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Phosphorus (P) solubilization is an important process for P acquisition by plants and
soil microbes in most temperate forests. The abundance of inorganic P solubilizing
bacteria (PSB) is affected by the P concentration in the soil and the carbon input
by plants. We used a girdling approach to investigate the interplay of root-derived C
and initial P content on the community composition of gcd-harboring bacteria as an
example of PSB, which produce gluconic acid. We hypothesized that gcd-harboring
PSB communities from P-poor sites are more vulnerable to girdling, because of their
lower diversity, and that a shift in gcd-harboring PSB communities by girdling is
caused by a response of few, mostly oligotrophic, taxa. We used a high-throughput
metabarcoding approach targeting the gcd gene, which codes for the quinoprotein
glucose dehydrogenase, an enzyme involved in the solubilization of inorganic P. We
compared the diversity of gcd-harboring PSB in the mineral topsoil from two temperate
beech forests with contrasting P stocks, where girdling was applied and compared our
data to the respective control plots with untreated young beech trees. At both sites,
gcd-harboring PSB were dominated by Proteobacteria and Acidobacteria, however,
with differences in relative abundance pattern on the higher phylogenetic levels. The
P-poor site was characterized by a high relative abundance of Kaistia, whereas at
the P-rich site, Dongia dominated the gcd-harboring bacterial communities. Girdling
induced an increase in the relative abundance of Kaistia at the P-poor site, whereas
other bacterial groups of the family Rhizobiaceae were reduced. At the P-rich site,
major microbial responders differed between treatments and mostly Bradyrhizobium and
Burkholderia were positively affected by girdling in contrast to uncultured Acidobacteria,
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where reduced relative abundance was found. Overall, these effects were consistent at
different time points analyzed after the introduction of girdling. Our data demonstrate
that plant-derived carbon influences community structure of gcd-harboring bacteria in
temperate beech forest soils.

Keywords: beech, gcd gene, girdling, P solubilizing bacteria, quinoprotein glucose dehydrogenase

INTRODUCTION

The availability of phosphorus (P) in soil is essential for the
growth of plants and the functioning of soil biomes. Soil microbes
can exploit different inorganic and organic P sources via several
solubilization and mineralization pathways (Sharma et al., 2013).
Microbial solubilization of inorganic P in soil promotes plant
nutrition (Satyaprakash et al., 2017), the mitigation of drought
stress (Shintu and Jayaram, 2015) and the recovery of soil P,
e.g., after ecosystem restoration processes (Liang et al., 2020),
and it is accomplished by several processes, like the release of
protons or secretion of organic acids and siderophores (Sashidhar
and Podile, 2010). The secreted organic acids include a diverse
range of acids, such as citric acid, oxalic acid, formic acid,
and malic acid, among which gluconic acid is considered to
be the most important (Goldstein, 1995; Rodríguez and Fraga,
1999; Alori et al., 2017). The formation of gluconic acid from
glucose is the result of the expression of the bacterial gcd gene,
which encodes for the quinoprotein glucose dehydrogenase and
the pyrroloquinoline quinon cofactor. As Gcd is a membrane
bound enzyme, the oxidation of glucose directly leads to external
acidification and subsequent solubilization of mineral bound
inorganic P (Goldstein et al., 1993; Goldstein, 1995; Yang
et al., 2017; Rasul et al., 2019), and can be considered as an
important mechanisms for the solubilization of inorganic P Gram
negative bacteria.

P availability in soil affects the structure and abundance
of gcd-harboring bacterial communities. Previous studies have
shown that the diversity and abundance of phosphate solubilizing
bacteria (PSB) increase (Pastore et al., 2020; Spohn et al., 2020)
or decrease (Bergkemper et al., 2016b; Kurth et al., 2020) at
forest sites with low P availability. Further gcd expression is
directly controlled by phosphate concentration (Zeng et al.,
2016). However, the role of the availability of other nutrients,
e.g., carbon (C) or nitrogen (N), as well as the stoichiometry of
those nutrients for the abundance and diversity of PSB are still
poorly understood.

The input of organic material into soil, e.g., by root exudation,
changes the soil nutrient content and can shift the carbon to
phosphorus ratio (C:P) with pronounced effects on the structure
of the plant associated microbiome and the phenotype of single
microorganisms (Kuzyakov et al., 2007; Koranda et al., 2011;
Meier et al., 2017; Vives-Peris et al., 2020). In addition, the
release of plant exudates stimulates microbial mobilization of P in
the rhizosphere (Spohn et al., 2013). A 13C-labeling experiment
demonstrated that different PSB were attracted by root-derived
C in P-poor (e.g., Bacillales) and P-rich (e.g., Rhizobiales) soils
(Long et al., 2018). In addition, single compounds of root
exudates may act as a modulator for P turnover, for example

citramalic acid and salicylic acid for inorganic P solubilization
(Tawaraya et al., 2006; Khorassani et al., 2011). In a recent study,
Clausing et al. (2021) demonstrated that tree girdling, which
reduces the release of plant photosynthates into soil (Högberg
et al., 2001; Kleinsteuber et al., 2008; Zeller et al., 2008; Kaiser
et al., 2010, 2015; Pena et al., 2010), significantly reduced the P
uptake of plants and increased the abundance of gcd-harboring
bacteria in the mineral topsoil of beech forests. Girdling
significantly increased the potential for microbial inorganic P
solubilization in the mineral topsoil only at the P-poor site,
while other microbial driven P turnover processes like the
mineralization of organic P were not significantly affected.

The results from Clausing et al. (2021) and the previously
demonstrated importance of gluconic acid for inorganic P
solubilization (Goldstein, 1995; Rodríguez and Fraga, 1999; Alori
et al., 2017) gave us the motivation to investigate feedback loops
of plant-derived C and shifts in the stoichiometry of soil C:P
on the diversity of gcd-harboring PSB. For this purpose, we
used a molecular barcoding approach based on the gcd gene
to assess changes in diversity and community composition in
response to P and C availability. We analyzed soil samples from
a tree girdling experiment, which was performed at two sites
with contrasting soil P stocks in temperate beech forests. Samples
were taken at two time points after girdling and compared
to the respective controls, where no girdling was applied. We
hypothesized that (1) the gcd community from P-poor sites is
more vulnerable to girdling, because of their lower diversity. (2)
The increase in abundance of gcd-harboring bacteria observed by
Clausing et al. (2021) is associated with an increase in the relative
abundance of few taxa, rather than a uniform growth of the whole
gcd community.

MATERIALS AND METHODS

Experimental Design
The experimental design has been previously described in detail
by Clausing et al. (2021). Briefly, the experiment was conducted
at two beech (F. sylvatica L.) forests in Germany, Bad Brückenau
(BBR: 5579975 N, 3566195 E) and Luess (LUE: 5857057 N,
3585473 E), with different soil properties. Among others, soils
differed in total P content; BBR topsoil contained approximately
0.9 mg Ptot g−1 of dry mass (P-rich), compared to 0.02 mg Ptot
g−1 dry mass at the LUE site (P-poor). The average soil C:Porg
ratios were 59 and 493 g g−1 for BBR and LUE, respectively, (Lang
et al., 2017). Experimental plots (4 m2) with young beech trees
(10 years) were established at both forest sites in May 2017. In
June 2017, all trees in half of each plot were girdled by removal of
a strip of bark around the stem. This treatment interrupts the C
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flux into the soil. Trees in the other half of the plot were separated
by a lawn edge and left untreated. Composite samples consisting
of eight soil cores per subplot were collected one (T1) and eight
(T2) weeks after girdling from each replicate plot. Bulk topsoil
samples from three plots per site were sieved (mesh width: 4 mm)
and divided into two aliquots in the field. One aliquot was frozen
in liquid nitrogen and stored at −80◦C for molecular barcoding.
The second aliquot was dried (40◦C, 14 days) for calculating
soil dry weight.

Nucleic Acid Extraction and Amplicon
Sequencing of the gcd Gene
Total nucleic acids were isolated from 0.5 g of frozen soil
per sample by mechanical cell disruption using a Precellys 24
homogenisator (5 m s−1; 30 s; Bertin Technologies, France),
followed by organic solvent extraction according to Lueders
et al. (2004). The modified protocol is described by Clausing
et al. (2021). A sample without soil served as extraction blank
for subsequent sequencing analysis. The amount of DNA was
quantified using a NanoDrop 1000 spectrophotometer (Thermo
Fisher Scientific, Germany) and the purity was assessed based on
the ratio of absorbance of 280/260 nm. Extracted samples were
stored at −20◦C until further processing.

The amplicon library preparation of gcd genes from the soil
samples was performed in triplicates according to Bergkemper
et al. (2016a) using the same primer pair as for the qPCR
analysis in the study of Clausing et al. (2021), gcd-FW and
gcd-RW, with the following modifications. PCR master mix
contained 1× High Fidelity PCR Buffer, 1 U Platinum R© Taq
DNA Polymerase High Fidelity (Invitrogen, Germany), 5 pmol
of each primer, 0.06% bovine serum albumin, 2 mM MgSO4,
0.2 mM dNTP, and 50 ng of DNA template in 25 µl total
volume. Equal volumes of extraction blank and nuclease-free
water were used as non-template controls. The amplification
profile was as follows: initial denaturation 94◦C for 2 min, 35
amplification cycles of 94◦C (30 s), 57◦C (60 s) and 72◦C (45 s),
and final extension at 72◦C for 7 min. The presence of DNA
fragments of the correct size was confirmed by agarose gel (1%)
electrophoresis. A second PCR (10 cycles) was performed with
2 µl of the first PCR product and 2 µl of each of the same primers
containing the overhangs for Illumina sequencing. Triplicates
were combined and the products were purified using Agencourt
AMPure XP beads (0.8 × sample volume; Beckman Coulter
Inc., United States). The length and quantity of the fragments
were assessed using a Fragment Analyzer Automated CE
System (Advanced Analytical Technologies Inc., United States).
Barcoded sequences and indices were incorporated by the
following PCR reaction: 1 × NEBNext High Fidelity Master Mix
(New England BioLabs Ltd., United Kingdom), 2.5 µl of each
indexing primer (Nextera R© XT Index Kit v2) and 5 ng of the
purified template in a 25 µl final volume. Indexed amplicons were
purified using Agencourt AMPure XP beads and analyzed by the
Fragment Analyzer System as described above. Libraries were
diluted to 4 nM, equimolar pooled and sequenced on a MiSeq
instrument (Illumina, United States) using the MiSeq Reagent Kit
v3 for 600 cycles.

Bioinformatic and Statistical Analysis
The raw amplicon sequencing data was processed with a modified
version of the protocol by Bergkemper et al. (2016a). Briefly,
adapter sequences and low quality bases (minimum Phred score:
15) were trimmed and short reads (minimum length: 50 bp) were
discarded using AdapterRemoval v2.1.7 (Schubert et al., 2016).
Paired reads were merged and chimeras were removed using
the qiime dada2 denoise-paired command (N-terminal trimming:
10 bp; C-terminal trimming: 235 and 170 bp for forward and
reverse reads, respectively; maximum expected errors: 3) of the
DADA2 R package v1.3.4 (Callahan et al., 2016) in Qiime2
v2018.8.01 (Caporaso et al., 2010). The merged reads were used
to infer amplicon sequence variants (ASVs) at the same step.
Open reading frames (ORFs) were predicted from the merged
reads using FragGeneScan v1.19 (Rho et al., 2010) and were
subsequently annotated to functions using hmmsearch (HMMER
v3.1b2; 2) against selected Hidden Markov Models (HMMs)
obtained from the TIGRFAM v15.0 database3. Overlapping
motifs were removed, results were quality filtered (maximum
e-value: 1e-5) and the sequences assigned to the target gene were
extracted from the original datasets. The “positive” sequences
were taxonomically aligned to the non-redundant NCBI database
(January 2018) using Kaiju v1.4.4 (mismatches allowed in greedy
mode: 5; Menzel et al., 2016). The datasets can be found in the
Sequence Read Archive4.

Diversity calculations and statistical analysis of gcd amplicon
sequencing data, as well as data visualization, were performed
using R v3.5.2 (R Core Team,, 2015) and RStudio v1.2.5033.
Rarefaction curves were produced with the rarecurve command
of the “vegan” package (Oksanen et al., 2019); the negative
control contained no ASVs. The abundances of ASVs were
normalized by calculating relative (%) abundances. Alpha (α−)
diversity indices were calculated with the richness and diversity
commands of the “microbiome” package (Lahti and Shetty,
2012-2017) and beta (β−) diversity was explored by non-
metric multidimensional scaling (NMDS) analysis based on Bray-
Curtis dissimilarity calculations with the metaMDS command of
package “vegan.” ASVs assigned to the same genus were merged
using the “phyloseq” package (McMurdie and Holmes, 2013)
and the results were visualized using “phyloseq” and “ggplot2”
(Wickham, 2016). Common gcd-harboring ASVs were defined
as the ASVs detected in all replicate plots of each treatment and
detected using the online tool of Bioinformatics and Evolutionary
Genomics group, Gent, Belgium5. The impact of site and girdling
treatment on Shannon diversity, was tested per sampling time
point by robust 2-way ANOVAs on trimmed means using the
t2way command of the “WRS2” package (Mair and Wilcox,
2019). The impact of girdling was further tested by pairwise
comparisons between the girdled and the respective control
plots individually per sampling point at each site by robust 1-
way ANOVAs on trimmed means using the t1way command

1https://qiime2.org/
2http://hmmer.org/
3ftp://ftp.jcvi.org/pub/data/TIGRFAMs/
4https://www.ncbi.nlm.nih.gov/sra/PRJNA694833
5http://bioinformatics.psb.ugent.be/webtools/Venn/
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of the “WRS2” package. Additionally, the impact of site,
girdling treatment and sampling time point on the taxonomic
profiles of gcd gene datasets was tested by PERMANOVA with
999 permutations using the adonis command of the “vegan”
package. The results are summarized in Supplementary Table 1.
Differences in the relative abundances of the detected gcd-
harboring genera due to site and girdling treatment, were
detected by multiple comparisons (robust 1-way ANOVAs on
trimmed means, as described above) followed by Benjamini-
Hochberg p-value adjustment. In all tests, effects were considered
significant when the p-value was <0.05.

RESULTS

For the analysis of the diversity of gcd-harboring PSB, we used
a molecular barcoding approach based on sequencing of the
gcd gene. Overall, we generated a total of 3.5 Mbp reads which
could be assigned to 2,517 different ASVs. Among those, 2,515
ASVs contained ORFs and 2,496 of them had a significant hit
against the gcd-specific HMM, confirming the validity of the
applied method. Rarefaction analysis revealed sufficient coverage
of major ASVs in all datasets (Supplementary Figure 2).

Shannon diversity analysis revealed a significantly higher
diversity of gcd-harboring bacteria at the BBR site, compared
to LUE, at both time points (p-values = 0.02; Figure 1A,
Supplementary Table 1) and a decrease from T1 to T2. At
BBR, diversity was slightly lower in the girdled plots compared
to the control plots for both time points, while the opposite
effect was observed at LUE. However, these effects did not reach
statistical significance.

The comparison of β-diversity revealed that the structure
of gcd-harboring bacteria differed between the two sites
(p-value < 0.01). Whereas at LUE all samples clustered closely

together (with one exception at T1) and neither girdling nor
time point had a significant effect on the β-diversity, individual
response pattern toward girdling and time point were observed
at BBR for each plot. As the responses differed for each plot,
an overall assessment of the shifts did not reach significance
(Figure 1B and Supplementary Table 1).

At both sites, almost 90% of the obtained ASVs were
annotated as putative Proteobacteria belonging to the genera
Bradyrhizobium, Dongia, Kaistia, as well as other bacteria of
the family Rhizobiaceae, which could not be further assigned
to a genus. Moreover, a high proportion of reads linked to
putative uncultured Acidobacteria was detected at both sites.
However, the relative abundance of the dominant genera differed
at both sites (Figure 2A). Whereas at BBR almost 50% of
the reads could be assigned to uncultured Acidobacteria and
Dongia, ASVs linked to Kaistia were dominating the gcd-
harboring bacterial community at LUE. With the exception of
Kaistia, differences in the relative abundances of the detected
genera between the two sites were not statistically significant,
as a result of the huge variability of β-diversity between
replicates mostly at BBR (Figure 2B). Girdling influenced the
relative abundance of ASVs linked to the dominant genera
(Figure 2). At LUE, at both time points, an increase in relative
abundance of ASVs linked to Kaistia was observed, which was
complemented by a reduced relative abundance of other ASVs
linked to putative members of the family Rhizobiaceae, which
so far have not been further classified. Differences between
the two sampling time points were only detected for ASVs,
which were not part of the dominant groups listed above.
For example, at the control subplots slight increases in the
relative abundance of ASV grouped as Agrobacterium and
Pseudomonas was visible, whereas in the subplots subjected
to girdling ASVs linked to Paraburkholderia were slightly
increased in relative abundance. This shift was also confirmed

FIGURE 1 | Diversity analysis of the amplified gcd gene based on the detected ASVs. (A) Shannon diversity. Green and purple lines include the samples obtained
from the control and girdled plots, respectively. Gray shapes present the individual replicates and error bars the standard deviation between replicates.
(B) Non-metric multidimensional scaling analysis (NMDS). The sampled sites, sampling time point and treatments are shown by different shape, filling and color,
respectively. Labels indicate the number of the replicate sampled plot.
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FIGURE 2 | Taxonomic assignment at the genus level of ASVs obtained by gcd gene amplicon sequencing. (A) Stacked barplots of mean relative abundance (%)
values. Only genera with >0.6% relative abundance are shown. (B) Heatmap of relative abundances (%) in individual replicate samples clustered based on their
profile similarity. Only genera with >1.5% relative abundance are shown.

by a cultivation based approach (Supplementary Figure 3,
Supplementary Methods).

At BBR mostly ASVs linked to Bradyrhizobium and
Burkholderia were affected by girdling, as numbers increased
at both time points of sampling as a result of girdling. At the
same time, there was a trend to reduced numbers of ASVs
belonging to uncultured Acidobacteria. At T1 also ASVs linked
to uncultured bacteria of the family Rhizobiaceae were negatively
affected. In addition, differences accounting for the sampling
time point were observed, which affected mostly the relative
abundance of ASVs assigned to Azospirillum independent from
the treatment. A time point depending response was observed
for ASVs linked to Agrobacterium, which were increased in
relative abundance at T2 in the control treatments compared to
all other variants.

As the NMDS analysis revealed strong differences between
replicate plots, we identified consistent ASVs among the replicate
plots (common gcd-harboring ASVs) and compared them
between the control and girdling treatments at T1 and T2
(Figure 3). The responses to girdling were more pronounced at
BBR compared to LUE, as the number of unaffected ASVs was
lower at BBR compared to LUE. Interestingly at both sites the
overall number of common gcd-harboring ASVs for the girdled
and control subplots, respectively, was lower at T2 compared to
T1, indicating an increased fluctuation over time (Figure 3A).
Most common gcd-harboring ASVs could be assigned to Dongia
at BBR and Dongia and Kaistia at LUE, again confirming the
importance of these proteobacterial groups for inorganic P
solubilization at both sites. The analysis at the level of individual
ASVs revealed differences also for the major bacterial genera
which are shared between both sites, differences on the level of
ASVs indicating differing species composition e.g., for Dongia for
both sites (Figure 3B). In addition, also girdling specific effects
mostly at BBR were observed for Dongia, with clear differences in
the ASV composition as a result of girdling.

DISCUSSION

Clausing et al. (2021) previously investigated the effect of girdling
on the plant and soil microbial P mobilization processes at
BBR (P-rich) and LUE (P-poor). Following the reduced efflux of
dissolved organic C from the roots caused by girdling, plant root
biomass and plant P uptake decreased especially at the P-poor
site, indicating that the stimulation of gcd-harboring PSB by
plant-derived C is an important factor with a strong feedback
on plant performance. In this study, we investigated the diversity
of gcd-harboring PSB communities as affected by girdling at two
sites with contrasting P stocks.

The most abundant genera detected at both sites potentially
belonged to the orders Rhizobiales, Rhodospirillales, and the
phylum Acidobacteria, which have also been previously detected
by both amplicon and shotgun metagenomic sequencing
(Bergkemper et al., 2016a,b). Considering that these dominant
genera harbor also genes encoding for phosphatases (Weon et al.,
2008; Ragot et al., 2015; Kim et al., 2016; Grönemeyer et al.,
2017), they can potentially exploit both inorganic and organic
P sources depending on the changes in soil C:P stoichiometry.
Thus, it is possible that girdling causes significant changes in the
P acquisition strategy of gcd-harboring PSB, which may explain
partly that the observed changes in the diversity pattern of gcd-
harboring PSB were less pronounced than expected, and strong
shifts might occur on the level of transcriptomes and associated
phenotypes rather than the level of genomes.

However, we observed that the decrease in plant-derived C
affected the diversity of gcd-harboring PSB at both sites, but
response pattern of gcd-harboring PSB toward girdling were not
consistent at both sites. At the P-rich site (BBR), we observed
that the overall high diversity of potential gcd-harboring PSB
which is present at this site, slightly decreased after the girdling of
plants, while the diversity of gcd-harboring PSB at the P-poor site
was favored by girdling and the subsequent low plant P uptake,
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FIGURE 3 | (A) Unique and shared common gcd-harboring ASVs between treatments. Common gcd-harboring ASVs were defined as the ASVs detected in all
replicate plots of each treatment. (B) Relative abundance of unique ASVs and their taxonomic affiliation on the species level. The color bar indicates the number of
reads assigned to each ASV, after normalization of the datasets. The ASVs that responded 8 weeks after girdling are marked in a green or purple frame.

which is in line with the observation of Clausing et al. (2021)
who observed an increasing abundance of gcd-harboring PSB
(Supplementary Figure 1).

The opposite response pattern at the two sites might be
linked to differences in the stoichiometry of available C and
P. In this regard, strong competition of beech roots and soil
microbes in P-poor compared to P-rich conditions has been
shown for LUE (Clausing and Polle, 2020). Here, the diversity
and abundance of gcd-harboring PSB at LUE increased as a result
of the girdling. The reduced competition of bacteria and plants
for P resulted in an increase in diversity despite the reduced
available C pools. Changes mostly occurred in the family of
Rhizobiaceae, which opposed the seasonal fluctuation observed
in the control plots. While some genera of the Rhizobiaceae were
negatively impacted, Kaistia benefited from girdling. Whereas
many Rhizobiaceae form tight interactions with plants (Alves
et al., 2014) and may share with them the low amounts of available
P, Kaistia as a mostly free living genus, might directly fight for
P with plants, when plants are active in P acquisition as on the
control subplots. In fact Kaistia spp. have been detected in various
environments, including wastewater soils, river sediments and
an anaerobic reactor (Im et al., 2004; Lee et al., 2007; Jin et al.,
2012) indicating a large flexibility toward different C sources.
Thus, the reduced performance by the plants as a result of
girdling may have a negative impact on the plant associated

bacteria of the Rhizobiaceae, but free living bacteria of the same
family may benefit.

At BBR, where control subplots are characterized by a
generally low soil C:P ratio, it might be argued that girdling
induces a situation where C becomes the limiting factor and
not all gcd-harboring PSB present in the control subplots are
capable to tolerate these conditions. However, the reduced
relative abundance of Acidobacteria, which can be considered
as bacteria with an oligotrophic lifestyle (Kielak et al., 2016)
and thus an indicator for reduced stocks of available C, is
in contradiction to this postulation. In contrast, we observed
an increase of ASVs assigned to Bradyrhizobium, Burkholderia,
and Paraburkholderia. The latter was also confirmed by a
cultivation based approach (Supplementary Figure 3). Most of
these bacteria can form strong interactions with plant roots
and have been often considered as part of the plant holobiont
(Hassani et al., 2018). However, several Burkholderia species
are known to change their lifestyle depending on plant fitness
and change their mode of interaction from plant beneficial to
plant pathogens (Rojas-Rojas et al., 2019). These shifts might be
triggered by the availability and quality of root exudates. As plant
growth promoting bacteria, Burkholderia may benefit from root
exudates, whereas as plant pathogens they are capable to degrade
cell wall compounds like cellulose or lignin to invade the root
interior. The ability to degrade lignin has been described for a
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number of Burkholderia strains (Morya et al., 2019). Thus, at BBR
a girdling induced shift in C quality might be more important
than total C availability. Because of the high concentrations of
available P, microbes, which are capable to degrade more complex
organic materials like plant-derived cellulose or lignin, might
become dominant members after girdling. As this flexibility in
C use is restricted to some bacterial families only, the reduced
diversity pattern observed may be a consequence of shifts in
C quality. When T1 and T2 are compared, we expect that
this is not the endpoint of community changes after girdling
as, for example, the common ASVs detected in the control
and girdling treatment still decreased (Figure 3). Rasche et al.
(2011) observed significant girdling effects even in the second
year after girdling. However, long-term girdling effects might be
also a consequence of lower fine root biomass or earlier tree
senescence, which interferes with the girdling effects (Kaiser et al.,
2010). Differences, e.g., in relation to the increase in relative
abundance of Agrobacterium at T2, were found. Agrobacterium
spp. are known as degraders for bacterial cellulose (Sieger et al.,
1995). Thus, their increase in relative abundance might indicate
a secondary succession after girdling, where a number of bacteria
which benefit from the changed C quality at T1 die off and their
cell wall materials are consumed by others, again benefiting from
the overall sufficiently available P.

Beyond shifts in the relative abundance of genera also shifts in
ASVs belonging to one species were observed. This was mainly
true for the dominant genera, including Dongia. This might
indicate functional redundancy within the dominant genera, as
some ASVs consistently increased in the girdled plots while
being absent in the respective control and the other way around.
Different preferences of genus ecotypes were also reported
previously (Chase et al., 2018), but to prove this mechanism,
additional isolation approaches are needed to compare the traits
of responding species on whole genome level. Moreover, some
bacteria might have obtained the ability to solubilize inorganic
P by horizontal gene transfer, as it was demonstrated recently
for some proteobacteria like Bradyrhizobium (Liang et al., 2020).
The question if the identified groups received their capability
for the solubilization of inorganic P by horizontal gene transfer
of gcd genes or by coevolution cannot be disentangled by an
amplicon sequencing approach, but needs additional isolation
experiments, which allow the comparison of the phylogeny
based on 16S rRNA genes and for the gcd gene for the same
isolate. However, this approach is beyond the scope of this
study and also comes along with all limitations related to
cultivation experiments like selecting for bacteria preferring
copiotrophic conditions, which especially introduced a strong
bias for communities isolated from LUE, which is underlined
by the low number of different PSB isolates obtained from LUE
(Supplementary Figure 3).”

CONCLUSION

Short-term responses of young-beech trees toward girdling
were observed at both sites with different responding taxa. As
interactions of girdling and season were not significant, the

different response pattern observed could be most likely linked to
the different soil C:P ratios at the two sites and the factors limiting
microbial performance.

The majority of observed shifts in gcd-harboring PSB
community structure were consistent for the two time points.
However, this does not imply that no additional long-term
changes in gcd-harboring PSB community composition could
be observed as a result of girdling after T2. In addition, it
needs to be taken into account that the study was performed
with relatively young beech trees, which may differ in their
exudation pattern as well as strategies to exploit nutrients
from trees of older age classes. Furthermore, tree specific
effects need to be taken into account despite the fact that
bulk soil was sampled, where the direct influence of the
trees is limited. But phytoalexins and other compounds are
highly persistent in soil and thus might strongly influence all
soil microbiome members, including gcd-harboring PSB. Thus,
future studies might include different tree ages or species as
well as the presence and activity of other PSB that do not
harbor the gcd gene, and were consequently excluded from our
current analysis.
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Supplementary Figure 1 | Absolute counts of gcd copies g−1 of dry soil as also
shown previously in Clausing et al. (2021). Green and purple bars include the
samples obtained from the control and girdled plots, respectively. Errors bars
present the standard deviation between replicates. Statistically significant
differences between plots with girdled trees and the respective controls are
presented by *.

Supplementary Figure 2 | Constructed rarefaction curves of the sequenced gcd
gene libraries, showing the number of ASVs detected by means of
sequencing depth.

Supplementary Figure 3 | (A) Relative number (%) of PSB cultures to total

number of cultures obtained by cultivation on Pikovskaya’s agar. Green and purple

bars include the samples obtained from the control and plots with girdled trees,
respectively. Error bars present the standard deviation between replicates.

Statistically significant differences between girdled and the respective controls are

presented by *. (B) Taxonomic assignment of the isolated PSB cultures at

the genus level.

Supplementary Table 1 | Statistical analysis of the copy numbers, Shannon

diversity and taxonomic profiles of amplified gcd genes, as well as the relative

number of PSB cultures. When applicable, the test statistics (Q and F. model),

degrees of freedom (df) and the respective p-values are presented. Significant
differences (p-value < 0.05) are marked with orange color.

Supplementary Methods | Description of the isolation and characterization of
PSB based on cultivation on Pikovskaya agar.
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