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Reverse microdialysis of sucrose stimulates =
soil fungal and bacterial growth at the
microscale
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Abstract

Background The rhizosphere is a critical microenvironment that plays key roles in plant nutrient availability,

largely due to root interactions with rhizospheric microbes. However, we lack suitable methods that can elucidate
mechanisms determining rhizospheric community structure and function within the context of a dynamic,
undisturbed soil. Microdialysis has been used for low intrusive soil nutrient sampling at the scale of a fine root, with
small probes that also enable release of defined compounds. We evaluated whether microdialysis could simulate
exudation, by the release of sucrose, and stimulate changes in a soil microbial community, allowing us to determine
the microbes that responded most to carbon release.

Results Microdialysis successfully stimulated growth on probe surfaces of fungi and bacteria, which were extracted
and sequenced for identification. Microbial growth was also visualized with scanning electron microscopy. The
majority of the species stimulated were classified as fast growing or opportunistic, e.g. yeasts, moulds, proteobacteria
and actinobacteriota, which are known to respond quickly (within days) to the release of simple sugars as exudates in
the rhizosphere.

Conclusions The study demonstrates the potential of using microdialysis as a tool to investigate interactions
between root exudation and soil microbial community composition, initially for individual compounds and in the
future for more complex compositions.
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Background

Soil microorganisms are key components of both natu-
ral and managed ecosystems. The heterogeneity of both
soil structure and microbial communities in soils is huge,
with microenvironments separated by only micrometres
to millimetres making up distinct niches with differences
in e.g. moisture, pH, oxygen, nutrients and substrate
availability. This microspatial heterogeneity is exempli-
fied by abrupt biotic and abiotic changes at the root-soil
interface — the rhizosphere, where microbial densities are
higher and diversity lower than in bulk soil [1-3]. This
is a consequence of that plant roots releasing an array
of exudates (e.g. energy and signalling molecules) [4],
thus creating a unique, nutrient-rich niche where certain
microbes are stimulated. There is currently considerable
research on the rhizospheric microbiome, providing crit-
ical information on the presence and abundance of soil
organisms [5, 6], with metagenomic and metabarcoding
analyses having greatly expanded our understanding of
the complexity of soil biodiversity, which was previously
largely limited to culture-dependent studies [7-9]. In the
absence of mycorrhizal fungi, the rhizosphere is generally
viewed to extend to soil volumes up to 5 mm away from
the root [10], and to further elucidate microbial recruit-
ment the position and scale of sampling is of critical
importance in pinpointing the function of rhizosphere
communities in different soil environments [11].

Several inventive experimental set ups have been used
in attempts to mimic root exudation and measure the
effects on soil chemistry. Root exudation solutions can be
supplied directly to the soil in a solution or via microly-
simeters [12, 13]. Both these methods supply the sub-
strate to the soil via mass flow, which differs from plant
root exudation since applied solutions and lysimeters also
release water in addition to the substrates. In contrast,
root exudates move via diffusion, which could potentially
affect the microbial community compositions and soil
chemistry differently. As a complicating factor, plant root
tips are usually surrounded by an exuded mucilage layer,
which can attenuate plant stress [14] and act as carbon
source and drought protection for microbes in the rhizo-
sphere [15].

Another alternative to study the direct effects of exu-
dates on microbiomes can be to use plant molecular
tools like knock-out mutants and over-expressors of
responsible plasma membrane transporters. The mecha-
nisms of root exudation are still debated even though
our understanding of mapping exudation under differ-
ent settings, the involvement of root morphology and
identifying physiological mechanisms — e.g. cell mem-
brane transporters [16] is increasing. Currently, relatively
few transporters have been identified compared to the
numerous compounds identified in root exudates [16,
17], which hinders the generation of mutants for many
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known exudates. Difficulties in studying the roles of root
exudates may also depend on whether their exudation
requires active or passive transport. Bioactive secondary
compounds (e.g. coumarin) seem to be actively exuded
from roots through energy-consuming primary or sec-
ondary active transporters [17, 18]. Primary metabolites
(mainly sugars, amino acids and organic acids), on the
other hand, may be passively lost from the root at the
meristematic root apex via diffusion [17, 18]. If that is the
case, investigating this with different plant mutant lines
might be more challenging.

As a complement to a plant molecular toolbox to
explore mechanisms in root exudation, an alternative
approach would be to use methods that can simulate
the release of targeted compounds, e.g. root exudates,
while simultaneously allowing sampling of the chemi-
cal response in the soil (e.g. nutrient availability) and
enabling sampling of the responsive soil microbiome.
Microdialysis can offer these possibilities and has
recently been applied to measurine nitrogen and phos-
phorus availability at the root scale with minimal dis-
turbance in soil [19, 20]. In addition to sampling the soil
solution via induced diffusion, the microdialysis probe
can simultaneously release compounds via diffusion [20—
22]. In practice, this means the technique can be used
to simulate release of root exudates and simultaneously
sample nutrient availability. Previous work has shown
that applying this simulation of exudation in soil can have
effects on availability of phosphorus [22, 23] and nitrogen
[20], and that the release of organic acids (using micro-
dialysis) leads to immediate and dynamic changes in
microbial growth, activity, and nitrogen mineralization in
the surrounding soil [24]. This approach offers an oppor-
tunity for determining how plant root exudates affect rhi-
zosphere microbiome community structure.

Here, we built upon our previous work [20, 25, 26] by
testing whether release of sucrose from a microdialy-
sis probe stimulated microbial growth on the probe. To
provide a proof of concept, we released a carbon source
(in the form of sucrose) over a period of four days,
using semipermeable microdialysis probes inserted in
homogenised organic soil from a boreal forest. Since the
composition of plant root exudates varies widely [16,
18, 27], we chose sucrose as a simplified starting model
exudate, known to be exuded from living root tips [28].
As boreal forest soils are often nitrogen limited, we also
added a nitrogen rich plant litter to some microcosms to
artificially increase total nitrogen and potentially micro-
bial activity. Scanning electron microscopy was used
to visualize the microbes growing on the microdialysis
probe surfaces and amplicon sequencing of fungal ITS
and bacterial 16S rRNA regions was used for microbial
community profiling. The aim of this study was to cre-
ate a method that future studies could use for dissecting
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the roles of specific root exudates in rhizospheric micro-
bial colonization, by creating a stimulated ‘probosphere’
(Fig. 1).

Methods

Soil sampling

Soil was collected in September 2019 from the organic
horizon (0-5 cm) of a Scots pine forest with an understo-
rey of ericaceous shrubs at the Rosinedal Research area,
near Umed, Sweden (64°10'20”N,19°44’30”E). The site soil
consists of sand, with a weakly developed podzol and an
organic layer ranging from 2 to 5 cm thickness, see Lim
et al. [29] for a detailed description of the site. The annual
mean precipitation is 587 mm, and the annual mean air
temperature is 1.9 °C. Soil was taken from the non-fertil-
ized control site and transferred to the laboratory for fur-
ther processing. It was then sieved (2 mm mesh), mixed,
and stored at 4 °C until use (4 months, January 2020). The

”Probosphere”
Microdialysis probe
in soil stimulating
microbial growth
by releasing
carbon
compounds.

Fig. 1 The ‘Probosphere; an analogue to the rhizosphere. The diameter
of the probe is 0.5 mm. The permeable probe (20 kDa molecular weight
cut-off) is connected to a pump with two tubes (pictured above the soil
line), and sucrose is pumped through the probe and released through the
probe surface via diffusion. lllustration: Karin Lodin, Lodin designbyra AB
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soil contained 1.04 +0.03% N, 38.67 +1.07% carbon (car-
bon/nitrogen =37.2), with a pHyy, of 4.5.

Microdialysis sampling

Seven g of soil, at 70% water holding capacity (3 g soil
dry weight) without or with 30 mg litter (pea litter, C/N
14.8) added, was placed in 5 ml Eppendorf tubes (with-
out lids) and left at room temperature (21 °C) to accli-
matise for one week. Pea litter (from dried and milled
Pisum sativum) was chosen to artificially increase nitro-
gen availability in the microcosm, as previously shown
[20]. One microdialysis probe (30 mm x 0.5 mm, surface
area 0.4732 cm?) with a 20 kDa molecular weight cut-
off, (CMA 20; CMA Microdialysis AB, Solna, Sweden)
composed of polyarylethersulphone (PAES) was inserted
into the soil in each of the tubes after carefully making
a hole in the soil with a guiding needle. Each probe was
connected to a syringe (3 mL; BD Plastipak) on a syringe
pump (CMA 4004 infusion pump) and perfused with
either high-purity de-ionised water (MQ, from here on
referred to as control samples) or sucrose (5 mM) at a
flow rate of 1 uL. min%; for 16 h per day for a total of 4
days. Based on effluxes we have previously measured in
Buckley et al. [20], this should amount to a range 80—-250
pg of carbon released per probe over 4 days. There were
40 tubes in total (20 probes without litter and 20 probes
with litter) for each perfusate type. As soon as pump-
ing finished on the last day, the microdialysis probes
were carefully removed from the soil. The microdialysis
membrane was cut and peeled off the shaft of the micro-
dialysis probe, with a sterile scalpel, into a sterile 1.5 ml
Eppendorf tube and flash frozen in liquid nitrogen and
stored at —80 °C until DNA extraction. Four membranes
were pooled to one extraction tube resulting in #= 5 for
each of the four treatments: without litter (control and
sucrose) and with litter (control and sucrose). Two rep-
licates of the control without litter treatment and one
replicate of the sucrose without litter treatment were
accidentally destroyed during sample processing leading
to n=3 and 4 for these treatments.

gDNA preparation

The frozen microdialysis membranes were homogenized
six times for 1 min at max speed, using a Retsch bead
mill, with each extraction tube containing two 3 mm
diameter metal beads (washed in RBS- and MQ H,O and
autoclaved). Samples were kept frozen using liquid nitro-
gen during the process.

The DNA on the microdialysis membranes was
extracted using the FastDNA Spin Kit MP (MP Biomedi-
cals, Irvine, CA, USA), with a modified protocol. 1 ml of
CLS-Y buffer was added to the samples to prevent DNA
degradation and keep the temperature low. The samples
were then homogenised at max speed for 3 min, in the
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same Retsch bead mill. Thereafter the samples were cen-
trifuged for 10 min at 14,000 rpm. 900 pl of the super-
natant was transferred to a new Eppendorf tube and 800
ul Binding Matrix was added. The tube was inverted gen-
tly for 5 min at room temperature. Half of the suspen-
sion was added to a SPIN filter unit and centrifuged at
14,000 rpm for 1 min, when the liquid in the catch tube
was discarded. The centrifugation was repeated with the
remaining sample, and the catch tube was discarded. 500
ul SEWS-M buffer was added to the filter. The pellet in
the filter unit was carefully resuspended, and then cen-
trifuged again for 1 min at 14,000 rpm. The catch tube
was discarded and replaced with a new Eppendorf tube.
The filter was centrifuged for 2 min at 14,000 rpm to
dry the pellet. The catch tube was once again discarded
and replaced with a new Eppendorf tube. The DNA was
eluted by resuspending the pellet in the filter unit with
80 pl DES. The tubes were capped and incubated at 55
°C in a heat block for 5 min. The filters were then cen-
trifuged at 14,000 rpm for 2 min to elute the DNA in the
new Eppendorf tube. DNA concentrations in the sam-
ples were measured using the Qubit dsDNA High Sen-
sitivity (HS) Assay kit (Invitrogen, Carlsbad, California,
US) with Qubit fluorometric quantitation (Invitrogen).
The extracted DNA samples were stored at —80 °C until
library preparation.

Library preparation and sequencing

ITS region

For amplifying the ITS2 region, we used the primer pair
gITS7 (GTGARTCATCGARTCTTTG; [30]) and ITS4 (T
CCTCCGCTTATTGATATGC; [31]) containing [llumina
adaptor overhangs (Table S1, Additional File 1).

0.5 ng sample DNA was amplified in triplicates using
HotStar HiFidelity Polymerase Kit (Qiagen, Hilden, Ger-
many). A custom fungal mock community described in
Haas et al. [32] served as positive control and was treated
the same as the experimental samples and negative water
controls. PCR thermal cycling conditions were: initial
denaturation at 95 °C for 5 min, followed by 35 cycles at
94 °C for 15 s, 55 °C for 1 min and 72 °C for 45 s. The final
cycle was: 72 °C for 10 min and ending at 12 °C. After the
PCR amplification, the triplicate products were pooled
and subsequently purified from remaining PCR reagents
using AMPure XP beads (Beckman Coulter, Indianapo-
lis, USA). 20 pl of amplified product was mixed with 16
ul XP beads and cleaned using 80% ethanol according
to manufacturer’s protocol and a magnetic 96-well plate
(Thermo Fisher Scientific, Waltham, MA USA). After
clean-up, samples were resuspended in 43 pul of 10 mM
Tris (pH 8.5). In order to anneal unique barcode combi-
nations per sample, this cleaned PCR product was fur-
ther amplified using the same PCR cycling conditions
and reagents as used in the previous PCR reaction step
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and 20 cycles, with index primers (Table S1). After the
PCR, sample DNA concentration was again measured
by Qubit. 5 ul of each sample PCR product was pooled
together and mixed well. Subsequently, 100 pl of pooled
PCR product was aliquoted into an Eppendorf tube. 150
ul of AMPure beads were added to the pooled library
sample, and the pooled library was cleaned as described
previously, but using 70% ethanol. Cleaned sample was
resuspended in 250 ul of 10 mM Tris (pH 8.5). The con-
centration of the pooled library sample was measured by
Qubit. To remove remaining contaminants and to select
DNA fragments of the right size, the pooled library was
cleaned using BluePippin according to the manufactur-
er’s protocol. We selected DNA fragments with sizes 350
to 800 bp, to account for variation in the length of the ITS
region. Samples were diluted to 10 nM and sent to Sci-
LifeLab (Stockholm, Sweden) for paired-end sequencing
using [llumina MiSeq (Illumina, San Diego, CA), yielding
300bp forward and reverse reads.

16S rRNA gene

For amplification of the 16S rRNA gene hypervariable
V5-V7 region the primer pair 799 F (5'-AACMGGATTA-
GATACCCKG-3’) and 1193R (5"-ACGTCATCCCCACC
TTCC-3") [33] was used (Table S2, Additional File 1).

0.5 ng of sample DNA was amplified in triplicates using
KAPA Hifi HotStart Readymix (Roche, Basel, Switzer-
land). The Zymobiomics microbial community DNA
standard (Zymo research, Irivine, CA, USA) served as a
mock community and was treated the same way as the
samples and negative water controls. The PCR thermal
cycling conditions were: initial denaturation at 95 °C for
3 min, followed by 26-27 cycles at 98 °C for 20 s, 58 °C
for 15 s and 72 °C for 20 s. The final cycle was: 72 °C for
1 min and ending at 12 °C. The triplicate products were
pooled and the concentration was measured by Qubit.
The samples were diluted to an equal concentration, 1.2
ng/ul, and sent to SciLifeLab (Stockholm, Sweden) for
purifications, indexing PCR, library pooling and sequenc-
ing. A 300bp paired-end sequencing run was performed
using the Illumina MiSeq platform. The negative water
controls did not yield PCR products and were excluded
from sequencing.

Pre-processing and clustering of ITS reads
Reads were cut to only the desired fragment using the
PCR primer sequences specified above and cutadapt
(v2.4) [34]. DADA2 (v1.14) was used for filtering, trim-
ming (modified settings: ‘maxEE =c(6,6)’), error learning,
dereplication, denoising (using ‘pool = TRUE’), and merg-
ing of forward and reverse reads [35]. The ‘consensus’
method was applied for chimera removal.

Using the resulting amplicon sequence variants (ASVs),
we excised the ITS2 region using ITSx (v 1.1.2) [36]. The
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resulting fungal ITS2 sequences were once again derep-
licated using DADA2, and clustered using Swarm (v.
3.0.0) with the parameter ‘d -3’ [37]. The tool decontam
(v 1.20.0) was used on resulting operational taxonomic
units (OTUs) to infer likely contaminants in the negative
water control sample, these were removed before further
processing [38]. OTU taxonomy was assigned using con-
stax with default parameters (v 2.0.19 [39]), UNITE was
used as fungal reference database (Release 10/2022) [40].

Pre-processing of 16S reads

The nf-core ampliseq pipeline (v2.4.0) [41] with default
settings was used to process the raw sequencing reads.
Briefly, the pipeline used FastQC (v0.11.9) [42] for qual-
ity control, cutadapt (v3.4) [34] to trim the primers and
DADA2 (v1.22.0) [35] to infer amplicon sequencing vari-
ants (ASVs) and taxonomically annotate them against the
SILVA database (v138.1) [43].

Statistical analyses

All further analyses were run in R (v 4.0.3) [44], unless
specified otherwise. Visualizations were created with
ggplot2 [45], unless mentioned. SOTUs or ASVs with
fewer than three reads in at least two replicates or less
than 0.005% total abundance within one condition
(perfusate +litter) were removed from the dataset.
Samples were rarefied to minimum sampling depth
(2772 reads for ITS samples; 37679 for 16S samples)
using vegan (v 2.5.6) [46] before calculating Bray-
Curtis dissimilarities and performing principal coor-
dinate analysis (PCoA), which was visualized using
phyloseq (v 1.28) [42-47]. Fungal community differ-
ences between treatments were tested with permu-
tational multivariate analysis (PERMANOVA), using
the adonis function from the vegan package. Differen-
tial abundance on phylum, class, and family level was
assessed using the lefser package (v 1.0.0) [43-48]. To
normalise unrarefied data for visualisation purposes,
the R package zinbwave (v 1.12.0) was used to normal-
ize the data with parameter ‘K =2’ and epsilon set to
the number of samples [49]. Normalised counts were
visualized using R package pheatmap [50]. To calcu-
late observational weights for differential OTU or ASV
abundances, we used zinbwave with parameters ‘K =0,
epsilon =1el2’ The resulting observational weights
were used in DESeq2 (v 1.40.2) for differential abun-
dance analysis [51]. Based on PCoA and taxonomic
composition, a specific sucrose sample (S4) from the
ITS dataset was identified as an outlier (most likely
from contamination) and was removed before further
analyses.
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Scanning electron microscopy (SEM)

An additional set of microdialysis probe samples, pre-
pared in the same way as described above, was prepared
for scanning electron microscopy (SEM) imaging. The
tubing on the probes were gently cut off with a sterile
scalpel and the probes were immediately put in a fixative
solution (2.5% glutaraldehyde in 0.1 M phosphate buffer)
and kept at 4 °C for 7 h. Samples were then washed in a
buffer solution (0.1 M phosphate). After that the samples
were dehydrated in a series of ethanol gradients, critical
point dried (Leica EM CPD 300) and coated with 5 nm
platinum (Quorum Q150 T ES). The sample morpholo-
gies were analysed by field-emission scanning electron
microscopy (FESEM, Carl Zeiss Merlin) using an in-
chamber (ETD) secondary electron detector at an accel-
erating voltage of 5 kV and probe current of 100 pA.

The overview images were taken with another scanning
electron microscope (SEM, Carl Zeiss EVO LS15), using
a secondary electron detector with an accelerating volt-
age of 15 kV and probe current of 300 pA and a magnifi-
cation of 500x (Fig. 2).

Results

Scanning electron microscopy imaging

There was a clear visual treatment effect of sucrose sup-
ply, with more visible fungal hyphae and spore-forming
structures on the sucrose-releasing probes (Fig. 2). Pen-
icillium-like spore-forming structures were visible, but
it was not possible to identify to species level (Fig. S1,
Additional File 1). In addition to the fungal hyphae, many
bacterial cells were visible on the probes and on the fun-
gal hyphae (Fig. S1, Additional File 1).

DNA sequencing
After rarefaction and filtering there were a total of 206
fungal OTUs, of which 181 were common between the
control and sucrose treatment (Table S5, Additional File
1). While fungal communities were significantly different
between sucrose and control treatments (PERMANOVA
p<0.001), there were no treatment effects of litter for the
fungal community (PERMANOVA p= 0.252). Thus, all
further analyses of fungi were done independently of lit-
ter type, based on the perfusate treatment only (control,
sucrose). Of the 181 OTUs common for both treatments
(Table S5, Additional File 1), 24 had significantly differ-
ential abundance between the treatments. Fifteen OTUs
were more abundant in the sucrose treatment and nine
were more abundant in the control treatment (Table 1).
The bacterial community consisted of 536 filtered
ASVs, of which 181 were common for all treatments
(Table S6, Additional File 1). Similar to the fungal com-
munity, the sucrose treatment (without litter) had a
stimulating effect on the largest number of bacterial
ASVs (13 ASVs) compared to the control treatment and
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Fig.2 Scanning electron microscopy images of the microdialysis probes from the A) control treatment no litter, B) control treatment with litter C) sucrose
treatment no litter and D) sucrose treatment with litter. Magnification 500x, the diameter of the probes is 0.5 mm. Image formatting by DC SciArt

Table 1 Taxonomic annotations and summary statistics of the differentially abundant fungal OTUs between sucrose and control

treatments

Phylum Order Genus Species oTU log2 FC padj baseMean
Ascomycota Hypocreales Trichoderma Trichoderma viride OTU3 583 7.7E-06 3225
Basidiomycota Filobasidiales Piskurozyma oTu27 571 1.9E-03 404
Ascomycota Eurotiales Penicillium QOTU1 534 1.4E-08 3089.3
Ascomycota Helotiales oTu17 4.96 1.3E-05 303
Ascomycota Hypocreales Tolypocladium Tolypocladium album OTU85 4.38 2.5E-03 29
Ascomycota Eurotiales Penicillium oTu42 4.29 34E-03 94
Mucoromycota OTU58 4.03 8.6E-03 4.7
Ascomycota Hypocreales Pochonia 0Tu32 397 34E-03 14.6
Ascomycota Eurotiales Penicillium oTu10 3.82 3.0E-06 63.7
Ascomycota Chaetosphaeriales OTU37 3.17 2.5E-03 106
Ascomycota Hypocreales Trichoderma OTU21 313 5.0E-03 214
Ascomycota Hypocreales Lecanicillium Lecanicillium flavidum OTU56 312 34E-03 4.7
Mucoromycota Mucorales Mucor Mucor silvaticus OTU6 2.08 3.8E-03 6.5
Mortierellomycota Mortierellales Mortierella Mortierella macrocystis OTU26 1.52 3.8E-03 15.2
Ascomycota Eurotiales Penicillium OTu 1.34 5.3E-03 119.0
Ascomycota Helotiales Oidiodendron OTu13 -1.30 9.2E-03 525
Basidiomycota Atheliales Tylospora Tylospora asterophora OTu12 -1.91 2.0E-03 59.9
Ascomycota Helotiales Oidiodendron OTU30 -1.94 3.8E-03 19.7
Ascomycota Helotiales Oidiodendron 0TU29 -2.01 2.5E-03 16.5
Ascomycota Helotiales Oidiodendron oTu7 -2.02 74E-04 54.7
Ascomycota Pezizales Trichophaea oTU4 -2.13 1.7E-03 2345
Rozellomycota OTU40 —244 5.6E-03 10.0
Ascomycota Helotiales oTu23 -2.67 2.5E-04 234
Ascomycota Helotiales OTU33 -2.93 2.5E-03 11.8

The upper portion of the table shows OTUs with significantly higher abundance in the sucrose treatment (log2 FC>0). OTUs with significantly higher abundance in
the control treatment are shown in the lower part (log2 FC<0). Log2 FC: log2 fold change as calculated by DESeq2; padj: adjusted p-value; baseMean: Average of
normalized count values divided by size factors, as calculated by DESeq2
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Table 2 Taxonomic annotations and summary statistics of the differentially abundant bacterial ASVs between sucrose and control

treatments

Class Family Genus/Species ASVID log2 FC padj BaseMean
Gammaproteobacteria Burkholderiaceae B.-C.-P. caledonica ASV11 373 1.77E-03 706.2
Actinobacteria Actinospicaceae Actinospica sp. ASV84 3.11 1.20E-03 36.6
Gammaproteobacteria Burkholderiaceae Pandoraea sp. ASV28 3.05 1.77E-03 2183
Gammaproteobacteria Burkholderiaceae B.-C.-P phytofirmans ASV82 3.02 7.25E-03 438
Gammaproteobacteria Burkholderiaceae B.-C.-P. phenazinium ASV25 291 1.20E-03 2004
Gammaproteobacteria Burkholderiaceae B.-C.-P. phenazinium ASV50 2.82 7.25E-03 99.7
Gammaproteobacteria Burkholderiaceae B.-C.-P phenazinium ASV12 2.76 1.20E-03 653.5
Gammaproteobacteria Burkholderiaceae B.-C.-P. phenazinium ASV9 2.76 1.77E-03 886.0
Gammaproteobacteria Burkholderiaceae B-C-P sp. ASV46 240 2.60E-03 91.9
Gammaproteobacteria Burkholderiaceae B-C.-P sp. ASV6 231 1.20E-03 1206.4
Gammaproteobacteria Burkholderiaceae Pandoraea sp. ASV1 2.03 7.05E-03 11643.9
Acidobacteriae Acidobacteriaceae (SG 1) Granulicella sp. ASV87 1.88 5.74E-03 393
Acidobacteriae Acidobacteriaceae (SG 1) Granulicella sp. ASV78 1.44 7.05E-03 417
Alphaproteobacteria Xanthobacteraceae Bradyrhizobium elkanii ASV26 -1.29 6.79E-03 1504
Gammaproteobacteria Oxalobacteraceae ASV3 -1.94 6.79E-03 2352.0

The upper portion of the table shows ASVs with significantly higher abundance in the sucrose treatment (log2 FC>0), while the lower part of the table shows ASVs
significantly higher in abundance in the control treatment (log2 FC<0). The genus complex Burkholderia-Caballeronia-Paraburkholderia has been abbreviated to B.-
C.-P.Log2 FC:log2 fold change as calculated by DESeq2; padj: adjusted p-value; baseMean: Average of normalized count values divided by size factors, as calculated

by DESeq2
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Fig. 3 PCoA plot of A) OTUs on fungal composition on the microdialy-
sis membranes and B) ASVs on bacterial composition. For the treatments
control and sucrose with and without litter application. N=3-5

only two ASVs were more abundant in the control treat-
ment (Table 2). Contrary to the fungal communities, the
bacterial communities were significantly affected both
by perfusate (PERMANOVA p< 0.001) and by the litter
treatment (PERMANOVA p< 0.001). The presence of
litter (control with litter compared to control) increased
the abundance of five ASVs of which three also were
increased by sucrose and two were increased only in the
control litter treatment. Comparing the control with lit-
ter and sucrose treatments including litter, two additional
ASVs were increased compared to the effect of sucrose or
litter alone.

Fungal richness (Wilcoxon rank sum test, p< 0.001;
Fig. S2 C, Additional File 1) and Shannon diversity index
(Wilcoxon rank sum test, p< 0.001; Fig. S2 A, Additional
File 1) were significantly higher and showed smaller vari-
ation in the control treatment than in sucrose treatment,
while presence of litter had no effect on fungal alpha
diversity. The richness of bacteria was not significantly
affected by the sucrose treatment, but the combination of
sucrose and litter resulted in significantly lower richness
than the other treatment combinations (Fig. S2D, Addi-
tional File 1). Shannon diversity indices showed a similar
pattern, with only the combination of litter and sucrose
resulting in a significantly lowered Shannon diversity
index compared to control without litter (Fig. S2B, Addi-
tional File 1).

The PCoA plot showed a clear difference in fungal
community structure between the control and sucrose
treatment. Principal coordinate 1, which explained 77%
of the variation, clearly separated samples from the two
treatments (Fig. 3A, PERMANOVA p< 0.001). The PCoA
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Fig. 4 Stacked bar graphs showing A) differences in fungal composition at class level and B) bacterial community compositions on family level for the
15 most abundant families. For the treatments control and sucrose with and without litter application. N=3-5

plot for the bacterial community structure, similarly to
the fungal community, showed clear differences between
the control and sucrose treatment (PERMANOVA p<
0.001). Principal coordinate 1 explained 59% of the varia-
tion and clearly separated samples from the two treat-
ments (Fig. 3B). Contrary to the fungal community, the
bacterial community structure showed a clear and sig-
nificant (PERMANOVA p< 0.001) separation between
samples with and without litter, with principal coordinate
2 explaining 21% of the variation.

Differences at phylum, class and family level
Fungi
At the fungal phylum level, Ascomycota dominated all
treatments (70-90% of reads) and had consistently higher
relative abundances in the sucrose treatment compared
to the control treatment, (Fig. S3 A, Additional File 1).
Basidiomycota displayed an opposite trend, with signifi-
cantly higher relative abundance in the control treatment
than the sucrose treatment (Fig. S3 A, Additional File 1).
Consistent to the differences at the phylum level, two
classes of Ascomycota; Eurotiomycetes and Sordari-
omycetes, had a higher abundance in the sucrose treat-
ment compared to the control treatment (Fig. 4A).
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Eurotiomycetes composed the largest difference (23%
in control treatment and 76% average relative abun-
dance in the sucrose treatment) (Clustered heat map of
classes; Fig. S4 A, Additional File 1). Also, in agreement
with differences at phylum level the Basidiomycota class
Agaricomycetes and the Mortierellomycota class, Mor-
tierellomycetes, had a higher abundance in the control
treatment compared to the sucrose treatment. In addi-
tion, opposite to the trend of Ascomycota being more
abundant in the sucrose treatment, two Ascomycota
classes, Pezizomycetes and Leotiomycetes had more
reads in the control treatment compared to the sucrose
treatment (Fig. S4 A, Additional File 1).

Among the OTUs stimulated by the sucrose treatment,
there were several members of the genera Penicillium,
Trichoderma, Mucor, and Mortierella. Species that were
significantly reduced in abundance included members
of the genera Oidiodendron, Trichophaea, and Tylospora
(Table 1).

Bacteria
At the bacterial phylum level, Proteobacteria dominated
all treatments (80-90% of reads) and had significantly
higher abundances in the litter treatment, while Bdello-
vibrionota had significantly lower abundance in the litter
treatment, mainly due to treatment unique ASVs in the
control treatment (Fig. S3B, Additional File 1). At family
level, we observed a strong increase in relative abundance
for Burkholderiaceae at the cost of mostly Oxalobactera-
ceae when sucrose was used as perfusate (Fig. 4B).
Similar to the differences at family level, the major-
ity of ASVs found to be significantly more abundant in
the sucrose treatment were assigned to the genus com-
plex Burkholderia-Caballeronia-Paraburkholderia, and
Pandoraea (Burkholderiaceae) and in addition the genus
Actinospica (Actinospicaceae) (Table 2; Fig. S4B, Addi-
tional File 1). Only two ASVs were significantly more
abundant in absence of sucrose (control treatment)
assigned to the genus Bradyrhizobium and the family
Oxalobacteraceae. The presence of litter (control with
litter) also significantly increased abundances of two
Burkholderia-Caballeronia-Paraburkholderia ASVs (same
ASVs as affected by the sucrose treatment) and three
ASVs assigned to Burkholderiaceae, Conexibacter, and
Pandoraea (also in the sucrose treatment), while only two
ASVs assigned to Undibacterium were less abundant in
the litter treatment (Table S3, Additional File 1). The addi-
tion of litter did not have a large effect on differentially
abundant ASVs between control and sucrose treatments.
Several ASVs were more abundant in the control litter
treatment but their abundances were very low in compar-
ison to the other ASVs (Table S4, Additional File 1).
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Discussion

By the release of carbon in the form sucrose over four
days, we were able to significantly stimulate microbial
growth on the microdialysis probe surface from the
organic layer of boreal forest soil. Fungal hyphae and bac-
terial cells were clearly seen on the SEM images (Fig. 2C;
Fig. S1, Additional File 1). Litter addition did not result
in any visible differences in the SEM images (Fig. 2B)
and also did not affect fungal species composition at the
probe surface. However, the addition of litter decreased
bacterial alpha diversity (Fig. S2B/D, Additional File 1)
and changed bacterial community composition (Fig. 3B)
compared to the no litter treatment, but to a lesser extent
than the sucrose treatment. Previous studies on decom-
position processes have shown that lower substrate car-
bon/nitrogen ratios increase bacterial growth relative to
fungal growth [52, 53] which may have contributed to
the litter addition treatment only affecting bacterial alpha
diversity and community composition during the rela-
tively short duration of the experiment.

Most of the fungal species significantly stimulated by
the sucrose were classified as fast growing or opportu-
nistic, e.g. yeasts (Tremellomycetes, Table 1) [54] and
moulds (Penicillium spp., Mucor sylvaticus), which are
known to respond quickly (within days) to simple sugars
in the form of root exudates in the rhizosphere [55]. An
unidentified Penicillium had the largest relative abun-
dance and largest difference between the sucrose treat-
ment compared to the control treatment (Table 1; Fig. S5,
Additional File 1). All the species that were affected the
most by the sucrose treatment have been found in rhizo-
spheric soil and in the humic layer in forest soils, such as
the substrate used in the present study and on tree roots
from nearby sites (Penicillium spp., Trichoderma, Mucor
sylvaticus, Burkholderiaceae, Actinospicaceae) [32,
56—58]. While lack of resolution within the ITS2 region
did not allow us to identify all OTUs to species level, the
most abundant OTU matched well to Penicillium spi-
nulosum. This Penicillium species has previously been
shown to be the third most common species in both man-
aged and unmanaged Pinus sylvestris forest soil and has
been found on both Scots pine and Norway spruce roots
in nurseries [59, 60]. Based on the compound released
and the short time scale, these results were as expected
[55]. Both Penicillium spinulosum and various species of
Trichoderma have been identified as showing invertase
activity, an enzyme required to hydrolyse sucrose [61,
62], which would indicate that they can utilise sucrose
for growth, unlike ectomycorrhizal fungal species [63].
Many bacterial species in Proteobacteria, the dominant
phylum affected by the sucrose release, are referred to as
quickly responsive to labile carbon [57] and members of
some families (Burkholderiaceae and Actinospicaceae)
can survive on sucrose as a sole carbon source, indicating
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invertase activity [64]. Some of the species with invertase
activity also have extracellular invertases, which could
explain the production of glucose and fructose measured
after release of sucrose in a previous study using the same
experimental setting [20].

Several taxa had significantly higher abundance in
the control treatment compared to the sucrose treat-
ment (Oidiodendron spp, Trichophaea sp., Tylospora
asterophora, Table 1, Oxobacteraceae, Bradyrhizobium
elkanii, Table 2). The control treatment also had more
treatment specific OTUs and ASVs than the sucrose
treatment. Among these were several ectomycorrhizal
species (3 Cortinarius species, Piloderma olivaceum)
(Table S5, Additional File 1). Mycorrhizal forming species
were also found on the sucrose treatment probes (Cor-
tinarius, Piloderma, Tylospora, Lactarius, Cenococcum)
(Table S5, Additional File 1), which are all species com-
monly found in these soils [56] but none of these spe-
cies were significantly stimulated by the treatment. This
was not unexpected since most ectomycorrhizal fungi do
not have the ability to directly take up sucrose as a car-
bon source [63]. Still, as mentioned earlier, production
of glucose, which is one of the preferred carbon sources
for ectomycorrhizal fungi, has been detected during the
release of sucrose with the same experimental set up as
in the present study [20]. The low abundance of mycor-
rhizal species undoubtedly also results from the slow
growth rate of mycorrhizal fungi and the short duration
of the experiment (four days), as well as the disturbance
and homogenisation of the soil prior to the start of the
experiment and the storage of soil in absence of living
roots (ectomycorrhizal carbon supply). Considering the
very low visible growth on the control probes in the SEM
images, it is likely that many of the species detected by
sequencing were sequenced from relic DNA of fungi and
bacteria inhabiting the soil before the soil was taken from
the forest, as relic DNA from dead cells can constitute a
significant portion of environmental DNA [65]. More-
over, the decreased relative abundance of Basidiomycota
in sucrose samples is likely a consequence of increased
growth of opportunistic Ascomycetes in sucrose samples,
due to the compositional nature of amplicon sequencing
data [66]. In future studies, RNA-seq based approaches
can be used to focus on actively growing microbes.

Conclusions

In the present study, we show that microdialysis can be
used to study fungal and bacterial growth response to
the release of simple carbon compounds, demonstrat-
ing the potential of this technique in unravelling micro-
bial interactions in connection to carbon exudation. In a
broader view, the technique can be used as a study sys-
tem for the response of microbes to separate compounds
of root exudates on a microscopic scale. The uniqueness
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of using microdialysis to study microbial interactions is
the possibility to not only release a compound of inter-
est, but to also follow the resulting effect on microbial
community composition and activity. It enables sampling
of the chemical response from the microbes within a
short (minutes-hours-days) time scale, as we have pre-
viously demonstrated in Buckley et al. [20]. In practise,
this means that simultaneous release and sampling of
chemical responses is possible, in soil and other micro-
bial environments.

Abbreviations

ASV Amplicon sequence variant
ITS Internal transcribed spacer
MQ Milli-Q water (de-ionised)
[oJ)V] Operational taxnomic unit
PCoA  Principal coordinate analysis

Supplementary Information
The online version contains supplementary material available at https://doi.or
9/10.1186/512866-025-04082-5.

Additional File 1. This document contains Figures S1- S5 and Tables S1- S8
including legend texts.

Acknowledgements

We gratefully acknowledge Cheng Choo Lee and the Umea Core Facility for
Electron Microscopy (UCEM-NMI) and Nicolas Delhomme at the Umead Plant
Science Centre Bioinformatics Facility. Swedish Infrastructure for Ecosystem
Science (SITES) Umead is acknowledged for the contribution of soil to the
experiments.

We acknowledge support from the National Genomics Infrastructure

in Stockholm funded by Science for Life Laboratory, the Knut and Alice
Wallenberg Foundation and the Swedish Research Council, and the Swedish
National Infrastructure for Computing (SNIC) at Uppsala Multidisciplinary
Center for Advanced Computational Science (UPPMAX) for assistance with
massively parallel sequencing and access to the UPPMAX computational
infrastructure. We also want to thank Karin Lodin at Lodin designbyra AB and
Daria Chrobok at DC SciArt for excellent work on the illustrations.

Authors’ contributions

Conceived and designed the experiment: SB, AS, RG, MS, NS, SJ. Collected the
data: SB, ZCL, RG, SJ. Performed the analysis: AS, LN, SJ. Interpretation of data:
SB, AS, RG, NS, AT, SJ. Wrote the paper: SB, AS, RG, LN, MS, NS, AT, SJ.

Funding

Open access funding provided by Swedish University of Agricultural Sciences.
The study was financed by the Trees for the Future (T4F) project, the Kempe
Foundation, and the Knut and Alice Wallenberg Foundation [no. 2018.0259].

Data availability

The DNA amplicon sequencing data supporting the conclusions of this article
are available in the European Nucleotide Archive (ENA) with the accession
PRIEB61550, https://www.ebi.ac.uk/ena/browser/view/PRJEB61550. The R
code used for processing and analysis of the data can be accessed on GitHub
[671.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.


https://doi.org/10.1186/s12866-025-04082-5
https://doi.org/10.1186/s12866-025-04082-5
https://www.ebi.ac.uk/ena/browser/view/PRJEB61550

Schneider et al. BMC Microbiology

(2025) 25:436

Competing interests
The authors declare no competing interests.

Received: 1 February 2025 / Accepted: 28 May 2025
Published online: 14 July 2025

References

1.

20.

Reinhold-Hurek B, Biinger W, Burbano CS, Sabale M, Hurek T. Roots shaping
their microbiome: global hotspots for microbial activity. Ann Rev Phyto-
pathol. 2015;53:403-24.

Philippot L, Raaijmakers JM, Lemanceau P, van der Putten WH. Going back
to the roots: the microbial ecology of the rhizosphere. Nat Rev Microbiol.
2013;11:789-99.

Schmidt H, Nunan N, Hock A, Eickhorst T, Kaiser C, Woebken D, et al. Recog-
nizing patterns: spatial analysis of observed microbial colonization on root
surfaces. Front Environ Sci. 2018,6:61. https://doi.org/10.3389/fenvs.2018.000
61.

Dennis PG, Miller AJ, Hirsch PR. Are root exudates more important than other
sources of rhizodeposits in structuring rhizosphere bacterial communities?
FEMS Microbiol Ecol. 2010,72:313-27.

Bonkowski M, Tarkka M, Razavi BS, Schmidt H, Blagodatskaya E, Koller R, et al.
Spatiotemporal dynamics of maize (Zea mays L.) root growth and its poten-
tial consequences for the assembly of the rhizosphere microbiota. Front
Microbiol. 2021;12:619499. https://doi.org/10.3389/fmicb.2021.619499.
Salas-Gonzalez |, Reyt G, Flis P, Custodio V, Gopaulchan D, Bakhoum N, et

al. Coordination between microbiota and root endodermis supports plant
mineral nutrient homeostasis. Science. 2021;371:eabd0695.
Delgado-Baquerizo M, Oliverio AM, Brewer TE, Benavent-Gonzélez A, Eldridge
DJ, Bardgett RD, et al. A global atlas of the dominant bacteria found in soil.
Science. 2018:359:320-5.

Fierer N. Embracing the unknown: disentangling the complexities of the soil
microbiome. Nat Rev Microbiol. 2017;15:579-90.

Tedersoo L, Bahram M, PéIme S, Kdljalg U, Yorou NS, Wijesundera R, et al.
Global diversity and geography of soil fungi. Science. 2014;346:1256688.
Kuzyakov Y, Razavi BS. Rhizosphere size and shape: Temporal dynamics and
Spatial stationarity. Soil Biol Biochem. 2019;135:343-60.

Vetterlein D, Lippold E, Schreiter S, Phalempin M, Fahrenkampf T, Hochhold-
inger F, et al. Experimental platforms for the investigation of Spatiotemporal
patterns in the rhizosphere—laboratory and field scale. J Plant Nutr Soil Sci.
2021;184:35-50.

Jilling A, Keiluweit M, Gutknecht JLM, Grandy AS. Priming mechanisms
providing plants and microbes access to mineral-associated organic matter.
Soil Biol Biochem. 2021;158:108265.

Meier IC, Finzi AC, Phillips RP. Root exudates increase N availability by
stimulating microbial turnover of fast-cycling N pools. Soil Biol Biochem.
2017;106:119-28.

Abdalla M, Carminati A, Cai G, Ahmed MA. Mucilage facilitates root water
uptake under edaphic stress: first evidence at the plant scale. Ann Botany.
2024;30:mcae193. https://doi.org/10.1093/aob/mcae193.

Ahmed MA, Banfield CC, Sanaullah M, Gunina A, Dippold MA. Utilisation

of mucilage C by microbial communities under drought. Biol Fertil Soils.
2018;54:83-94.

Sasse J, Martinoia E, Northen T. Feed your friends: do plant exudates shape
the root microbiome?? Trends Plant Sci. 2018:23:25-41.

Canarini A, Kaiser C, Merchant A, Richter A, Wanek W. Root exudation of
primary metabolites: mechanisms and their roles in plant responses to
environmental stimuli. Front Plant Sci. 2019;10:420. https://doi.org/10.3389/fp
15.2019.00420.

Mclaughlin S, Zhalnina K, Kosina S, Northen TR, Sasse J. The core metabo-
lome and root exudation dynamics of three phylogenetically distinct plant
species. Nat Commun. 2023;14:1649.

Buckley S, Brackin R, Jamtgard S, Nasholm T, Schmidt S. Microdialysis in soil
environments: current practice and future perspectives. Soil Biol Biochem.
2020;143:107743.

Buckley S, Brackin R, Nasholm T, Schmidt S, Jémtgard S. The influence of
sucrose on soil nitrogen availability- a root exudate simulation using Micro-
dialysis. Geoderma. 2022;409:115645.

Konig A, Wiesenbauer J, Gorka S, Marchand L, Kitzler B, Inselsbacher E, et

al. Reverse microdialysis: a window into root exudation hotspots. Soil Biol
Biochem. 2022;174:108829.

22.

23.

24.

25.

26.

27.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 11 of 12

McKay Fletcher DM, Shaw R, Sdnchez-Rodriguez AR, Daly KR, van Veelen A,
Jones DL, et al. Quantifying citrate-enhanced phosphate root uptake using
Microdialysis. Plant Soil. 2021;461:69-89.

Demand D, Schack-Kirchner H, Lang F. Assessment of diffusive phosphate
supply in soils by Microdialysis. J Plant Nutr Soil Sci. 2017;180:220-30.
Wiesenbauer J, Kdnig A, Gorka S, Marchand L, Nunan N, Kitzler B, et al. A pulse
of simulated root exudation alters the composition and Temporal dynam-
ics of microbial metabolites in its immediate vicinity. Soil Biol Biochem.
2024;189:109259.

Plett KL, Buckley S, Plett JM, Anderson IC, Lundberg-Felten J, Jamtgard S.
Novel Microdialysis technique reveals a dramatic shift in metabolite secretion
during the early stages of the interaction between the ectomycorrhizal fun-
gus pisolithus microcarpus and its host Eucalyptus grandis. Microorganisms.
2021,9:1817.

Vishwakarma K, Buckley S, Plett JM, Lundberg-Felten J, Jamtgard S, Plett KL.
Pisolithus microcarpus isolates with contrasting abilities to colonise Eucalyptus
grandis exhibit significant differences in metabolic signalling. Fungal Biology.
2024;128:2157-66.

Dakora FD, Phillips DA. Root exudates as mediators of mineral acquisition in
low-nutrient environments. Plant Soil. 2002;245:35-47.

Jaeger CH, Lindow SE, Miller W, Clark E, Firestone MK. Mapping of sugar and
amino acid availability in soil around roots with bacterial sensors of sucrose
and Tryptophan. Appl Environ Microbiol. 1999,65:2685-90.

Lim H, Oren R, Palmroth S, Tor-ngern P, Mérling T, Nasholm T, et al. Inter-
annual variability of precipitation constrains the production response

of boreal Pinus sylvestris to nitrogen fertilization. For Ecol Manag.
2015;348:31-45.

Ihrmark K, Bédeker ITM, Cruz-Martinez K, Friberg H, Kubartova A, Schenck

J, etal. New primers to amplify the fungal ITS2 region - evaluation by
454-sequencing of artificial and natural communities. FEMS Microbiol Ecol.
2012;82:666-77.

White TJ, Bruns TD, Lee SB, Taylor JW. Amplification and direct sequencing

of fungal ribosomal RNA genes for phylogenetics. PCR protocols: a guide to
methods and applications. New York: Academic Press; 1990. p. 315-22. https:/
/doi.org/10.1016/B978-0-12-372180-8.50042-1.

Haas JC, Street NR, Sjodin A, Lee NM, Hégberg MN, Nasholm T, et al. Microbial
community response to growing season and plant nutrient optimisation in a
boreal Norway Spruce forest. Soil Biol Biochem. 2018;125:197-209.

Beckers B, Op De Beeck M, Thijs S, Truyens S, Weyens N, Boerjan W, et al.
Performance of 165 rDNA Primer Pairs in the Study of Rhizosphere and Endo-
sphere Bacterial Microbiomes in Metabarcoding Studies. Front Microbiol.
2016;7:650. https://doi.org/10.3389/fmicb.2016.00650.

Martin M. Cutadapt removes adapter sequences from high-throughput
sequencing reads. EMBnet J. 2011;17:10.

Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP.
DADA2: High-resolution sample inference from illumina amplicon data. Nat
Methods. 2016;13:581-3.

Bengtsson-Palme J, Ryberg M, Hartmann M, Branco S, Wang Z, Godhe A, et al.
Improved software detection and extraction of ITST and ITS2 from ribosomal
ITS sequences of fungi and other eukaryotes for analysis of environmental
sequencing data. Methods Ecol Evol. 2013;4:914-9.

Mahé F, Czech L, Stamatakis A, Quince C, de Vargas C, Dunthorn M, et

al. Swarm v3: towards tera-scale amplicon clustering. Bioinformatics.
2021;38:267-9.

Davis NM, Proctor DM, Holmes SP, Relman DA, Callahan BJ. Simple statistical
identification and removal of contaminant sequences in marker-gene and
metagenomics data. Microbiome. 2018;6:226.

Liber JA, Bonito G, Benucci GMN. CONSTAX2: improved taxonomic classifica-
tion of environmental DNA markers. Bioinformatics. 2021,37:3941-3.
Abarenkov K, Henrik Nilsson R, Larsson K-H, Alexander 1J, Eberhardt U, Erland
S, et al. The UNITE database for molecular identification of fungi-recent
updates and future perspectives. New Phytol. 2010;186:281-5.

Straub D, Blackwell N, Langarica-Fuentes A, Peltzer A, Nahnsen S, Kleindienst
S. Interpretations of environmental microbial community studies are biased
by the selected 16S rRNA (Gene) amplicon sequencing pipeline. Front Micro-
biol. 2020;11:550420. https://doi.org/10.3389/fmicb.2020.550420.

Andrews S, Krueger F, Seconds-Pichon A, Biggins F, Wingett S. FastQC. A
quality control tool for high throughput sequence data. Babraham Bioinf
Babraham Inst. 2015;1:1.

Quast C, Pruesse E, Yilmaz P Gerken J, Schweer T, Yarza P, et al. The SILVA
ribosomal RNA gene database project: improved data processing and web-
based tools. Nucleic Acids Res. 2013:41:D590-6.


https://doi.org/10.3389/fenvs.2018.00061
https://doi.org/10.3389/fenvs.2018.00061
https://doi.org/10.3389/fmicb.2021.619499
https://doi.org/10.1093/aob/mcae193
https://doi.org/10.3389/fpls.2019.00420
https://doi.org/10.3389/fpls.2019.00420
https://doi.org/10.1016/B978-0-12-372180-8.50042-1
https://doi.org/10.1016/B978-0-12-372180-8.50042-1
https://doi.org/10.3389/fmicb.2016.00650
https://doi.org/10.3389/fmicb.2020.550420

Schneider et al. BMC Microbiology

44,
45,

46.
47.
48.
49.
50.
51
52.

53.

54.
55.

56.

57.

58.

(2025) 25:436

R Core Team. R: A language and environment for statistical computing. 2019.
Wickham H. ggplot2: elegant graphics for data analysis. New York: Springer -
Verlag; 2009.

Dixon P.VEGAN, a package of R functions for community ecology. J Veg Sci.
2003;14:927-30.

McMurdie PJ, Holmes S. Phyloseq: an R package for reproducible interactive
analysis and graphics of Microbiome census data. PLoS One. 2013;8:¢61217.
Segata N, Izard J, Waldron L, Gevers D, Miropolsky L, Garrett WS, et al. Metage-
nomic biomarker discovery and explanation. Genome Biol. 2011;12:R60.
Risso D, Perraudeau F, Gribkova S, Dudoit S, Vert JP. A general and flexible
method for signal extraction from single-cell RNA-seq data. Nat Commun.
2018,9:1-17.

Kolde R. Pheatmap: pretty heatmaps. R package version. 2012;1.

Love MI, Huber W, Anders S. Moderated estimation of fold change and
dispersion for RNA-seq data with DESeq2. Genome Biol. 2014;15:550.
Rousk J, Badth E. Fungal and bacterial growth in soil with plant materials of
different C/N ratios. FEMS Microbiol Ecol. 2007,62:258-67.

Karhu K, Alaei S, Li J, Merild P, Ostonen |, Bengtson P. Microbial carbon use
efficiency and priming of soil organic matter mineralization by glucose
additions in boreal forest soils with different C:N ratios. Soil Biol Biochem.
2022;167:108615.

Yurkov AM. Yeasts of the soil- obscure but precious. Yeast. 2018;35:369-78.
Hannula SE, Morrién E, van der Putten WH, de Boer W. Rhizosphere fungi
actively assimilating plant-derived carbon in a grassland soil. Fungal Ecol.
2020;48:100988.

Law SR, Serrano AR, Daguerre Y, Sundh J, Schneider AN, Stangl ZR, et al.
Metatranscriptomics captures dynamic shifts in mycorrhizal coordination in
boreal forests. Proc Natl Acad Sci. 2022;119:e2118852119.

Lladé S, Lépez-Mondéjar R, Baldrian P. Forest soil bacteria: diversity, involve-
ment in ecosystem processes, and response to global change. Microbiol Mol
Biol Rev. 2017;81. https://doi.org/10.1128/mmbr.00063.

Marupakula S, Mahmood S, Finlay RD. Analysis of single root tip microbiomes
suggests that distinctive bacterial communities are selected by inus sylvestris
roots colonized by different ectomycorrhizal fungi. Environ Microbiol.
2016;18:1470-83.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Page 12 of 12

Lynikiené J, Mar¢iulyniené D, Mar¢iulynas A, Gedminas A, Vaic¢iukyné M, Men-
kis A. Managed and unmanaged Pinus sylvestris forest stands harbour similar
diversity and composition of the phyllosphere and soil fungi. Microorgan-
isms. 2020;8:259.

Stenstrom E, Ndobe NE, Jonsson M, Stenlid J, Menkis A. Root-associated fungi
of healthy-looking Pinus sylvestris and Picea abies seedlings in Swedish forest
nurseries. Scand J for Res. 2014,29:12-21.

Bealing FJ, Bacon JSD. The action of mould enzymes on sucrose. Biochem J.
1953,;53:277-85.

Vargas WA, Mandawe JC, Kenerley CM. Plant-derived sucrose is a key element
in the symbiotic association between Trichoderma virens and maize plants.
Plant Physiol. 2009;151:792-808.

Parrent JL, James TY, Vasaitis R, Taylor AF. Friend or foe? Evolutionary history of
glycoside hydrolase family 32 genes encoding for sucrolytic activity in fungi
and its implications for plant-fungal symbioses. BMC Evol Biol. 2009;9:148.
Goldfarb KC, Karaoz U, Hanson CA, Santee CA, Bradford MA, Treseder KK, et

al. Differential growth responses of soil bacterial taxa to carbon substrates of
varying chemical recalcitrance. Front Microbiol. 2011;2:94. https://doi.org/10.
3389/fmicb.2011.00094.

Carini P Marsden PJ, Leff JW, Morgan EE, Strickland MS, Fierer N. Relic DNA

is abundant in soil and obscures estimates of soil microbial diversity. Nat
Microbiol. 2016:2:16242.

Alteio LV, Séneca J, Canarini A, Angel R, Jansa J, Guseva K, et al. A critical
perspective on interpreting amplicon sequencing data in soil ecological
research. Soil Biol Biochem. 2021;160:108357.

Microdialysis. 2020 analysis code github repository. https://github.com/andni
schneider/Microdialysis2020. Accessed 07 January 2025.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1128/mmbr.00063
https://doi.org/10.3389/fmicb.2011.00094
https://doi.org/10.3389/fmicb.2011.00094
https://github.com/andnischneider/Microdialysis2020
https://github.com/andnischneider/Microdialysis2020

	﻿Reverse microdialysis of sucrose stimulates soil fungal and bacterial growth at the microscale
	﻿Abstract
	﻿Background
	﻿Methods
	﻿Soil sampling
	﻿Microdialysis sampling
	﻿gDNA preparation
	﻿Library preparation and sequencing
	﻿ITS region
	﻿16S rRNA gene
	﻿Pre-processing and clustering of ITS reads
	﻿Pre-processing of 16S reads


	﻿Statistical analyses
	﻿Scanning electron microscopy (SEM)
	﻿Results
	﻿Scanning electron microscopy imaging
	﻿DNA sequencing
	﻿Differences at phylum, class and family level
	﻿Fungi
	﻿Bacteria


	﻿Discussion
	﻿Conclusions
	﻿References


