < 0.05)
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Microbial phyllosphere and rhizosphere abundance 
and community composition

Estimation of bacterial cell abundances based on 
16S rRNA analyses and taxonomic information from 
amplicon sequencing revealed that phyllosphere bac-
terial abundances did not increase over the 2.5 months 
infestation period. On the contrary, we observed 
lower abundances in the aphid treatments (estimated 
cells per g (dw) leaves: 2.86 ×  107 (A) and 1.83 ×  107 
(AH)) compared to the control treatments (5.76 ×  107 
(C) and 1.49 ×  108 (L)) (Fig.  S1a). However, these 
differences were not statistically significant.

Effects of experimental aphid infestation were 
more pronounced for the bacterial communities in 
the phyllosphere than for the rhizosphere communi-
ties, explaining 24% of the leaf bacterial community 

variation (Fig.  5a; PERMANOVA, p = 0.012, 
Table S8). Community shifts were primarily linked to 
an increase in the relative abundance of Gammapro-
teobacteria and a decrease in the relative abundance 
of Actinobacteria and Alphaproteobacteria (Fig. S2). 
In turn, within the Actinobacteria, the strongest 
decrease in estimated abundance was observed for 
the genera Microbacterium and Curtobacterium 
(Micrococcales), Friedmaniella (Propionibacteri-
ales), Kineococcus (Kineospirales), and Rhodococ-
cus (Corynebacteriales), and for Phenylobacterium 
(Caulobacterales), Novosphingobium and Sphingo-
monas (Sphingomonadales) within the Alphapro-
teobacteria (Fig. S3). Shannon diversity index of the 
phyllosphere communities did not show significant 
differences between the aphid and control treatments 
(Fig. S1b).

Fig. 4  Amounts of cold-water extracted dissolved organic car-
bon DOC (a) and total dissolved nitrogen (TDN) (b) of organic 
layer (Oi, Oe) and mineral soil (bulk, rhizosphere) depending 
on treatment: Control, Labelled, Aphid (moderately infested), 

Aphid heavy (heavily infested). Different lower-case letters 
indicate significant differences between treatments of each 
compartment according to LMM p < 0.05)

Fig. 5  Principal Coor-
dinate Analysis of the 
phyllosphere (a) and 
rhizosphere (b) bacte-
rial communities based 
on Bray-Curtis distances. 
Colours denote origin of 
samples from the Control 
(C), Labelled (L), and the 
two aphid treatments (A: 
moderately infested, AH: 
heavily infested). Analysis 
is based on estimated cell 
abundances of species-level 
bacterial taxa
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In the next step, we tested the relationship between 
OTU estimated abundances and the amount of total 
canopy-derived DOC as a proxy of the amount of 
DOC available to the phyllosphere microbiota. In 
total, 51 out of the 1054 OTUs that occurred in the 
phyllosphere bacterial communities were nega-
tively correlated with the total canopy-derived DOC 
whereas only two low-abundant unclassified OTUs 
showed a positive correlation. The negatively corre-
lated OTUs were mostly affiliated with Hymenobac-
teraceae, Microbacteraceae, Sphingobacteraceae, 
Sphingomonadaceae, Xanthomonadaceae, and Pseu-
domonadaceae (Fig. S4).

In the rhizosphere, estimated bacterial cell abun-
dances remained at comparable levels in the con-
trol treatments and under the influence of aphid 
infestation (mean values ranging from 2.41 ×  109 to 
3.89 ×  109 estimated cells per g (dw) soil) (Fig. S1c). 
However, aphid infestation had a significant effect 
on bacterial community composition, explaining 8% 
of the overall variation (Fig.  5b; p = 0.003). In con-
trast to the phyllosphere communities, variation of the 
rhizosphere communities was not linked to shifts of 
major groups on the class or phylum level (Fig. S5) 
but resulted from changes at lower taxonomic levels. 
The Shannon diversity index of rhizosphere commu-
nities was lower in the aphid treatments compared to 
the controls but this difference was only significant 
for the moderate aphid treatment (Fig.  S1d). The 

majority of OTUs which were missing in the aphid 
treatments were affiliated with Acidobacteria, Alp-
haproteobacteria, Actinobacteria, and Gammapro-
teobacteria (Fig. S6). However, most of these OTUs 
were only present at low abundances in the rhizos-
phere soil of the control treatments, suggesting that 
the loss of bacterial taxa under the aphid infestation 
did not include quantitatively important members of 
the rhizosphere bacterial community.

Scanning electron microscope imaging

The undersides of aphid-infested beech leaves showed 
dense accumulations of structures (Fig. 6) that can be 
assigned to waxy secretions (wax tufts, threads, thick 
wax bundles). These wax threads extruded from the 
body of Phyllaphis fagi L. are formed to long hollow 
skeins where residues of them can be seen on aphid 
treated leaves. Rod shaped bacteria seemed to be 
high in densities on the Control and Labelled leaves 
whereas on the aphid infested leaves these shapes 
cannot be found in such densities.

Metabolomic-profiling

The metabolomite composition of the cold-water 
extracts and ecosystem solutions from different layers 
were affected by aphid treatment. Results of a PCA of 
metabolic profiles showed a significant effect of aphid 

Fig. 6  Scanning electron microscope images of beech leaf 
undersides (Fagus sylvatica) of 1  μm (above) and corre-
sponding zoom to 10  μm (below) of different treatments at 
the end of the experiment. Following treatments were imple-

mented: Control (+12CO2), Labelled (+13CO2), Aphid (Phyl-
laphis fagi, +13CO2 + moderately infested) and Aphid heavy 
(+13CO2 + heavily infested)
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infestation in the cold-water extracts from the litter 
layer to the mineral soil (Fig. 7). There, the metabo-
lite profiles of moderate and heavily infested treat-
ments clearly separated along PC1 from the Control 
and Labelled treatments. Differences of metabolomite 
composition in the throughfall solutions between 
treatments were not significant. The chemical diver-
sity and chemical richness, as a proxy of changes in 
the metabolome, did not significantly change in any 
of the ecosystem solutions (Fig. 7 and Fig. S7).

Discussion

Our results attest that aphids in particular affected the 
belowground organic carbon pools by both direct and 
indirect effects. We observed that the direct effects of 
honeydew excretion on phyllosphere bacterial com-
munity were less pronounced. In contrast, we found 
that more than two months of woolly aphid infesta-
tion significantly decreased the water-extractable 
organic carbon pool in the organic layer, and in bulk 
and rhizosphere soil. Moderate to high aphid infes-
tation decreased the amounts of extractable OC for 
soil microbes in all soil compartments whereas the 
amount of nitrogen remained constant. Indirect mech-
anisms via plant responses in concert with direct ones 
via the input of honeydew appear to affect below-
ground patterns (Fig. 8). In the following, we discuss 
the contribution of possible direct and indirect effects 
to the overall mechanism.

Direct effects on above- and belowground 
biochemical properties

Sap feeders contribute to a continuous input of 
energy-rich C compounds like fructose, glucose and 
melizitose to the phyllosphere and as readily available 
DOC to the organic layer and topsoil (Fischer et  al. 

2005; Stadler et  al. 2001). In this study, the woolly 
beech aphid caused significantly higher DOC concen-
trations in throughfall with highest ones in the heavily 
infested treatment. The majority of these high loads 
of energy-rich substrates were temporarily stored on 
the leaves until leaching. In this context, significantly 
higher population densities (CFUs) of epiphytic fila-
mentous fungi, yeast and bacteria of aphid infested 
canopies of beech, oak and spruce were reported in 
the literature (Mühlenberg and Stadler 2005; Stadler 
and Müller 2000). However, in contrast to our first 
hypothesis, woolly beech aphid infestation did not 
result in an increase in phyllosphere bacterial abun-
dance. Typical phyllosphere-associated taxa such as 
Sphingomonas, Kineococcus, Friedmaniella, Micro-
bacterium, and Curtobacterium decreased between 
three and ten-fold in their abundance under aphid her-
bivory compared to the control. However, in some of 
the aphid-treated mesocosms, we observed a strong 
increase in sequence reads affiliated with the genus 
Buchnera. Buchnera has been described as endos-
ymbiont of aphids (Douglas 1998) and its survival or 
growth outside the host has not been reported. Con-
sequently, the high abundances of Buchnera are an 
indicator of the intense aphid infestation, but do not 
point to a competition-driven functional change in the 
phyllosphere bacterial community. Insignificant cor-
relations between the amount of total canopy-derived 
DOC and most of the phyllosphere taxa suggested 
only a weak response and no stimulation of micro-
bial growth by additional C availability. Notably, 5% 
of the bacterial taxa were even negatively correlated 
to the canopy-derived DOC. Among those we iden-
tified members of typical phyllosphere-associated 
families such as Hymenobacteraceae, Microbacte-
riaceae, Sphingomonadaceae, and Sphingobacte-
riaceae suggesting a lower tolerance to elevated DOC 
concentrations.

In fact, exceptionally high local sugar concentra-
tions on the leaf surfaces themselves may have inhib-
ited phyllosphere bacterial growth due to osmoti-
cally stressful conditions (Lievens et  al. 2015). In a 
range of up to 12 μg sugar per g moist leaf, Mercier 
and Lindow (2000) reported a positive relationship 
between sugar availability on leaf surfaces and the 
extent of bacterial colonization. However, this is sev-
eral orders of magnitude lower than the honeydew-
derived sugar concentrations available to the leaf 
microbiota in our experiment (4 to 97.9  mg   g−1 dw 

Fig. 7  Results of metabolomics data analyses of throughfall 
solutions and of cold-water extracts from litter and fermented 
organic layer and from mineral and rhizosphere soil normal-
ized by DOC amounts. (a) Principal component analysis of 
Control (+12CO2 open circle), Labelled (+13CO2 grey circle), 
moderate (+13CO2 orange circle) and heavy aphid infestation 
(+13CO2 red circle) p values show results of MRPP, and heat 
maps (PC groups, Euclidean distance, Ward algorithm) of 
metabolites. (b) Chemical richness (numbers) and diversity 
(Shannon) of metabolites (Statistics for 1-Way ANOVA)

◂
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leaf). This is likely due to the fact that there may be 
a threshold value and a respective humped-shaped 
relationship between honeydew-concentration and 
bacterial growth. In addition, the comparison of elec-
tron microscope images of secretion waxes by woolly 
oak aphids made by others (Ammar et  al. 2013) 
with our images, revealed a clear conformity of wax 
shapes. These organic molecular structures repre-
sent excess wax excretions that densely covered the 
aphid-infested leaves hence altering the phyllosphere 
microhabitat structure and making it less amenable 
to microbial colonisation. Consequently, aphid infes-
tation might initially have triggered bacterial growth 
by providing honeydew as an additional C source, 
but this effect diminished as infestation progressed 
and inhibitory effects of sugar concentration and wax 
accumulation may have started to dominate.

Michalzik (2011) reported hexose-C proportions in 
DOC of up to 40–50% entering the topsoil after heavy 
aphid (Cinara pilicornis) infestation of ten year old 
Norway spruce. Assuming hexose-C proportions of 
40% of total DOC in throughfall, hexose-C amounts 
of 2–21 and 9–42 kg C *  ha−1 *  5d−1 for moderately 
and heavily infested treatments, respectively, were 
calculated. Such large amounts of low molecular 
weight organic substances are very likely to induce 
responses in the soil. Hence, we suggested that hon-
eydew would induce fast mineralization rates. This 
effect appeared to be mainly restricted to the organic 
layer, since the signal of high C-input via honeydew 
did not translate into organic layer leachates and soil 
solutions, partly confirming our second hypothesis. 
The continuous provision of large amounts of C-rich 
substrates may have fuelled soil microbial activity 
and might have alleviated microbial C limitation at 
the aphid treatments. In general, decaying leaf litter 
is a huge source of dissolved OM, however, as a net 
result, the readily available C pool more and more 
depleted with time due to expected accelerated turno-
ver rates and a simultaneous equivalent release of OC 
from the more stable C pool. We speculate that the 
frequent honeydew input induced a recurring posi-
tive priming effect, stimulating the mineralization 
of water-extractable fractions of the soil OM pool 
(Dighton 1978; Dormaar 1990; Michalzik and Stadler 
2005). This mechanism was corroborated by an incu-
bation study over 200 days conducted by Zhou et al. 
(2021) comparing episodic and frequent additions of 
glucose to a grassland soil. After frequent glucose 
amendment, a higher proportion of slow-growing, 
oligotrophic microbes, like saprotrophic fungi that 
are more capable to mine for N and P in plant litter, 
were observed. It is possible that frequent honeydew 
addition especially to the organic layer of our study 
also increased the fungal abundance in the microbial 
community, similar to what was found in the top-
soil under lime trees (Dighton 1978). In this context, 
significantly higher bulk δ13C values of the Oi layer 
of aphid treatments compared to the labelled ones 
(Fig. 2b) supply evidence for a partial uptake of hon-
eydew-derived C by microbes.

The above-mentioned recurring acceleration of 
mineralization due to an oversupply of one energy 
source (honeydew) seemed to have also changed 
the metabolite composition within all soil layers in 
the aphid treatment groups. Favouring of specific 

Fig. 8  Indirect and direct mechanisms of aphid infestation
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metabolic processes could have induced the differ-
ence in the metabolite profiles. However, the differ-
ence seemed to be mainly caused by an increase in the 
abundance of metabolites and not by the appearance 
of novel compounds, which in turn, only partially 
contribute to answer our third hypothesis. Neither 
an impact of aphid infestation on the chemical rich-
ness (number of metabolites produced by soil organ-
isms or exuded by plants) nor on the chemical diver-
sity (Shannon diversity of metabolites) was detected. 
Hence, none of the metabolites in the chemical pro-
files was induced or repressed by the aphid attack.

Indirect effects on belowground biochemical 
properties

In the present study, we assign two possible indirect 
mechanisms of herbivory to the observed reduced 
incorporation of freshly assimilated 13C in beech root 
tissue (Fig.  2a): The first possible indirect mecha-
nism assumes that plants compensate C-losses by 
diminishing the allocation rate of freshly assimi-
lated resources from shoots to roots. In this context, 
Smith and Schowalter (2001) reported a translocation 
of carbohydrates from roots to shoots which led to 
depleted C-root reserves after severe aphid infestation 
of Douglas fir seedlings. Additionally, it is also likely 
that the upwards transfer of C and amino acid with 
the phloem sap from root to shoot tissue was accel-
erated by aphids (Girousse et  al. 2005) and/or the 
translocation of freshly assimilated resources down 
to roots and rhizosphere (Vestergård et al. 2004) was 
hampered by the aphids itself.

After 2.5  month of aphid infestation, the sec-
ond indirect mechanism points to a reduction of 
C-resource allocation rates to roots and rhizodepos-
its. Between 4 and 27% of the plant’s photosynthetic 
capacity can be lost due to sap-feeding activity (Dun-
gan et al. 2007; Smith and Schowalter 2001). Accord-
ingly, reductions in the supply of recent photosyn-
thates to belowground plant parts might have cut the 
exudation of C via roots (Kim et al. 2016; Smith and 
Schowalter 2001; Vestergård et  al. 2004). Similarly, 
this plant response to severe herbivory infestation 
may also cause reduced mycorrhizal colonization 
(Gange et  al. 2002; Gehring and Bennett 2009). As 
a compensation mechanism to the reduced availabil-
ity of microbial C resources, an acceleration of soil 
OM decomposition, especially by saprotrophic and/

or mycorrhizal fungi in the rooting zone, could have 
promoted the depletion of the water extractable OC 
pool.

During the infestation period, the rhizobacterial 
community and richness may have adapted to the 
above-mentioned reduced C resource availability 
(Kim et  al. 2016; Liu et  al. 2020; Vestergård et  al. 
2004). In our study, the aphid infestation caused a 
decrease of rhizosphere bacterial diversity and a com-
munity shift, whereas estimated total bacterial abun-
dances were not affected, thus, only partially confirm-
ing our fourth hypothesis. Kim et al. (2016) observed 
a promotion of Paenibacillus sp. growth rate in the 
rhizosphere of pepper plants by a modulation of 
rhizodeposition due to aphid infestation. Response 
patterns in our study were less pronounced and rather 
reflected the loss of low-abundant taxa upon aphid 
infestation without clear evidence of a stimulation of 
particular bacterial taxa in response. Furthermore, the 
metabolomes of the rhizosphere extracts clearly sepa-
rated from the control and labelled only treatments 
assuming changed rhizomicrobial metabolization 
processes. Consequently, potential changes in rhizos-
phere microbial functions or plant-microbe feedbacks 
in response to aphid infestation remain unclear.

Conclusions

Our results revealed distinct direct and indirect effects 
on plant-insect-microbiome interactions leading to 
marked alterations in C dynamics upon aphid infes-
tation. This integrative approach provides a stepping 
stone towards a better understanding of the signifi-
cance of herbivory-induced alterations in microbial 
dynamics and element cycles for ecosystem pro-
cesses. Disentangling and quantifying the relevance 
of the detected direct and indirect effects of these 
complex plant-insect-microbiome-interactions on 
ecosystem processes is crucial. However, to further 
explain the observed reductions in soil water-extract-
able OC as well as the impact of relevant groups of 
(micro-)organisms on the OM and nutrient cycling, 
a broader community (including saprotrophic and 
mycorrhizal fungi) and physiological perspective is 
mandatory. Specific responses of fungal and bacte-
rial phyllosphere communities, such as honeydew 
C uptake and biomass growth, could be elucidated 
by additional 13C-determination in characteristic 
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biomarkers. In addition, further studies are required 
to quantify the extent of priming effects induced 
by frequent insect-mediated C inputs and to trans-
form insights on plant-insect-microbe-soil systems 
obtained from mechanistic laboratory studies to the 
field scale.
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