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Abstract

Aims Different drivers are known to shape rhizosphere
microbiome assembly. How soil texture (Texture) and
presence or lack of root hairs (Root Hair) of plants affect
the rhizosphere microbiome assembly and soil potential
extracellular enzyme activities (EEA) at defined rooting
depth (Depth) is still a knowledge gap. We investigated
effects of these drivers on microbial assembly in rhizos-
phere and on potential EEA in root-affected soil of maize.
Methods Samples were taken from three depths of
root hair defective mutant r#43 and wild-type WT maize
planted on loam and sand in soil columns after 22 days.
Rhizosphere bacterial, archaeal, fungal and cercozoan
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communities were analysed by sequencing of 16S rRNA
gene, ITS and 18S rRNA gene fragments. Soil potential
EEA of B-glucosidase, acid phosphatase and chitinase
were estimated using fluorogenic substrates.

Results The bacterial, archaeal and cercozoan
alpha- and beta-diversities were significantly and
strongly altered by Texture, followed by Depth and
Root Hair. Texture and Depth had a small impact on
fungal assembly, and only fungal beta-diversity was
significantly affected. Significant impacts by Depth
and Root Hair on beta-diversity and relative abun-
dances at taxonomic levels of bacteria, archaea, fungi
and cercozoa were dependent on Texture. Likewise,
the patterns of potential EEA followed the trends of
microbial communities, and the potential EEA corre-
lated with the relative abundances of several taxa.
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Conclusions Texture was the strongest driver of
rhizosphere microbiome and of soil potential EEA,
followed by Depth and Root Hair, similarly to find-
ings in maize root architecture and plant gene expres-
sion studies.

Keywords Microbial extracellular enzyme -
Rhizosphere microbiome - Root hair - Texture and
Zea mays

Introduction

The rhizosphere is defined as soil influenced by plant
roots, it represents a zone with complex and dynamic
interactions among plant roots, soil and biota (Hart-
mann et al. 2008, 2009). These interactions are mod-
ulated by physicochemical conditions such as pH,
organic carbon and altered moisture. A wide variety
of organisms inhabits the rhizosphere including bac-
teria, archaea, fungi, cercozoa, nematodes, algae,
viruses and arthropods (Mendes et al. 2013). Rhizo-
sphere microorganisms are attracted from the bulk
soil to the plant roots via root exudates that consist of
numerous primary and secondary metabolites serving
as energy or carbon sources for their growth (Kawa-
saki et al. 2016; Sasse et al. 2018; Canarini et al.
2019; Cotton et al. 2019). In turn, rhizosphere micro-
organisms alter plant root exudations through sys-
temic microbe-root signalling mechanisms (Koren-
blum et al. 2020), and contribute significantly to plant
growth and health by enhancing nutrient acquisition,
pathogen resistance and stress tolerance (Mendes
et al. 2013; Berg et al. 2017; Mohanram and Kumar
2019). Rhizosphere inhabiting bacteria, archaea,
fungi and cercozoa — hereafter termed rhizosphere
microbiome - contribute to soil quality and health.
Extracellular enzyme activities (EEA) produced by
members of the soil microbiome accelerate the break-
down of complex organic substances for gaining
energy and nutrients from soil (Nannipieri et al. 2002;
Kompata-Baba et al. 2021). Thus, they regulate the
availability of nutrients for plants (Nannipieri et al.
2003; Dick 1997). Phosphomonoesterases or acid
phosphatases are enzymes that catalyse the hydroly-
sis of organic monophosphoesters, releasing phos-
phate for plant and microbial uptake (Nannipieri et al.
2011). Other enzymes like B-glucosidases generally
play a role in the last stage of cellulose degradation.
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They hydrolyze cellobiose residues, resulting in the
release of sugar monomers, which serve as a source
of energy for microbial growth and activity (Gil-
Sotres et al. 2005; Merino et al. 2016). N-acetyl-f-
D-glucosaminidases or chitinases are involved in the
degradation of chitin (fungal cell wall component)
and peptidoglycan (bacterial cell wall component)
(Ekenler and Tabatabai 2004). Soil enzyme activities
depend on the abundance and diversity of the micro-
biome and its metabolic activity (Zhang et al. 2017,
Kompata-Baba et al. 2021). However, our under-
standing of the relationship between different types
of soil enzymes, their activities and corresponding
microbial abundance and diversity is still limited.

In the rhizosphere microbial abundance and diver-
sity is modulated by different drivers such as plant
species, genotype and developmental stage (Smalla
et al. 2001; Li et al. 2014; Walters et al. 2018; Brisson
et al. 2019; Kong et al. 2020), metabolite composition
of root exudates (Cotton et al. 2019; Murphy et al.
2021), root traits (Zai et al. 2021; Wei et al. 2021),
soil type (Peiffer et al. 2013; Gomes et al. 2018; Sea-
ton et al. 2020; Yim et al. 2015, 2020), soil texture
(Hartmann et al. 2014), temperature and precipita-
tion (Walters et al. 2018; Beirinckx et al. 2020) and
microbial interactions (Jousset et al. 2008; Rosenberg
et al. 2009). Association between bacterial, archaeal,
fungal and cercozoan communities and diversity
in the rhizosphere was largely ignored in previous
works (Jousset et al. 2008; Rosenberg et al. 2009).
In soil, most cercozoa are bacterivorous, and due to
their selective feeding preferences they affect mainly
bacterial community composition (Gliicksman et al.
2010; Flues et al. 2017; Dumack et al. 2019). How-
ever, bacteria can also alter the cercozoan communi-
ties through the production of secondary metabolites
(Jousset et al. 2008).

Soils differing in texture have differences in pore
size distribution and connectivity and rooting space
of plants as observed for the two soils loam and sand
used as substrates to grow maize plants (Phalempin
et al. 2021). Smaller pore sizes can increase bacterial
diversity in soil due to reduced connectivity of micro-
sites (Carson et al. 2010; Hemkemeyer et al. 2018;
Seaton et al. 2020), and reduced access of predators
(Rutherford and Juma 1992). Some microbial taxa
show preference for different particle sizes of the soil,
i.e., clay and silt were shown to be more preferred
substrates for specific bacteria than sand particles due
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Fig. 1 22-day-old maize plant cultivated in a soil column
(WT in loam, left) under a control environment and maize root
system architectures from different treatments obtained from

to their higher cation exchange capacity and nutrient
content with consequences for the composition of the
soil microbiome (Hemkemeyer et al. 2018; Seaton
et al. 2020).

Most studies to date investigated rhizosphere
microbiome assembly using composite samples of the
whole root system of plants (Li et al. 2014; Silva et al.
2017; Gomes et al. 2018; Walters et al. 2018; Renoud
et al. 2020; Kusstatscher et al. 2020) despite the great
heterogeneity of root system morphology and archi-
tecture (Lippold et al. 2021). Although several studies
reported the microbial assembly at different scales of
the plant root, e.g., at different root zones along the
primary root axis (Riiger et al. 2021), at different root
types (DeAngelis et al. 2009; Kawasaki et al. 2016;
Pervaiz et al. 2020), root sizes (Zai et al. 2021) and
root age (Wei et al. 2021), there is still lack of infor-
mation regarding the microbial assembly in the rhizo-
sphere along defined soil and rooting depth.

Root hairs were shown to play a significant role in
the uptake of water and nutrients, especially in soils
with low phosphate (P) contents (Leitner et al. 2010;
Klamer et al. 2019). Under limited P and water short-
age of soil, root hairs were known to significantly
enhance P uptake compared to a root hairless mutant
of barley (Ruiz et al. 2020). Especially organic acids
are important rhizodeposits of root hairs that help in
the acquisition of P (Pantigoso et al. 2020), and may
influence the rhizosphere microbiome (Robertson-
Albertyn et al. 2017). Further, the presence of root
hairs also increases formation of a rhizosheath (Burak

L_rth3 S_WT S_rth3

re—
AL

4T

Lo

30 mm

X-ray computer tomography (right). Indicated depths were
used for the rhizosphere and root-affected soil sampling. L,
loam and S, sand

et al. 2021). The role of root hairs in microbial colo-
nization was previously examined in barley by Rob-
ertson-Albertyn et al. (2017) who reported that root
hairless barley mutants had a less complex bacterial
community with lower richness and diversity than the
wild type in the rhizosphere. However, the impact of
root hairs on the microbial assembly remains poorly
understood. The two root hairless mutant lines of bar-
ley also showed significantly distinct microbial com-
munity composition and diversity (Robertson-Alber-
tyn et al. 2017).

Maize (Z. mays) is a plant species with a wealth
of data on root traits and rhizosphere microorganisms
(reviewed recently by Bonkowski et al. 2021), and
thus serves as an excellent model to address specific
questions of rhizosphere biology (Vetterlein et al.
2021; Riiger et al. 2021).

In this study, we aimed to investigate spatial micro-
bial colonization patterns along the roots of maize
grown in soil columns (Fig. 1) in relation to 1) soil
texture (Texture: loam and sand), 2) rooting depths
(Depth: D1, D2 and D3) and 3) absence or presence
of root hairs (Root Hair: root hair defective mutant
rth3 and the corresponding wild-type WT). Fur-
ther, we related soil potential EEA to the microbial
abundance, diversity and dominant taxa in order to
understand the mechanisms of plant-microbial inter-
actions in the rhizosphere. Based on root gene expres-
sion (Ganther et al. 2021) and root system architec-
ture (Lippold et al. 2021) analyses at D1, D2 and D3
of the maize plants, we also learned that increasing

@ Springer
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rooting depth means increasing share of young roots
(£ 7 days).

The following hypotheses were assessed: 1) loam
as Texture with higher content of organic matter and
sorption capacity but with lower porosity (Lippold
et al. 2021) shows a higher microbial abundance and
diversity and potential EEA (V,,, and K ) than sand;
2) particularly high differences between microbial
community structure are expected between upper-
most and lowest rooting depths. This stratification is
dependent on porosity and water-holding capacity of
the Texture, which means that a bigger difference is
expected in sand; and 3) the effect of Root Hair on the
microbial community assembly in the rhizosphere of
maize, and potential EEA in the root-affected soil are
more subtle compared to Texture and Depth.

Materials and methods
Soil column experiment and collection of samples

To address our hypotheses, we took samples from
a soil column experiment (see Ganther et al. 2021)
using a three-factorial design: Texture, Depth and
Root Hair.

Briefly, soil columns (25 cm height and 7 cm inner
diameter) were either packed with two soils with con-
trasting textures loam (33.2% sand, 47.7% silt, 19.1%
clay, 0.84% C org, 0.084% Nt and pH 6.21) and sand.
A mixture of 16.7% loam and 83.3% quartz sand was
prepared for the Texture sand (88.6% sand, 8.1% silt,
3.3% clay, 0.14% C org, 0.014% Nt and pH 6.25).
Loam and sand (< 1 mm mesh size) were fertilized
differently to achieve a similar content of plant availa-
ble nutrients for plant growth based on pre-trials (Vet-
terlein et al. 2021).

Two maize genotypes differing in root hair forma-
tion B73 wild-type (WT) and the root hair defective
mutant (rth3) were used (Hochholdinger et al. 2008).
Planted columns (six replicates per treatment) were
grown in a growth chamber for 22 days under con-
trolled conditions (12 h at 22 °C/12 h at 18 °C for day/
night, 65% relative humidity and 350 pmol m=2 s~!
photo-synthetically active radiation). A volumetric
water content of 22 and 18% (v/v) was maintained for
loam and sand, respectively.

Rhizospheres and root-affected soil were sampled
at three depths (D1: 4.5-6.1, D2: 9.0-10.6 and D3:

@ Springer

13.5-15.1 cm from soil surface, Fig. 1). A soil slice
of a thickness of approximately 1.6 cm at each depth
was taken. Root segments from each depth were gen-
tly shaken to remove excessive soil before being briefly
submerged, and shaken in a 15 mL centrifuge tube
containing sterile 0.3% NaCl. The soil obtained from
shaking off the roots is determined as root-affected soil.
While the rhizosphere was obtained by centrifugation
of soil resuspension at 5000 x g for 30 min at 4 °C. The
rhizosphere pellet was stored at —20 °C until the total
community (TC-) DNA was extracted.

TC-DNA extraction and amplification of 16S
rRNA gene fragments and ITS regions
for real-time PCR analysis

The TC-DNA was isolated from about 0.52+0.01 g per
sample using the FastDNA Spin Kit and the Geneclean
Spin Kit for soil following the manufacturer’s instruc-
tions (MP Biomedicals, Heidelberg, Germany).

Copy numbers of bacterial 16S rRNA gene fragments
and ITS (internal transcribed spacer) regions were quan-
tified in rhizosphere TC-DNAs by real-time quantitative
PCR (gqPCR). The qPCR for the 16S rRNA gene frag-
ments was conducted as described in Suzuki et al. (2000)
and Yim et al. (2015), using 1.2 pM BACT1369F as
the forward primer (5’ -CGGTGAATACGTTCYCGG
-3y and 1 pM PROKI1492R as the reverse primer (5°-
GGWTACCTTGTTACGACTT-3"). The qPCR reac-
tion mixture (50 pL) of ITS regions consisted of 1x PCR
GoTaq buffer (Promega GmbH, Walldorf, Germany),
0.2 mM dNTPs, 2.5 mM MgCl,, 4% DMSO (dimethyl
sulfoxide), 0.4 pM ITS1 as the forward primer (5-TCC
GTAGGTGAACCTGCG G -3), 04 pM ITS4 as the
reverse primer (5-TCCTCCGCTTATTGATATGC-3),
1x EvaGreen, 1.25 U GoTaq (Promega GmbH, Walldorf,
Germany) and 1 pL. TC-DNA (ca. 3 ng). The thermal
cycling program was applied as previously described by
Gschwendtner et al. (2010).

Library preparations for amplicon sequencing
of 16S rRNA gene, ITS region and 18S rRNA gene
fragments

Sequencing libraries of 16S rRNA gene fragments
(bacteria and archaea) and ITS2 regions (fungi) were
prepared as previously described (Ganther et al.
2020; Yim et al. 2020). Briefly, the primers Uni341F
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(5’-CCTAYGGGRBGCASCAG-3") and Uni806R (5°-
GGACTACNNGGGTATCTAAT-3") were used for
the first PCR step to flank approximately 460 bp of
the V3-V4 regions of the 16S rRNA gene fragments,
targeting bacterial (about 80-100%) and archaeal
sequences (Sundberg et al. 2013). For fungi, the prim-
ers gITS7 (5’-GTGARTCATCGARTCTTTG-3') and
ITS4 (5-TCCTCCGCTTATTGATATGC-3") were
applied to obtain the ITS2 regions (Ihrmark et al.
2012). Individual sample tags obtained from the sec-
ond PCR step were purified using a HighPrep™ PCR
Clean Up System (MagBio Genomics Inc., MD, USA)
to remove DNA fragments below 100 bp in size. Nor-
malized samples using SequalPrep Normalization Plate
(96) Kit (Invitrogen, CA, USA), were pooled using
5 pL volume each, and were concentrated using the
DNA Clean and Concentrator™-5 kit (Zymo Research,
Irvine, USA). The pooled library concentration was
adjusted to 4 nM, and the amplicon sequencing was
performed on an Illumina MiSeq platform using Rea-
gent Kit v2 [2x250 cycles] (Illumina Inc., CA, USA).

To identify cercozoan communities, amplicon
sequencing of the 18S rRNA gene fragments cover-
ing about 350 bp of the V4 region was applied as
described by Fiore-Donno et al. (2020). Briefly, in
a first PCR the forward primers S615F_Cerco (5’-
GTTAAAAAGCTCGTAGTTG-3') and S615F_Phyt
(5'- GTTAAAARGCTCGTAGTCG-3") and the
reverse primer S963R_Phyt (5’-CAACTTTCGTTC
TTGATTAAA-3") were used. Then in a semi-nested
PCR, the forward primer S615F_Cer (5°GTTAAA
ARGCTCGTAGTYG-3") and the reverse primer
S947R_Cer  (5‘-AAGARGAYATCCTTGGTG-3'),
both tagged with barcodes, were used. To obtain a
concentration of 1-2 ng pL~! per sample, replicated
PCR-products of each sample were pooled for puri-
fication and normalization with the SequalPrep Nor-
malization Plate Kit (Invitrogen, CA, USA). Purified
amplicons were pooled, concentrated, and finally
sequenced on an Illumina MiSeq platform using
Reagent Kit v3 [2Xx300 cycles] (Illumina Inc., San
Diego, CA, USA) at the Cologne Centre for Genom-
ics (Koln, Germany).

Data analysis of amplicon sequencing

Demultiplexed sequences of the 16S rRNA gene and
ITS region fragments were processed as previously

described (Ganther et al. 2020; Yim et al. 2020).
Briefly, raw sequence reads of the bacterial and
archaeal communities were trimmed for primers
using cutadapt v.2.3 (Martin 2011). Primer-trimmed
sequence reads were error-corrected and merged,
and amplicon sequence variants (ASVs, 100% iden-
tity) were identified using DADA2 v.1.10.0 (Calla-
han et al. 2016) within QIIME2 (Bolyen et al. 2018).
Each ASV was given a taxonomic annotation using
q2-feature classifier classify-sklearn module trained
with SILVA SSU rel. 132 database (Quast et al.
2013). For the fungal community, an automated
ITS pipeline, so-called PIPITS (PIPITS_PREP, PIP-
ITS_FUNITS and PIPITS_PROCESS) with default
parameters for the ITS2 region was followed accord-
ing to Gweon et al. (2015). Read-pairs from Illumina
MiSeq sequencers of ITS files were merged into a
single file, followed by quality filtered for the next
step, generated by the PIPITS_PREP. Then, the PIP-
ITS_FUNITS identified the ITS sub-regions using
HMMER3 according to Mistry et al. (2013). The
PIPITS_PROCESS generated ASVs, and calculated
their read abundances as well as the RDP taxonomic
assignments using the UNITE fungal ITS reference
data set.

Regarding the cercozoan community, sequence
reads of the 18S rRNA gene fragments were pro-
cessed using the customized MOTHUR pipeline
v.39.5 (Schloss et al. 2009). Paired-end reads were
merged, not allowing any mismatches in primer or
barcode sequences, maximum two mismatches and
one ambiguity in the target sequence. Assembled
sequences with an overlap lower than 200 bp were
removed. Merged contigs were demultiplexed, and
primers and tag sequences were trimmed. Remain-
ing reads were clustered into operational taxonomic
units (OTUs) using VSEARCH (Rognes et al. 2016)
according to the abundance-based greedy algorithm
(agc) with a similarity threshold of 97%. Clusters
represented by less than 350 reads were removed as
likely to represent amplification or sequencing noise
(Fiore-Donno et al. 2018). OTUs were assigned to
taxa using BLAST+ (Camacho et al. 2009) with an
e-value of 1e-50 and the PR2 database (Guillou et al.
2013), keeping only the best hit. Sequences were
aligned with the template provided by Fiore-Donno
et al. (2018), allowing gaps of maximum five nucle-
otides, and cleaned from chimeras using UCHIME
(Edgar et al. 2011) and non-cercozoan sequences.
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Sequence contingency tables showing taxonomy
identifications and read abundances (ASV or OTU
table) were exported for subsequent analyses. For
14 samples, below 4,000 reads were obtained after
removing any reads associated to plant materials such
as chloroplast and mitochondrial DNA, and these
samples were excluded from the analyses. Rarefac-
tion analyses for 16S rRNA gene fragments (bacte-
ria and archaea), ITS regions (fungi) and 18S rRNA
gene fragments (cercozoa) were performed, and they
showed that the sequences covered the diversity in the
analysed samples (Fig. S1).

Soil potential extracellular enzyme activity
(potential EEA)

Soil potential EEA (V.. and K ) analyses in the
root-affected soil were performed using fluorogeni-
cally labelled substrates (Marx et al. 2005; Ger-
man et al. 2011) based on 4-methylumbelliferone
— MUF: 4-MUF-D-glucoside for p-glucosidase
(BG), 4-MUF-phosphate for acid phosphatase (AP)
and 4-MUF-N-Acetyl-B-D-glucosaminide for chi-
tinase (NG). Resuspensions of root-affected soil
(50 mL) were prepared using low energy sonication
(40 J s7! output energy) for 2 min. Thereafter, 50 uL
of soil suspension, 100 pL substrate solution (2.5,
5, 10, 20, 50, 100 pM) and 50 pL of buffer (MES)
were transferred into a 96-well microplate (Tian
et al. 2020). Fluorescence was measured at 30, 60
and 120 min at 360 nm excitation and 465 nm emis-
sion wave-length and at a slit width of 35 nm with
a plate reader (TECAN Infinite F200 Pro). Calibra-
tion curves were included in every series of enzyme
measurements. Enzyme activities were expressed
as MUF release in nM g~! dry soil h™!. Michaelis-
Menten equation was used to determine enzyme
kinetic parameters V., and K (Eq. 1)

max’
Vmax * S

V= (1)
(K, +S).

Where v is the rate of enzyme-mediated reaction,
S is the substrate concentration and K, is an affinity
constant equal to the substrate concentration at half of

the maximum reaction rate V..

@ Springer

Statistical analysis

Amplicon sequencing data, ASV or OTU species
richness and the Shannon diversity index (Shannon
et al. 1948) were evaluated using rarefied reads of the
16S rRNA gene fragments (4121), ITS regions (4993)
and relative abundance reads of the 18S rRNA gene
fragments. Microbial abundances (copy numbers of
16S rRNA gene and ITS region fragments) and soil
potential EEA were fitted into bacterial, archaeal,
fungal and cercozoan beta-diversities as environ-
mental variables applying Redundancy Analysis
(RDA) using scaling=1 (vegan package, Oksanen
et al. 2020). Permutations at 999 for the RDA under a
reduced model were performed to examine an overall
model fit relative to permuted matrix of data and to
check effects of the individual environmental variable
included in the model. The Permutational Analysis of
Variance (PERMANOVA) test was applied to reveal
effects of Texture, Depth and Root Hair on microbial
beta-diversity (McArdle and Anderson 2001). The
relative abundance of each phylum, ASV or OTU was
calculated using non-rarefied data (avoiding exclu-
sion of low read samples), and log transformed for all
datasets 16S rRNA gene, ITS region and 18S rRNA
gene fragments for statistical tests.

The 30 ASVs or OTUs with highest relative abun-
dances (bacteria, archaea, fungi and cercozoa) were
used to generate heatmaps (presenting the average
relative abundance ASVs or OTUs per sample). Fur-
ther, the Spearman’s rank correlation coefficient anal-
ysis was performed between the relative abundances
of those 30 ASVs or OTUs and the soil potential EEA
(BG, AP or NG), applying p value correction based
on Benjamini and Hochberg (1995).

The Levene-Test was applied to check the vari-
ance homogeneity of the data. The three-way (Tex-
ture x Depth x Root Hair) ANOVA was performed
to test effects of Texture, Depth and Root Hair on
microbial assembly and potential EEA in the rhizos-
phere and root-affected soil of maize, respectively at
p<0.05. The two-way ANOVA (Depth x Root Hair)
was applied per Texture (loam or sand). When the
two-way ANOVA indicated significant differences
between treatments, then multiple comparisons were
followed in loam or sand using Tukey-Test, applying
p value correction (at p<0.05) based on Benjamini
and Hochberg (1995).
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All data analyses were performed using statistical
software R-4.1.0 (R Core Team 2020).

Results

Microbial abundance and diversity in the rhizosphere
of maize affected by Texture, Depth and Root Hair

Copy numbers of 16S rRNA gene determined by gPCR
were more than three orders of magnitude higher than the
copies of ITS fragments (Table S1). Three-way ANOVA
of 16S rRNA gene copy numbers revealed a significant
effect of Texture and Depth, while the ITS copy numbers
did not differ significantly (Tables S1 & S2). The effects
of interactions of Texture:Depth and Texture:Root Hair
on 16S rRNA gene and ITS fragment copy numbers
were significant, but they differed between loam and
sand (Table S2).

After sequence processing, the reads clustered
into 28,590 bacterial and archaeal, 2694 fungal

Texture significantly affected bacterial and
archaeal ASV richness and Shannon indices, with a
higher diversity in loam than in sand as shown in
the box-plots and by three-way ANOVA (Table 1;
Fig. 2A).

Depth showed a significant effect on bacterial
and archaeal Shannon indices, dependent on Tex-
ture (a significant interaction of Texture:Depth,
Table 1). The effect of Root Hair on ASV richness
and Shannon indices was dependent on Depth (a
significant interaction of Depth:Root Hair, Table 1).
Pairwise comparisons revealed that Shannon index
in the rth3 rhizosphere was lower at D3 compared
to D1 in both loam and sand (Fig. 2A). This pattern
was not observed for the WT rhizosphere. Further,
significantly less ASVs and a lower Shannon index
were recorded in loam at D3 in rth3 compared to
WT rhizosphere (Fig. 2A).

Fungal ASV richness and Shannon index were
not affected by Texture, Depth and Root Hair
(Table 1; Fig. 2B).

ASVs and 409 cercozoan OTUs.

Table 1 Three-way ANOVA to reveal effects of Texture, Depth and Root Hair on alpha-diversity of bacterial and archaeal (16S
rRNA gene fragments), fungal (ITS regions) and cercozoan (18S rRNA gene fragments) communities in the rhizosphere of maize

Alpha-diversity Comparisons Df  Bacteria and archaea Fungi Cercozoa
Fvalue Pr(>F) Fvalue Pr(>F) Fvalue Pr(>F)

Observed ASVs/OTUs  Texture 1 27.37 <0.001%** 218 0.15 132.47 <0.001%#%*%*
Depth 2 0.06 0.94 1.30 0.28 5.71 <0.01%*
Root Hair 1 0.37 0.55 4.01 0.05 9.20 <0.01%**
Texture:Depth 2 2.10 0.13 1.97 0.15 6.48 <0.01%**
Texture: Root Hair 1 12.96 <0.001#**  3.82 0.06 10.45 <0.01%**
Depth: Root Hair 2 7.84 <0.01%** 2.10 0.13 0.44 0.64
Texture:Depth: Root Hair 2 1.38 0.26 0.76 0.47 0.07 0.93

Shannon indices Texture 1 108.27 <0.001#**  0.18 0.68 227.05 <001%#**
Depth 2 8.17 <0.001%%*  1.89 0.16 6.82 <0.01%*
Root Hair 1 0.34 0.56 2.53 0.12 14.97 <0.001%**
Texture:Depth 2 4.59 0.01%* 0.20 0.82 2.11 0.13
Texture:Root Hair 1 3.90 0.05 3.56 0.06 15.50 <0.001%#%*%*
Depth:Root Hair 2 5.00 0.01°%* 0.27 0.76 1.59 0.21
Texture:Depth:Root Hair 2 1.04 0.36 0.83 0.44 2.07 0.14

For 16S rRNA gene fragments: observed ASVs 652+51 and 441434 and Shannon index 5.49+0.10 and 4.58+0.15 in L and
S, respectively. For ITS regions: observed ASVs 115+8 and 105+5 and Shannon index 3.29+0.12 and 3.20+0.06 in L and S,
respectively. For cercozoa: observed OTUs 384 + 1 and 337 +8 and Shannon index 4.00+0.00 and 3.09+0.08 in L and S, respec-
tively (data are presented as mean =+ standard error of mean).

n=6, except for L_rth3_D3, S_WT_DI and S_rth3_D3 (n=4) and S_WT_D3 (n=35) for bacteria and archaea. For fungi, n=6,
except for S_WT_D2 and S_WT_D3 (n=5), S_rth3_D3 (n=4) and S_rth3_D2 (n=3). For cercozoa, n=06, except for S_WT_D3
(n=5) and S_rth3_D3 (n=3). Significant codes: <0.0010 “***’/ < 0.01 “*** and <0.05 **’; L, loam and S, sand; Df, degrees of free-
dom
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A) Bacteria and archaea
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Fig. 2 Alpha-diversity of A) bacterial and archaeal (16S
rRNA gene fragments), B) fungal (ITS regions) and C) cerco-
zoan (18S rRNA gene fragments) communities in the rhizos-
phere of maize. Letters indicate significant differences between
treatments in loam or sand, Tukey test applying “BH” p value
correction, p<0.05 (Benjamini and Hochberg 1995), n=6,

Similar to bacteria and archaea, cercozoan
OTU richness and Shannon index were signifi-
cantly affected by Texture (higher in loam than in
sand), Depth and Root Hair (Table 1; Fig. 2C). The
effect by Root Hair on OTU richness and Shannon
index of cercozoa depended on Texture (a signifi-
cant interaction of Texture:Root Hair, Table 1). At
D2, the Shannon index of cercozoa was signifi-
cantly lower in r#h3 than in WT rhizosphere in sand
(Fig. 20).

The RDA showed that bacterial, archaeal, fun-
gal and cercozoan beta-diversities differed between
Texture (Fig. 3A, B & C) and Depth (Figs. S2, S3
& S4), and the significance was confirmed by the
PERMANOVA (Table 2). The significant effect of
Depth and Root Hair on bacterial, archaeal, fungal
and cercozoan beta-diversity was dependent on Tex-
ture (significant interactions of Texture:Depth and
Texture:Root Hair, Table 2).

@ Springer

except for L_rth3_D3, S_WT_DI and S_rth3_D3 (n=4) and
S_WT_D3 (n=5) for bacteria and archaea. For fungi, n=6,
except for S_WT_D2 and S_WT_D3 (n=5), S_rth3_D3
(n=4) and S_rth3_D2 (n=3). For cercozoa, n=6, except for
S_WT_D3 (n=5) and S_rth3_D3 (n=3). L, loam and S, sand

Depth explained a higher variation in bacterial,
archaeal, fungal and cercozoan beta-diversities in
sand than in loam (PERMANOVA, Table 3). For
bacteria and archaea, the greatest differences were
observed between D1 vs. D3 for both rth3 and WT
grown in loam or in sand (Table 4). Significant dif-
ferences for fungal beta-diversity between D1 vs. D2
and D1 vs. D3 were only detected for r#h3 grown in
sand (Table 4). Further, for WT grown in loam sig-
nificant differences of the fungal beta-diversity were
found between D1 vs. D3. For cercozoa, the greatest
differences in beta-diversity were shown between D2
vs. D3 in the rhizosphere of WT (in loam) and rth3
(in loam or sand) (Table 4).

Overall, the PERMANOVA tests revealed the Tex-
ture as the strongest driver, followed by Depth and
Root Hair on bacterial, archaeal, fungal and cerco-
zoan assembly (Table 2).
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Fig. 3 Linkage the beta-
diversity of A) bacteria and
archaea (16S rRNA gene
fragments), B) fungi (ITS
regions) and C) cercozoa
(18S rRNA gene frag-
ments) to soil potential
microbial extracellular
enzyme activities (EEA)
and to copy numbers of 16S
rRNA gene fragments and
ITS regions. n=6, except
for L_rth3_D3,S_WT_DI1
and S_rth3_D3 (n=4)

and S_WT_D3 (n=5) for
bacteria and archaea. For
fungi, n=6, except for
S_WT_D2 and S_WT_D3
(n=35), S_rth3_D3 (n=4)
and S_rth3_D2 (n=3).

For cercozoa, n=6, except
for S WT_D3 (n=5) and
S_rth3_D3 (n=3). For

soil potential EEA, n=6,
except for L_rth3_D3 (BG,
AP and NG), L_WT_D3
(AP), S_rth3_D1 (BG and
AP) and S_WT_D1/D2
(AP),n=5;L_WT_D3
(NG), S_rth3_D2 (BG and
AP) and S_WT_D3 (NG),
n=4; and S_rth3_D3 (BG)
and S_WT_D3 (BG), n=3.
BG, B-glucosidase; AP, acid
phosphatase; NG, chitinase;
L, loam; S, sand and arrows
indicate association of the
microbial beta-diversity

to K, (in green) and to

V e (in black). Significant
association between the
soil potential EEA and
microbial beta-diversity:
<0.0010 “*** < 0.01 “**
and <0.05 “*’

A) Bacteria and archaea

3 e D1
& D2
°o D3

oS

N

e -

g AP_K
d * !
S . a e
N
<
=)
[
° NG_K
< 7 *%
BG_V
(=]
R *AP_V
*% LWT
Copy.n.16S L rth3
8
T T T T
-40 20 0 20 40
B) Fungi RDA1 (45.3%)

e e D1
& D2
o D3

NG
&
v -
NG_V & e)
. @
g d o
~
T o BG_V. AP..
N
3 ® o
; %
Copy.n.ITS
0 APV i BG_K
' &
O
L_WT
L_rth3
o |
T T T T T T
-15 -10 5 0 5 10 15
C) Cercozoa RDA1 (18.3%)

o ® D1
= D2
© D3

v -

:\?
N
w
~ o
o~
<
a
(4
0
*
Copy.n.16S
LWT
Copy.n.ITS L_rth3
o |

RDA1 (38.7%)

@ Springer



238

Plant Soil (2022) 478:229-251

Relative abundance of bacterial, archaeal, fungal and
cercozoan taxa affected by Texture, Depth and Root
Hair

Texture had the greatest impact on bacterial, archaeal,
fungal and cercozoan alpha- and beta-diversities;
therefore, multiple comparisons were performed sep-
arately in loam or sand, to check the effects of Depth
and Root Hair on relative abundances at different tax-
onomic levels (using Tukey test, with ‘BH’ p value
correction at p < 0.05).

Bacterial and archaeal ASVs were affiliated to
35 phyla but 25 of them had a relative abundance
below 1%, and thus they were grouped together and
assigned as “Other”. The phylum Proteobacteria was
most dominant in sand, while in loam the dominant
phylum was Firmicutes (Fig. 4A). Acidobacteria and
Thaumarchaeota were far more abundant in loam
than in sand (Fig. 4A).

Changes in relative abundances of bacteria and
archaea at the phylum level along examined depths
were also highly modulated by Texture. For instance,
the relative abundance of Proteobacteria was signifi-
cantly lower at D1 than D3 in the rhizosphere of both
WT and rth3 in sand, and the opposite was observed
in loam (Fig. 4A). The effects of Depth on Thaumar-
chaeota were only observed in the rhizosphere of
maize grown in loam (Fig. 4A). Overall, Root Hair
had a subtle effect on the relative abundances at the
phylum level (Fig. 4A).

For fungi, all ASVs were affiliated to eight phyla
(four of them were grouped together, and renamed as
“Other” due to a low relative abundance <1%). The
fungal phyla Ascomycota and Basidiomycota were
dominant in loam or sand (Fig. 4B). Effects of Depth
on fungal relative abundances at phylum level were
only observed for Mortierellomycota that displayed
significantly lower relative abundances at D3 than D1
for WT grown in loam (Fig. 4B). Overall, no effect of
Root Hair on fungal relative abundances was detected
at the phylum level in the rhizosphere of maize grown
in loam or sand (Fig. 4B).

Cercozoan OTUs were affiliated to 19 orders, 11
of them were grouped together and re-named “Other”
as each represented less than 1% of the total number
of reads. The orders Glissomonadida and Cercomon-
adida dominated in the rhizosphere of maize grown
in loam or sand and at all three depths (Fig. 4C).
In loam, no clear effect of Depth or Root Hair was
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detected, while in sand an increase in the relative
abundance of the order Glissomonadida was found
with increasing depth, but only in the rth3 rhizos-
phere. Cryomonadida were mainly detected in sand,
and their relative abundances were higher at D1 than
at D2 or D3 in WT and rth3 rhizosphere (Fig. 4C).

To increase the level of resolution effects of Tex-
ture, Depth and Root Hair on the rhizosphere micro-
biome were also analysed at the ASV or OTU level.

The 30 bacterial or archaeal ASVs with the high-
est relative abundance can be depicted from Fig. SA.
ASVs belonging to archaeal family Nitrososphaer-
aceae (ASV_2 &_10) and the bacterial genera Ter-
rimonas (ASV_19) and Bacillus (ASV_11, _12 &
_13) were dominant in loam, while the ASVs affili-
ated to bacterial genera Dyella (ASV_41 & _45),
Massilia (ASV_1, _4 & _14) and Streptomyces
(ASV_30) were more abundant in sand (Fig. 5A).
The relative abundance of Bacillus (ASV_13) was
higher at D3 than D1 for the r#A3 grown in loam (at
p <0.05). In sand, the relative abundance of Massilia
(ASV_1 & _14) was significantly higher at D3 than
D1 for the WT or rth3 rhizosphere. In contrast, the
relative abundance of ASV_30 belonging to Strepto-
myces was significantly higher at D1 than D2 or D3
for the WT or rth3 rhizosphere in sand. Root Hair
affected the distribution of several bacterial ASVs in
the rhizosphere dependent on Texture and Depth. For
instance, ASVs affiliated to bacterial Dyella (ASV_41
& _45) in the rhizosphere of rth3 grown in sand had
significantly higher relative abundance at D1 than in
the WT rhizosphere (Fig. 5A). It is important to note
that not all ASVs affiliated to a certain genus or fam-
ily showed identical Depth and Root Hair-dependent
relative abundances.

The majority of the 30 most abundant fungal ASVs
did not show Texture, Depth and Root Hair-depend-
ent differences in their relative abundances (Fig. 6A).
But ASV_5 affiliated to the genus Trichophaea and
the ASV_7 (unclassified Ascomycota) were dominant
in loam and in sand, respectively.

This similar pattern was also revealed for the
30 most abundant cercozoan OTUs (Fig. 7A).
Sequences belonging to cercozoan families Allapsi-
dae (OTU_15) and Sandonidae (OTU_8) were domi-
nant in loam, while two other unclassified cercozoan
OTUs again of the families Allapsidae (OTU_4)
and Sandonidae (OTU_11) were more abundant in
sand (Fig. 7A). The relative abundance of OTUs of
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the families Sandonidae (OTU_11) and Allapsida
(OTU_4) was highest at D2 and D3 rhizosphere,
respectively, for both WT or rth3 grown in sand. In
loam, the OTU assigned to the Allapsidae (OTU_15)
showed the lowest relative abundance at D2 for both
WT and rth3 rhizosphere.

Soil potential extracellular enzyme activities (EEA)
affected by Texture, Depth and Root Hair

In general, the soil potential EEA (V,/ V) were
approximately 2.5-7 times significantly higher in
loam than sand (Table 5), and the significant effect
of Texture was confirmed by three-way ANOVA
(Table S3). Effects of Depth on the soil potential EEA
were Texture-dependent, and a significant interac-
tion of Texture:Depth was indicated (Table S3). The
B-glucosidase activity (BG_V) was not affected by
Depth in loam or in sand. Acid phosphatase (AP_V)
showed lower activity at D3 compared to D1 or D2
for rth3 and WT in loam, but the opposite pattern was
observed in sand (Table 5). Chitinase (NG_V) had a
higher enzyme activity at D1 than D2 for rth3 (loam)
and at D1 than D2 and D3 for WT (loam). Root Hair
affected only the BG_V at D1 in sand as WT had
a more than two-fold activity higher than rth3.

The soil potential EEA affinity (K, / K) BG_K showed
different enzyme affinities at D2 vs. D3 in loam of WT
(Table 5). AP_K at D3 in loam and at D2 in sand were
significantly higher than other depths of the rh3. NG_K
indicated a similar enzyme affinity at all depths. Over-
all, enzyme kinetics also revealed Texture as the strongest
driver, followed by Depth and Root Hair.

Data of soil potential EEA (V. and K ) were incor-
porated into the microbial beta-diversity in RDA plots to
examine their linkage to the bacteria and archaea (Fig. 3A),
fungi (Fig. 3B) and cercozoa (Fig. 3C) of both textures
and to increase the resolution per Texture (Figs. S2, S3 &
S4). The fitted vectors showed that bacterial and archaeal
communities had significantly high activities of BG_V and
AP_V in loam, while in sand significantly high enzyme
affinity BG_K was observed (Fig. 3A). Spearman’s rank
correlation coefficients were calculated to discover poten-
tial interactions between the relative abundances of the 30
dominant bacterial and archaeal ASVs and the soil poten-
tial EEA (Fig. 5B). We found that several bacterial ASVs
affiliated to Flavisolibacter (ASV_32) in loam and Pae-
nibacillus (ASV_47) and Massilia (ASV_1, _4 & _14) in
sand were significantly and positively correlated to AP_V.

The fungal communities had higher AP_V, BG_V,
NG_V and NG_K in loam than in sand but differences
were not significant (Fig. 3B). Spearman’s rank correla-
tion coefficients indicated several ASVs were positively
correlated to AP_V, BG_V and NG_V, but they were
not significant (Fig. 6B).

The cercozoan communities had significantly higher
NG_V in loam than in sand (Fig. 3C). The relative
abundance of OTUs affiliated to Allapsidae_OTU004
and Eocercomonas_OTUO006 was significantly and
positively correlated to AP_V, while the Paracerco-
monas_OTUO07 was correlated to activity and affinity
of NG_V and NG_K, respectively in sand (Fig. 7B).

Overall, the copy numbers of 16S rRNA gene and
ITS region fragments were strongly linked with AP_V
(Fig. 3A, B & 30).

The RDA plot including the soil potential EEA and
microbial communities per Texture (Figs. S2, S3 & S4)
revealed that the bacterial, archaeal, fungal and cerco-
zoan communities had higher AP_V at D2/D3 than D1
in sand. While in loam, the NG_V was higher at D1 for
bacterial, archaeal and cercozoan communities.

Discussion

Effects of Texture on the maize rhizosphere
microbiome

Substrates with different textures sand and loam used
for growing maize in the present work differed per
se in pore size distribution, and maize root-induced
changes in porosity in the rhizosphere (Phalempin
et al. 2021). Due to higher organic matter, silt and
clay contents, loam has higher sorption sites than
sand causing lower nutrient mobility and leaching
substances in loam (Vetterlein et al. 2021). The dilu-
tion of loam with 83.3% quartz sand (for Texture
sand) indeed resulted in a decrease in abundance
(copy numbers of 16S rRNA gene fragments) and
alpha-diversity (observed ASVs/OTUs and Shannon
indices) of bacteria, archaea and cercozoa (Tables 1,
S1 & S2; Fig. 2). Higher pore connectivity of sand
was recently already reported in different studies
to decrease bacterial diversity in soil due to easier
migration of microbial cells between pores (Carson
et al. 2010; Hemkemeyer et al. 2018; Seaton et al.
2020).
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Table 2 Global PERMANOVA analysis (R? value) to reveal
effects of Texture, Depth and Root Hair on bacterial and
archaeal (16S rRNA gene fragments), fungal (ITS regions) and
cercozoan (18S rRNA gene fragments) beta-diversities in the
rhizosphere of maize

Comparisons Bacteria and Fungi  Cercozoa
archaea

Texture 0.37* 0.14*  0.45%
Depth 0.07* 0.04*  0.09*
Root Hair 0.02* 0.02 0.02*
Texture:Depth 0.08* 0.04*  0.08*
Texture: Root Hair 0.02* 0.03%  0.02*
Depth: Root Hair 0.02 0.03 0.02
Texture:Depth: Root Hair ~ 0.02 0.03 0.02

R?+* significant differences at p < 0.05 (in bold). n=6, except
for L_rth3_D3, S_WT_DI1 and S_rth3_D3 (n=4) and S_WT_
D3 (n=5) for bacteria and archaea; S_WT_D2 and S_WT_D3
(n=5), S_rth3_D3 (n=4) and S_rth3_D2 (n=23) for fungi. For
cercozoa, n=6, except for S_WT_D3 (n=5) and S_rth3_D3
(n=3). L, loam and S, sand

Table 3 PERMANOVA analysis (R? value) to reveal effects
of Texture, Depth and Root Hair on bacterial and archaeal (16S
rRNA gene fragments), fungal (ITS regions) and cercozoan

In the present study, changes in cercozoan rich-
ness and diversity displayed a similar pattern as
those observed for bacteria and archaea (Table 1;
Fig. 2). This is likely due to feeding traits of cerco-
zoa. Most cercozoan taxa mainly feed on bacteria
(Fiore-Donno et al. 2019), and these bacterivorous
cercozoan taxa affect bacteria and archaea in soil due
to their specificity in feeding patterns (Kreuzer et al.
2006; Rosenberg et al. 2009; Flues et al. 2017; Hen-
kes et al. 2018). Subsequently, cercozoa are bottom
up controlled by bacteria, as the cercozoan commu-
nity assembly is affected by bacterial defense mech-
anisms (Jousset 2012), and their growth depends on
the availability of their major food source. In addi-
tion, the differences in Texture of the two soils might
have changed these predator-prey interactions. Loam
with a higher content of fine soil pores, might have
restricted the access of protists to their bacterial prey
(Rutherford and Juma 1992).

(18S rRNA gene fragments) beta-diversities in the rhizosphere
of maize — in loam or sand

Comparisons Bacteria and archaea Fungi Cercozoa

Loam Sand Loam Sand Loam Sand
Depth 0.13* 0.30% 0.06 0.12* 0.25% 0.31%
Root Hair 0.06* 0.07* 0.08* 0.03 0.04 0.07*
Depth: Root Hair 0.09* 0.06 0.06 0.07 0.04 0.06

R2 4 significant differences at p <0.05 (in bold). n=6, except for L_rth3_D3, S_WT_D1 and S_rth3_D3 (n=4) and S_WT_D3
(n=5) for bacteria and archaea; S_WT_D2 and S_WT_D3 (n=5), S_rth3_D3 (n=4) and S_rth3_D2 (n=3) for fungi. For cercozoa,
n=6, except for S_WT_D3 (n=5) and S_rth3_D3 (n=3). L, loam and S, sand

Table 4 PERMANOVA analysis (R? value) to reveal effects of Depth on bacterial and archaeal (16S rRNA gene fragments), fungal

(ITS regions) and cercozoan (18S rRNA gene fragments) beta-diversities in the rhizosphere of maize

Root Hair Comparisons Bacteria and archaea Fungi Cercozoa
Loam Sand Loam Sand Loam Sand
rth3 D1 vs. D2 0.15% 0.34* 0.08 0.27* 0.27* 0.33*
D1 vs. D3 0.21* 0.53* 0.11 0.24* 0.16* 0.49*
D2 vs. D3 0.19* 0.24* 0.09 0.14 0.32% 0.52%
WT D1 vs. D2 0.17* 0.21* 0.10 0.11 0.24* 0.22%
D1 vs. D3 0.20* 0.42* 0.15% 0.12 0.18* 0.31*
D2 vs. D3 0.18%* 0.17* 0.11 0.12 0.31%* 0.26*

R+ significant differences at p <0.05 (in bold). n=6, except for L_rth3_D3, S_WT_D1 and S_rth3_D3 (n=4) and S_WT_D3
(n=>5) for bacteria and archaea; S_ WT_D2 and S_WT_D3 (rn=5), S_rth3_D3 (n=4) and S_rth3_D2 (n=3) for fungi. For cercozoa,
n=06, except for S_WT_D3 (n=5) and S_rth3_D3 (n=3). L, loam and S, sand
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Compared to bacteria, archaea and cercozoa, Tex-
ture revealed less effects on the fungal abundance
(copy numbers of ITS regions, Tables S1 & S2),
alpha- (Table 1) and beta-diversity (Table 2) as previ-
ously observed for other soils (Hartmann et al. 2014;
Yim et al. 2017; Seaton et al. 2020). Fungal hyphae
can easily bridge pore spaces (Ritz and Young 2004),
while single cell organisms depend on the connectiv-
ity of the water film for dispersal.

Findings using maize roots obtained from the three
depth layers of the soil column experiments of the
present study, Ganther et al. (2021) found a higher
expression level of genes for aquaporins involved in
passive water transport, genes related to plant immu-
nity function, e.g., gene related to pathogenesis-
related protein 5 (PRS), chitinase, ethylene-intensive
3 transcription factor and genes related to secondary
metabolite production in sand compared to loam.
Genes coding for aquaporin (Marulanda et al. 2010),
chitinases (Shoresh and Harman 2010), PR5 (Anisi-
mova et al. 2021) and metabolites (Cotton et al. 2019;
Murphy et al. 2021) that were differentially expressed
between loam and sand, were previously shown to
be involved in plant microbe interactions, and might
be influenced by the Texture-dependent microbiome
composition.

Effects of Depth on the maize rhizosphere
microbiome

In an identical experiment, we also learned that
share of young roots increased with increasing root-
ing depth (Lippold et al. 2021; Fig. 1). Young or fine
roots play active roles in respiration, transport and
absorption of water and nutrients, and they also have
much more carbon release as exudates for microbial
cells compared to the older roots (Nikolova et al.
2020). Thus, they might favor r-strategists (King et al.
2021; Wei et al. 2021) as observed in the present
study for Massilia and Bacillus. The assembly of bac-
terial, archaeal and cercozoan communities in differ-
ent root zones, i.e., distance to root tips of the primary
root of nine-day-old WT maize plants grown in loam,
was previously investigated by Riiger et al. (2021).
They reported that along the primary root axis, the
alpha-diversity was higher at root tips compared to
older root regions. In our study, a mixture of roots
per depth layer was used for obtaining the rhizos-
phere microbial pellet, but as the proportion of young

roots increased with depth (Lippold et al. 2021), we
observed a slightly increased alpha-diversity of bac-
teria and archaea in the rhizosphere of 22-day-old
WT maize grown in loam at the D3 compared to D1
(Fig. 2A), confirming the findings by Riiger et al.
(2021).

The soil water content showed a depth gradi-
ent due to gravity in the soil column (Vetterlein
et al. 2021). As plants developed, differences in root
length density with depth evolved, and might have
introduced additional gradients in nutrient distribu-
tion. Therefore, differences in water, O, availability
and nutrient resources contributed to differences in
microbial abundance and diversity at the three depth
levels analysed as already reported in earlier studies
(Schliiter et al. 2019; Schimel et al. 1999; Schlatter
et al. 2018; Li et al. 2020). Further, microbe-microbe
interactions in terms of competition and facilitation
of niche occupancy (Sasse et al. 2018; Cotton et al.
2019), top-down control by microbial predators, i.e.,
protists (Bonkowski et al. 2021) - these factors also
cause heterogeneity along rooting depth, and thus
shape the rhizosphere microbiome.

Larger differences in bacterial and archaeal beta-
diversity were observed between D1 vs. D3 than
between D1 vs. D2 or D2 vs. D3 (Table 4), and simi-
lar findings were reported for plant root gene expres-
sion analysis using roots from the same experiment
and depths (Ganther et al. 2021). Depth affected also
the structure of acdS gene carrying bacteria in TC-
DNAs of the same rhizosphere samples investigated
in the present study (Gebauer et al. 2021).

Depth-related effects on fungal gene copy numbers
and alpha-diversity were not observed in the present
study (at 4.5-15.1 cm depth) likely due to relatively
short soil columns being used.

Effects of Root Hair on the maize rhizosphere
microbiome

Lack of Root Hair had little effects on microbial
assembly compared to Texture and Depth in the pre-
sent study, but was significant for bacteria, archaea
and cercozoa (Table 2). Only in loam Root Hair had
also an effect on fungal beta-diversity. This suggests
that there might be a link to the findings by Lippold
et al. (2021) that total P uptake was significantly
lower for rth3 than WT in loam.
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«Fig. 4 Effects of Texture, Depth and Root Hair on relative
abundances of A) bacterial and archaeal (16S rRNA gene frag-
ments), B) fungal (ITS regions) and C) cercozoan (18S rRNA
gene fragments) communities at phylum or order levels in the
rhizosphere of maize (> 1%). Letters indicate significant dif-
ferences of each bacterial, archaeal, fungal and cercozoan phy-
lum or order level in loam or sand, Tukey test applying “BH”
p value correction, p<0.05 (Benjamini and Hochberg 1995).
n=06, except for L_rth3_D3, S_WT_D1 and S_rth3_D3 (n=4)
and S_WT_D3 (n=5) for bacteria and archaea; S_WT_D2 and
S_WT_D3 (n=5), S_rth3_D3 (n=4) and S_rth3_D2 (n=3)
for fungi. n=6 for cercozoa, except for S_WT_D3 (n=5) and
S_rth3_D3 (n=3). L, loam and S, sand

The small effect of Root Hair was in line with root
gene expression (Ganther et al. 2021) and with bac-
terial community carrying acdS gene (Gebauer et al.
2021) observed for the same experiment.

Root hairs of the WT used in this study were rela-
tively short, of a length of about 0.24 mm (Lippold
et al. 2021; Phalempin et al. 2021). This resulted in
small differences between the WT and rth3 in the
rhizosphere zone and in their role in water and nutri-
ent uptake. This might also explain the rather small
effects on rhizosphere microbiome observed. Further,
the subtle effects of Root Hair in microbial assembly
might be attributed to fertilization of the soils and to
well irrigation (Vetterlein et al. 2021).

In a previous work, the root hairless rth2 maize
accumulated less biomass and P than WT plants, but
only under water stress (Klamer et al. 2019), suggest-
ing that testing the genotypes under different P and
soil moisture levels could reveal stronger effects of
Root Hair on the rhizosphere microbiome. Further,
the effects of Root Hair on the rhizosphere microbi-
ome might be larger for other plant species showing
longer root hairs, i.e., for barley and growing under
water deficiency or drought (Marin et al. 2021).

Relative abundance of microbial taxa affected by
Texture, Depth and Root Hair

The dominant phyla in loam were Firmicutes
followed by Proteobacteria (Fig. 4) as previ-
ously also reported by Ganther et al. (2020), for
the same Texture and WT maize, using the same
soil column experimental set-up to investigate the
effects of X-ray computer tomography on soil bac-
terial communities. In contrast to loam, the rela-
tive abundance of Proteobacteria was dominant

in the rhizosphere of WT and rth3 grown in sand.
In particular, the genus Massilia was remarkably
dominant in the Texture sand that was obtained by
mixing loam with quartz sand. Texture-depend-
ent changes in root exudation patterns or the soil
physicochemical characteristics might have facili-
tated the successful rhizosphere assembly of the
three ASVs affiliated to Massilia. Acidobacteria
and also Thaumarchaeota were mainly detected in
loam indicating a preference of these phyla to the
soil conditions in loam, e.g., particle size prefer-
ences as recently reported by Hemkemeyer et al.
(2018).

Wei et al. (2021) revealed that most of the
enriched taxa at younger roots or at a lower depth
were r-strategists, they proliferated, and responded
quickly to nutrients available. Indeed, our findings
revealed significantly higher relative abundances
of ASVs affiliated to the genera Bacillus (in loam)
and Massilia (in sand) in the rhizosphere of roots
sampled from D3 compared to D1. Isolates affili-
ated to these genera are also known as r-strategists
(Ofek et al. 2012; Wei et al. 2021). Further, strains
from both genera were reported to have catalase
activity (Yuan et al. 2021), and thus their increased
abundance in the maize rhizosphere might reduce
H,0, concentration, and thus reduce H,O, stress.
Root gene expression analyses of maize showed
that stress- or defense-related genes such as perox-
idases were highly expressed at lower than upper
depths (Ganther et al. 2021).

Slight decreases in oxygen availability, which coin-
cide with the increase in water content with depth,
might explain differences in relative abundances of
ASVs affiliated to Bacillus. Bacillus isolates can
adapt to a lower oxygen availability (Hartmann et al.
2014) that might support the present finding that their
relative abundances were enriched at D3 in loam
(Fig. 5A).

The fungal relative abundances were not affected
by Depth and Root Hair at the phylum level and
most of the 30 ASVs observed in the present work
(Figs. 4B & 6A). This was likely due to our observa-
tion using a short soil column, and was under growth
chamber conditions.

ASVs affiliated to the genus Dyella that were
detected in significantly higher relative abundances
in the rhizosphere of r#h3 than WT grown in sand
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B) Spearman’s rank correlation coefficients (r + significant)

ab ab b ab ab a| a ab bc ac ac c Paenibacillus_ASV_27
ab b b a ab abjab b b a ab ab Paenibacillus_ASV_29 1
ab ab b ab a ab/ab ab ab a b ab Nitrospira_ASV_42 .
ac a b cd ac bdfja a a a a a Flavisolibacter ASV_32 |
a a a a a ajab b b a b ab Bacillus_ASV_22
ab a ab ab b a|ac ¢ bc a ac ab Bacillus_ASV_20 0
ab b ab a ab a|a ab c |a ac bc Paenibacillus_ASV_47
Color Key a a a a a a|ac ¢ bc b ac bc Sphingomonas_ASV_21
a a a a a ala b b a b b Agromyces_ASV_38 LA
a a a a a a|a a b ab ab b Streptomyces_ASV_70
a ab bc ac ac b|ab ab ab a ab b Sphingobacteriaceae_ASV_35
a a a a a a|a bd bc ad bc c Streptomyces_ASV_30
a bc a bc ¢ abla b b a b b Adhaeribacter ASV_31
a ab ab ab b b|a ¢ a b ¢ ac Brevundimonas_ASV_62
420 2 4 a b a a b alad d abc bc bd c Dyella ASV_41
Column Z-Score ab bc ab a ¢ a|a ab ac bc ab c Dyella ASV_45
a a a a a a|a ac bc ac ab b Chitinophagaceae_ASV_44
a a a a a a|a a c bc bc c Rhodanobacter ASV_77
a a a a a a|la b b a b b Paenibacillus_ASV_71
ab ab b a ab a|a a a b ab a Bacillus_ASV_11
a ab b ab ab abja a a a a a Bacillus_ASV_13
a a a a a ajab b b a b b Bacillus_ASV_12
a bc ¢ ab ab abja a a a a a Nitrososphaeraceae_ASV_10
ac ab bc b bc c|a a a  a a a Terrimonas_ASV_19
_[: ab ac ¢ a bc c|ab ab a ‘ab b ab Micrococcaceae_ASV_8
ac d cd b a b|a a a a a a Paenibacillus_ASV_9
a a a a a a Nitrososphaeraceae_ASV_2
a b b b b b|a ablblabiab b Massilia_ASV_4
—{— a b b b b b|a bc c a ab bc Massilia_ASV_14
a b b b b b Massilia_ASV_1 03 0
EI SI 8| EI SI BI ZI :| :I :| ZI é ;I ZI :I zl :l zl
22255; 00 < < 2 z200¢<< 22
EEE T
I Loam Sand

Fig. 5 Effects of Texture, Depth and Root Hair on 30 bacterial
and archaeal (16S rRNA gene fragments) ASVs with highest
relative abundances in the rhizosphere of maize (A) and their
Spearman’s rank correlation coefficient (r) to soil potential
microbial extracellular enzyme activities (B). Different let-
ters indicate significant differences between treatments of each

(Fig. 5A), are known to be involved in nitrogen fixa-
tion (Swarnalakshmi et al. 2020). Based on plant
roots and rhizosphere microbiome feedback, strains
belonging to Dyella might have been recruited to
assist the rth3 plants for N-uptake in sand. Interest-
ingly, root genes coding for nitrate transport were
shown to be less expressed in the rth3 compared to
WT (Ganther et al. 2021).

Linkage between bacteria, archaea, fungi, cercozoa
and soil potential extracellular enzyme activities
(EEA)

Both plant roots and microbial cells are able to
release enzymes into soil (Cabugao et al. 2017)
but we assume that the fraction of plant-originated
enzymes decreases with the distance from the root,
and as we used root-affected soil for the EEA analy-
ses, the detected potential EEA were assumed to be of
microbial origin.

@ Springer

ASV in loam or sand, Tukey test applying “BH” p value cor-
rection, p <0.05 (Benjamini and Hochberg 1995). BG, 8-glu-
cosidase; AP, acid phosphatase; NG, chitinase; V, V,,, and K,
K,,; Blank, no significant correlation and * significant correla-
tion. n=6, except for L_rth3_D3, S_WT_DI1 and S_rth3_D3
(n=4)and S_WT_D3 (n=5). L, loam and S, sand

In line with the bacterial and archaeal abundance
and alpha-diversity, higher potential EEA (V) were
recorded in loam than in sand (Tables 5 & S1). This
is explained by a greater soil organic carbon content
in loam (Vetterlein et al. 2021; Feng et al. 2019; Ren
et al. 2018).

The K, /K in soil studies is generally termed as an
apparent affinity constant, which is surely affected to
a certain extent by soil physical properties. The two-
to-three-fold higher K, for acid phosphatase (AP_K)
in sand compared to loam (Table 5), indicated the
presence of different enzyme systems with a lower
affinity resulting in a decline in the overall enzyme
function under substrate limitation in loam (Stone
et al. 2012; German et al. 2012). Further, as discussed
above, due to the higher sorption capacity of loam,
the affinity of AP_K was strongly reduced compared
to sand (Table 5).

Variations in K, values at different depths were
more pronounced for the AP, followed by NG (chi-
tinase) and BG (B-glucosidase). They revealed
changes in functional traits of microorganisms, i.e.,
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Fig. 6 Effects of Texture, Depth and Root Hair on 30 fun-
gal (ITS regions) ASVs with highest relative abundances in
the rhizosphere of maize (A) and their Spearman’s rank cor-
relation coefficient (r) to soil potential microbial extracellu-
lar enzyme activities (B). Different letters indicate significant
differences between treatments of each ASV in loam or sand,

changes in the metabolic activity and microbial com-
munity composition (Blagodatskaya et al. 2021).

The enzyme activity and affinity were fitted as
environmental variables of the bacterial, archaeal,
fungal and cercozoan communities (Fig. 3). Higher
activities of BG_V, AP_V and NG_V were shown in
loam than in sand demonstrating different abilities of
dominant bacteria, archaea, fungi or cercozoa to pro-
duce or release the enzymes investigated. The corre-
lation of AP_V with multiple ASVs or OTUs indi-
cated functional redundancy and possible mutualistic
interactions in P acquisition and in cellulose degrada-
tion within the communities (Banerjee et al. 2016).
Positive correlation of AP_V with ASVs affiliated to
Massilia and the cercozoa Allapsidae and Eocerco-
monas in sand possibly indicate different specialized
taxa in production of specific enzymes. The bacte-
rial, archaeal and cercozoan communities showed
significantly higher AP_V at lower depths in sand
(Figs. S2 & S4), which is in line with higher relative

Tukey test applying “BH” p value correction, p <0.05 (Benja-
mini and Hochberg 1995). BG, -glucosidase; AP, acid phos-
phatase; NG, chitinase; V, V.. and K, K ; Blank, no sig-
nificant correlation and * significant correlation. n=6, except
for S_WT_D2 and S_WT_D3 (n=5), S_rth3_D3 (n=4) and
S_rth3_D2 (n=3). L, loam and S, sand

abundances of Massilia, Allapsidae and Eocerco-
monas (Figs. 5SA & 7TA).

A higher enzyme affinity in sand (Fig. 3) to the
decomposed compounds indicated different taxa pro-
duced distinctly different enzyme systems (Fontaine
and Barot 2005; Blagodatskaya et al. 2009; Blago-
datskaya and Kuzyakov 2013). The stronger linkage
of enzyme parameters with bacteria and archaea than
fungi observed in the present study might be due to
the lower abundance of fungi but possibly indicated
a broader functional diversity within bacterial and
archaeal communities that are able to decompose
plant and microbial residues as well as to hydrolyze
organic P compounds, while fungi invested more
resources in P acquisition (Smith et al. 2011; Chiba
et al. 2021). Although the potential EAA were ana-
lysed in soil taken at a larger distance from root sur-
face, we did find the correlation to the microbiome in
the rhizosphere (Figs. 5, 6 & 7).
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A) Cercozoan OTUs
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Fig. 7 Effects of Texture, Depth and Root Hair on 30 cerco-
zoan (18S rRNA gene fragments) OTUs with highest relative
abundances in the rhizosphere of maize (A) and their Spear-
man’s rank correlation coefficient (r) to soil potential microbial
extracellular enzyme activities (B). Different letters indicate
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test applying “BH” p value correction, p < 0.05 (Benjamini and
Hochberg 1995). BG, B-glucosidase; AP, acid phosphatase;
and K, K ; Blank, no significant corre-
lation and * significant correlation. n =6, except for S_WT_D3
(n=5) and S_rth3_D3 (n=3). L, loam and S, sand

Table 5 Soil potential microbial extracellular enzyme activities affected by Texture, Depth and Root Hair (nM g~! h~! for V/V,,,.

and pM for K/ K,))
Texture Treatment BG_V BG_K AP_V AP_K NG_V NG_K
mMg'h™) (M) mMg'h™) (M) mMg'h™)  (uM)

Loam (L) L_rth3_D1 42436+25.6a 16.79+32ab 596.58+30.5a 539+04a 11144 +5.0ab 17.66+2.3 ab
L_rth3_D2 401.61+462a 19.85+24ab 55552+30.0a 6.35+02a 64.06+2.2 ¢ 29.69+19b
L_rth3_D3 379.42+602a 20.66+29ab 302.81+33.7b 14.68+2.2b 82.10+13.5bc  30.90+6.5 ab
L_WT_D1I 369.96+202a 14.65+2.0ab 598.16+31.7a 597+0.6a 122.97+7.7a 19.62+2.4 ab
L_WT_ D2 382.65+18.6a 12.66+12a 65529+219a 6.89+03a 71.13+8.1¢ 20.31+1.7 ab
L_WT_D3 449.75+65.1a 2599+1.1b  28523+435b 1636+6.7ab 77.84+7.0bc 14.57+1.8 a

Sand (S) S_rth3_D1  56.28+9.6a 1945+18a 116.22+21.6a 18.62+69a n.a. n.a.
S_rth3_D2 5847+55a 26.27+29a 128.83+8.5a 42.05+4.6b na. n.a.
S_rth3_D3 91.18+23.1ab 27.60+8.7a 283.72+29.2b 16.90+1.7a n.a. n.a.
S_WT_Dl 120.65+122b 2331x1.7a 99.22+114a 1589+4.1a 10.35+1.7a 22.04+5.1a
S_WT_D2 92.22+83ab 20.05+4.0a 84.69+15.7a 19.57+32ab 8.15+1.0a 6.77+2.1a
S_WT_D3 68.47+4.9 ab 23.85+99a 278.90+13.8b 2345+33ab 9.69+0.5a 6.69+1.7a

The data were presented as mean +standard error of mean. Different letters indicate significant differences between treatments in
loam or sand, Tukey test applying “BH” p value correction, p <0.05 (Benjamini and Hochberg 1995). BG, B-glucosidase; AP, acid

phosphatase; NG, chitinase; V, V,

max

and K, K,,. n=6, except for L_rth3_D3 (BG, AP and NG), L_WT_D3 (AP), S_rth3_D1 (BG

and AP) and S_WT_D1/D2 (AP), n=5; L_WT_D3 (NG), S_rth3_D2 (BG and AP) and S_WT_D3 (NG), n=4; and S_rth3_D3
(BG) and S_WT_D3 (BG), n=3 and n.a., not analysed due to lack of sample materials
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Conclusion

Our research on the relationship between Texture,
Depth and Root Hair has three general implications.
First, we have shown that Texture was the strongest
driver of the rhizosphere microbial assembly and of
potential EEA for both WT and rth3 plants. Second,
we have demonstrated that Depth was another driver
of the rhizosphere microbiome, suggesting that the
abiotic environment may differ between the different
layers of the column. Third, the small impact of Root
Hair on the rhizosphere microbiome and potential
EEA in root-affected soil of maize raises the question
of the importance of the root hair length and the low
plasticity of root hair defective mutant related to lim-
ited P availability as reported by Lippold et al. (2021).

Overall, our hypotheses were only partly con-
firmed which might be due to the resolution level
of amplicon sequence analyses, but also due to the
experimental design of the column experiment.

Most excitingly, the results of the present study
as well as the previously published data on the plant
side, e.g., plant gene expression and root system
architecture from same and identical column experi-
ments (Ganther et al. 2021; Lippold et al. 2021)
showed the same drivers, and highlighted the close
linkage between the plant and their rhizosphere
microbiome and potential EEA.
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