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Abstract
Establishment of nonmycorrhizal controls is a Bclassic and recurrent theme^ in mycorrhizal research. For decades, authors
reported mycorrhizal plant growth/nutrition as compared to various nonmycorrhizal controls. In such studies, uncertainties
remain about which nonmycorrhizal controls are most appropriate and, in particular, what effects the control inoculations have
on substrate and root microbiomes. Here, different types of control and mycorrhizal inoculations were compared with respect to
plant growth and nutrition, as well as the structure of root and substrate microbiomes, assessed by next-generation sequencing.
We compared uninoculated (Babsolute^) control to inoculation with blank pot culture lacking arbuscular mycorrhizal fungi,
filtrate of that blank inoculum, and filtrate of complex pot-produced mycorrhizal inoculum. Those treatments were compared to a
standard mycorrhizal treatment, where the previously sterilized substrate was inoculated with complex pot-produced inoculum
containing Rhizophagus irregularis SYM5. Besides this, monoxenically produced inoculum of the same fungus was applied
either alone or in combination with blank inoculum. The results indicate that the presence of mycorrhizal fungus always resulted
in stimulation of Andropogon gerardii plant biomass as well as in elevated phosphorus content of the plants. The microbial
(bacterial and fungal) communities developing in the differently inoculated treatments, however, differed substantially from each
other and no control could be obtained comparable with the treatment inoculated with complex mycorrhizal inoculum. Soil
microorganisms with significant biological competences that could potentially contribute to the effects of the various inoculants
on the plants were detected in roots and in plant cultivation substrate in some of the treatments.
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Introduction

Frequently, research on the (eco-)physiology of arbuscular
mycorrhizal symbiosis necessitates establishment of

nonmycorrhizal control treatments, which are then compared
to the mycorrhizal plants to demonstrate benefits and/or costs
of the symbiosis (Kahiluoto et al. 2000;Řezáčová et al. 2018).
Mycorrhizal plants are usually created by exposing them to
viable inoculum of arbuscular mycorrhizal fungus (or fungi),
most commonly produced in open-pot cultures, containing
mycorrhizal fungus and other microbes (e.g., Nazeri et al.
2013). To compare the growth/nutrition of mycorrhizal plants
with the control (nonmycorrhizal) plants, mycorrhiza re-
searchers strived for a long time to develop a procedure to
establish relevant nonmycorrhizal controls in their experi-
ments, i.e., pots lacking mycorrhizal fungi but otherwise ex-
actly the same as the mycorrhizal pots, with the same nutrient
and heavy metal availabilities to plants and with the same
composition and diversity of microbial communities
(Kahiluoto et al. 2000; Kahiluoto and Vestberg 2000;
Slavíková et al. 2017). Such controls are indeed of paramount
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importance with respect to quantification of the effects/
contribution of the mycorrhizal fungi (with no other con-
founding factor) to plant growth/nutrition/health and/or to
nutrient/pollutant fluxes in ecosystems (Pizano et al. 2017).

If normal host plant genotypes susceptible to colonization
by the arbuscular mycorrhizal fungi are used in the pot trials,
experimental substrates (at least in a control nonmycorrhizal
treatment) must be free of mycorrhizal fungi at the beginning
of such experiments. Typically, the soil/substrate needs to be
sterilized/disinfected to reach such a state. This is usually con-
nected with changing physicochemical properties of the soil/
substrates (e.g., Shaw et al. 1999) and shifts in important com-
ponents of microbial communities such as suppression of
slowly growing nitrification prokaryotes due to very slow re-
colonization of the previously sterilized substrate/soil
(Veresoglou 2012).

As the arbuscular mycorrhizal fungi are obligate
biotrophic organisms, their inoculum cannot be produced
on an artificial medium in absence of their host plant and
must always be multiplied together with their hosts in mi-
crocosm (pot) cultures or in root-organ cultures (Fortin et
al. 2002). Instead of pure mycorrhizal fungal biomass, var-
ious formulations containing spores, mycelium, and colo-
nized host roots produced under nonsterile conditions are
thus most commonly used for inoculation of experimental
plants. Such inocula contain, besides mycorrhizal fungi,
diverse communities of accompanying microbiota such as
bacteria, fungi, protists, algae, and animals. Therefore, in-
terpretation of the results of most of the mycorrhizal ex-
periments remains loaded with uncertainty about possible
contribution of such accompanying microorganisms to the
observed effects of mycorrhizal inoculation and it remains
a challenge to distinguish effects of such accompanying
microbiota from the effects of mycorrhizal fungi (Koide
and Li 1989).

At this point, a problem of appropriate nonmycorrhizal
controls appears. In the best-case scenario, the rooting sub-
strate in mycorrhizal treatment should differ from that in
nonmycorrhizal control treatment only by the presence of
the mycorrhizal fungus. In a real world, however, accompa-
nying organisms are often introduced into mycorrhizal treat-
ment together with mycorrhizal fungus and even the spores
extracted from the crude complex inocula are frequently con-
taminated by saprotrophs and/or spore parasites. Several pos-
sible solutions to address this issue have been used in the past
(e.g., Merryweather and Fitter 1996; Kahiluoto et al. 2000;
Kahiluoto and Vestberg 2000; Nazeri et al. 2013; Püschel et
al. 2017):

1) Application of filtrate of pot-cultured mycorrhizal inocu-
lum to the nonmycorrhizal control treatment, which
would complement the absence of some accompanying
microorganisms present in the mycorrhizal inoculum.

2) Application of a substrate from nonmycorrhizal pot inoc-
ulum culture, which was cultivated alongside a pot inoc-
ulum culture of the mycorrhizal fungus. This substrate
represents a kind of Bblank^ (sometimes referred to as
Bmock^) inoculum providing accompanying microorgan-
isms and, at the same time, the organic matter and mineral
nutrients of the same quality and quantity as present in the
mycorrhizal inoculum (e.g., host root fragments, fertilizer
residuals).

3) Application of monoxenically produced mycorrhizal in-
oculum lacking accompanying microorganisms and addi-
tional organic matter in mycorrhizal treatments.
Mycorrhizal and nonmycorrhizal control treatments could
then be supplied or not with the same community of ac-
companying microorganisms (blank or filtrate).

4) The use of nonmycorrhizal mutants (genotypes) of host
plants in the nonmycorrhizal control treatments with sub-
strate containing the active inoculum of mycorrhizal
fungi.

5) Inactivation of mycorrhizal fungi in nonsterile substrate/
soil in the nonmycorrhizal control treatments by selective
fungicides such as benomyl.

The first method of nonmycorrhizal control treatment es-
tablishment is the most frequently used approach, but the fil-
tration process obviously discriminates for size/mobility of the
different biotic components and thus cannot be regarded as
optimal. Mainly, it prevents inclusion into the nonmycorrhizal
controls of diaspores of most soil microfauna such as nema-
todes or mites, reducing the functionally important diversity
of larger organisms (Wagg et al. 2014). The presence of soil/
inoculum filtrate is thus unlikely to fully support reestablish-
ment of the complex soil/inoculum microbiome even in terms
of its effect on the development of mycorrhizal symbiosis:
mycorrhizal plants grown in sterilized soil/substratemay show
lower colonization levels of their roots by the mycorrhizal
fungi than the plants grown in unsterilized soil and plant bio-
mass may be higher in plants grown in sterilized soil without
filtrate addition (Manian et al. 1995).

The secondmethod introduces complex microbial commu-
nity into the inoculated treatment but it is known that the
microbiome of mycorrhizal roots may differ from that of
nonmycorrhizal roots (Marschner et al. 2001; Viollet et al.
2011). Moreover, the establishment of Bblank^ cultures them-
selves suffers from the same problem as the establishment of
nonmycorrhizal control treatments. Then, even the second
method cannot be accepted without reservations to create an
ideal nonmycorrhizal control.

The third method can provide the ideal controls, but it has
been relatively infrequently used in mycorrhizal experimenta-
tion so far (but see Leigh et al. 2011; Kiers et al. 2011). The
reason is that only a limited number of species/genotypes of
arbuscular mycorrhizal fungi has hitherto been multiplied on

436 Mycorrhiza (2018) 28:435–450



axenically grown host (for example on the root organ culture)
and preparation of pure inocula via the in vitro cultures can be
laborious and expensive (but see Rosikiewicz et al. 2017).
Hypothetically, surface decontamination of spores extracted
from nonsterile pot cultures is also possible but there is a risk
of survival of resistant stages of contaminants and intracellular
parasites/endosymbionts of the mycorrhizal fungal spores that
cannot be efficiently detected or removed (Naumann et al.
2010).

The fourth method is promising but requires tight
nonmycorrhizal mutant genotypes of host plants that differ
from the wild (mycorrhizal) isolines just by their inability to
form mycorrhizae, other physiological properties being exact-
ly the same. Such genotypes are extremely rare and confined
to only a handful of model plant species, which limits the use
of this experimental strategy (Marsh and Schultze 2001;
Cavagnaro et al. 2006; Willmann et al. 2013; Kojima et al.
2014).

The fifth method assumes the existence of a fungicide
which is highly selective for arbuscular mycorrhizal fungi.
Though benomyl was frequently used in the past and scruti-
nized also by Kahiluoto et al. (2000), the absolute specificity
of this fungicide towards the arbuscular mycorrhizal fungi
without affecting other soil biota cannot be expected and its
application also does not prevent the establishment of mycor-
rhizal symbiosis completely (Kahiluoto et al. 2000; Kahiluoto
and Vestberg 2000).

Having the recently available high-throughput microbial
community profiling tools and axenically produced arbuscular
mycorrhizal fungal inoculum at hand, we conducted a pot
experiment with a model host plant Andropogon gerardii,
employing a number of different mycorrhizal inoculation ap-
proaches and established also a number of nonmycorrhizal
control treatments, so as to identify which of the control treat-
ments would be the most appropriate to the mycorrhizal inoc-
ulation with respect to plant growth and/or nutrition and also
with respect to the composition/structure of root/substrate
microbiome. We expected that the microbial communities in
mycorrhizal and nonmycorrhizal treatments inoculated by dif-
ferent materials (e.g., complex open-pot produced mycorrhi-
zal inoculum, inoculum of arbuscular mycorrhizal fungus pro-
duced monoxenically in vitro, blank inoculum, and inoculum
filtrates) will markedly differ from each other and that this
would have pronounced effects on the plant performance in
the pots.

The following questions were asked to specifically address
which of the different control inoculation treatments would be
most appropriate to use in studies on mycorrhiza (eco-)phys-
iology and in future studies addressing effects of mycorrhizal
symbiosis on other soil microbiota:

1) Do there exist soil microorganisms which are specifically
associated with arbuscular mycorrhizal symbiosis and

which thus appear exclusively or preferentially in mycor-
rhizal pots regardless of the manner of their establish-
ment, such as inoculation with complex open-pot pro-
duced inoculum or inoculation with monoxenically pro-
duced spores complemented or not with other soil
microbiota?

2) Is the inoculation with filtrates derived from blank or
mycorrhizal inocula sufficient to reestablish substrate/
root microbiomes in experimental pot cultures which
would be similar to that in cultures inoculated with com-
plete (unfiltered) blank or with the mycorrhizal inocula?

3) Is there evidence for gradual adaptation of soil
microbiomes to the presence of mycorrhizal symbiosis?
The answer to this question is directly connected with
following two very practical questions regarding the de-
sign of the mycorrhizal pot experiments:

– Is the blank (mock) inoculum, i.e., the inoculum pro-
duced in pots in the same manner as the mycorrhizal
pot cultures but lacking mycorrhizal fungi, an appro-
priate control inoculum for experiments with com-
plete (pot-based) mycorrhizal inocula?

– Is the inoculation with monoxenically produced my-
corrhizal hyphae and spores combined with blank
inoculum equivalent to inoculation with the complete
soil inoculum?

Materials and methods

Design of the experiment

The pot experiment involved seven inoculation treatments
presented in Table 1 and in the Supplementary Fig. S1. Each
treatment involved 12 replicate pots (2 l each, 10 × 10 ×
20 cm) filled with mixture of γ-sterilized soil (> 25 kGy; fur-
ther details in Řezáčová et al. 2018), autoclaved sand, and
autoclaved zeolite 1–2.5 mm grain size (10:45:45, by vol-
ume). This substrate had the following properties: pH (H2O)
8.9, 0.22% total organic carbon (C), 0.013% total nitrogen
(N), 46.5 mg/kg total phosphorus (P), and 2.6 mg/kg water
extractable P. The pots were then supplied with appropriate
filtrates, inocula, or blanks (see below), sown with 30 seeds of
Andropogon gerardii (provided by Jelitto Staudensamen
GmbH, Schwarmstedt, Germany, www.jelitto.com) per pot,
randomized and incubated in a greenhouse with
supplementary lighting (> 200 μmol photosynthetically
active radiation over 14 h daily) for 10 weeks (January 26,
2015 to April 7, 2015). From the fifth week after planting,
each pot received weekly 65 ml mineral nutrient solution
according to Long Ashton (Mortimer et al. 2008) with phos-
phorus concentration decreased to 20% of the original recipe.
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Complex mycorrhizal inoculum

Arbuscular mycorrhizal fungus Rhizophagus irregularis
SYM5was cultivated in open pot culture in a greenhouse with
leek as a host plant for 7 months. The cultures were main-
tained in the same pots and substrate as used in the greenhouse
experiment described above. At the beginning of cultivation,
the cultures were inoculated with approximately 20 mg of
pure, monoxenically produced biomass (mycelium + spores)
of R. irregularis, suspended in 1 ml water, obtained as a gift
from Symbiom Ltd., Lanškroun, Czech Republic (www.
symbiom.cz). The mycelium was released from the medium
originally solidified by Phytagel by slow agitation in 10 mM
potassium citrate (pH 6.0), washed in 1%MgSO4·7H2O, dried
briefly on paper towel and resuspended in water. Upon the
inoculation, the substrate in each pot was added with 200 ml
of filtrate obtained from the same nonmycorrhizal substrate
previously planted with leek. The filtrate was prepared by
vigorous agitation (20 min) of the substrate suspension in
water (1:10, w/w) and filtration through two layers of filter
paper (see below for more details). Complex mycorrhizal
inoculum, composed of mycorrhizal hyphal fragments,
spores, colonized roots (chopped to fragments below 1 cm
in length) mixed with the potting substrate, was applied at a
rate of 60 g per experimental pot, each pot receiving 8.0 ± 1.
0 mgmycelium (that could be picked by fine forceps) and 228
± 5 mg mycorrhizal root biomass (FW) as infective structures.
DNAwas extracted from three ~ 600 mg aliquots of the com-
plete inoculum as described in BDNA extraction^ for substrate
samples. The concentration of nuclear large ribosomal subunit
(LSU) rRNA gene of R. irregularis was then quantified (in
triplicate) as described in BQuantification of the mycorrhizal
fungus by qPCR^ and was equal to 4.69 ± 1.22 × 103 gene
copies per mg dry weight of the substrate sample.

Blank inoculum

This control (blank, mock) inoculum was prepared using the
same method as for the above complex mycorrhizal inoculum
(including addition of the identical filtrate) with the exception

that the substrate was not inoculated with R. irregularis and
received 1 ml sterile water instead. This inoculum, produced
for the same period of time as the complex mycorrhizal inoc-
ulum (7 months), was then applied at a rate of 60 g per exper-
imental pot. The concentration of root biomass was assessed
visually and corresponded roughly to that in the complex my-
corrhizal inoculum. No detectable amounts of nuclear LSU
rRNA gene of R. irregularis, estimated exactly as described
for the complex mycorrhizal inoculum, were found in the
blank inoculum.

Filtrates of complex mycorrhizal inoculum or blank
inoculum

The filtrates were prepared by vigorous agitation (20 min) of
the respective substrate suspension in tap water (1:10, w/w)
and filtration through two layers of filter paper. Filtration pa-
per of the type 2R/80g (Merci Ltd., Brno, Czech Republic,
product order no. 480622080050) was used for this purpose,
producing the filtrate with particle size < 6 μm and with the
great majority of the particles being smaller than 2 μm. Sixty
milliliters of filtrate was applied per respective experimental
pot.

Monoxenically produced inoculum

The mycelium and spores were released from 6-month-old
monoxenic cultures (hyphae-only compartments) of
Rhizophagus irregularis SYM5 provided by Symbiom Ltd.
by slow agitation in 10 mM potassium citrate (pH 6.0),
washed in 1%MgSO4·7H2O, and pre-dried briefly on a paper
towel. Three aliquots (3.22, 3.12 and 2.50 mg FW) were col-
lected to characterize the length of mycelium and spore con-
centration, and one aliquot (40.7 mg FW) was then dried at
40 °C to evaluate the gravimetric water content. The obtained
fungal biomass contained 123.0 ± 2.2 spores per mg dry
weight, and its mycelial length was 6.55 ± 0.49 m per mg
(measured by grid-line intersect method after staining with
Trypan blue). The dry mass constituted 56.3% of the fresh
biomass pre-dried on a paper towel. DNA was further

Table 1 Overview of the inoculation treatments used in this study. For detailed description of preparation of inocula see BMaterials and methods^ and
the online supplementary materials—Supplementary Fig. S1

Treatment code Inoculation

UI None; the treatment was subjected to spontaneous colonization by microflora present in greenhouse

BL Inoculated by pot culture substrate lacking arbuscular mycorrhizal fungi (blank)

BLMX Inoculated by inoculum used in BL combined with inoculum used in MX treatments

BLF Inoculated by filtrate of inoculum used in BL treatment

CI Inoculated by complex mycorrhizal inoculum (pot culture substrate containing Rhizophagus irregularis SYM5)

CIF Inoculated by filtrate of inoculum used in CI

MX Inoculated by monoxenically produced inoculum of Rhizophagus irregularis SYM5 only, no other inoculation
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extracted from three 5 mg aliquots of dried fungal biomass
disintegrated by 3-min agitation in 1.5-ml Eppendorf tubes
with three 5-mm zirconium oxide beads, using a
cetyltrimethylammonium bromide (CTAB) buffer supplied
with internal standard as described below in section BDNA
extraction.^ The concentration of nuclear LSU rRNA gene
of R. irregularis was then quantified (in triplicate) as de-
scribed in BQuantification of the mycorrhizal fungus by
qPCR.^ The concentration was equal to 3.27 ± 0.11 × 109

gene copies per mg dry biomass of the fungus.
A fresh mycelium sample (326 mg FW) was suspended in

250 ml water and used as monoxenically produced inoculum
provided at a rate of 10 ml per pot. This inoculumwas applied
either alone or combined with the blank inoculum.

Plant and substrate analyses

After 10 weeks of cultivation, A. gerardii plants were harvest-
ed, roots separated from the substrate, and root-free substrate
aliquots collected. The root systems were first shaken off the
substrate and subsequently washed in tap water. One hundred-
milligram aliquot of roots from each pot was stained by trypan
blue for visual inspection of mycorrhizal colonization, and
remaining root biomass was dried at 65 °C to constant weight.
Then, the dry root biomass was pulverized and aliquots were
used for DNA extraction (see below) and estimation of total
phosphorus and total nitrogen concentrations. The shoot bio-
mass was analyzed using the same procedure as the roots with
exception that no DNAwas extracted.

Phosphorus concentration in plant biomass was determined
using the malachite green spectrophotometric method (Ohno
and Zibilske 1991), whereas total nitrogen concentration in
the biomass samples was measured by combustion C/N ana-
lyzer (Flash EA 2000 elemental analyzer, ThermoFisher
Scientific, Waltham MA, USA).

Fifty-gram substrate aliquots were dried at 65 °C, pulver-
ized, and subjected to DNA extraction as detailed below.

DNA extraction

DNAwas extracted from ~ 800 mg pulverized substrate sam-
ples using NucleoSpin Soil kit (Macherey-Nagel, Düren,
Germany) according to the supplier’s recommendation using
the SL1 extraction buffer and enhancer SX. Before the extrac-
tion, 20 μl was added to each sample of the internal DNA
standard containing 4.16 × 107 molecules of a linearized plas-
mid carrying fragment of a cassava mosaic virus (Thonar et al.
2012).

DNA from ~ 100 mg pulverized root samples was extract-
ed using glass milk method with the CTAB extraction buffer
as described in Gryndler et al. (2014). Before the extraction,
20 μl of the same internal DNA standard as above was added
to each sample.

The DNA extracts from both the root and substrate samples
were used as templates in quantitative real-time PCR assays or
were amplified with tagged primers and sequenced as de-
scribed below.

Quantification of the mycorrhizal fungus by qPCR

The qPCR reaction mixture contained 2 μl template, 4 μl 5×
HOT FIREPol®Probe qPCR Mix Plus (ROX) (Solis
Biodyne, Tartu, Estonia), 0.4 μl forward primer Bintra-f^
(25 μM, TTCGGGTAATCAGCCTTTCG), 0.4 μl reverse
primer Bintra-r^ (25 μM, TCAGAGATCAGACAGGTAGC
C), 0.1 μl hydrolysis (TaqMan) probe Bintra-probe^ (25 μM,
fluorescein–TTAACCAACCACACGGGCAAGTACA-
BHQ1 quencher), and 13.1 μl water. With this marker set
(described originally by Thonar et al. 2012), the cycling con-
ditions in StepOnePlus™ Real-Time PCR System (Applied
Biosystems) were as follows: initial denaturation at 95 °C
for 15 min, followed by 60 cycles of denaturation at 95 °C
for 10 s, annealing at 52 °C for 60 s, and elongation at 72 °C
for 10 s.

The raw qPCR data were corrected for internal standard
losses in each sample as described in Thonar et al. (2012).

Illumina MiSeq sequencing of fungal and bacterial
communities

A fragment of fungal internal transcribed spacer (ITS) region
from each of the root or substrate DNA samples was amplified
(in triplicates). To this end, PCR was carried out in 25 μl
reaction format, where each reaction mixture contained
12.5 μl 2× Combi PPP Mix (hot start type, Top-Bio, Vestec,
Czech Republic), 0.5 μl primer ITS1F (10 μM), 0.5 μl primer
ITS4 (10 μM), 1 μl template DNA (5–50 ng/μl), and 10.5 μl
water. Primers were adopted from White et al. (1990). The
mixture was first denatured at 94 °C for 4 min and then sub-
jected to 35 cycles of denaturation at 94 °C for 45 s, annealing
at 52 °C for 45 s, and elongation at 72 °C for 90 s. Final
elongation at 72 °C lasted for 10 min. The three replicates
per sample were then pooled, purified by Qiaquick PCR pu-
rification kit (Qiagen) with elution volume 30 μl, diluted
1:1000, and used as a template in a second PCR amplification
step. Single PCR amplification was then performed per sam-
ple, the reaction mixture being the same as in first amplifica-
tion described above except that tagged primers gITS7_Txx
(Ihrmark et al. 2012) and ITS4_xxx (White et al. 1990),
targeting the ITS2 region, were used. DNA fragments origi-
nating from different samples were unambiguously distin-
guished by tag combinations of the primers. Primer sequences
are provided in Supplementary Table S1. The reactionmixture
was first denatured at 94 °C for 4 min and then subjected to
25 cycles of denaturation at 94 °C for 30 s, annealing at 56 °C
for 30 s and elongation at 72 °C for 30 s. Final elongation at
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72 °C lasted for 10 min. The final PCR product was purified
by Qiaquick PCR purification kit.

A fragment of V4 region of the small ribosomal subunit
rRNA gene of prokaryotic (bacterial) communities was am-
plified from each of the DNA samples in technical triplicates
in a single step, with reaction mixture as in the case of ampli-
fication of fungal ITS region, but with a different polymerase
mix TPHS DNA-free 2 ×Master Mix (certified to be free of
bacterial DNA, hot start type, Top-Bio) and modified tagged
primers 515Fd_Txxx and 806Rd_Txxx (Apprill et al. 2015).
DNA fragments originating from different samples were un-
ambiguously distinguished by tag combinations of the
primers. For primer sequences, see Supplementary Table S1.
The cycling conditions were as follows: initial denaturation at
94 °C for 4 min, followed by 35 cycles of denaturation at
94 °C for 45 s, annealing at 50 °C for 60 s, and elongation
at 72 °C for 75 s. Final elongation at 72 °C lasted for 10 min.
Technical replicates per each sample were then pooled and the
amplicons purified by Qiaquick PCR purification kit.

Bacterial and fungal amplicons were quantified using
Picogreen fluorescence, diluted to concentration of 20 ng/μl,
and combined to a single sequencing library, which was then
subjected to sequencing at MiSeq Illumina platform (2 ×
250 bp).

Sequencing data were treated by Seed software (Větrovský
and Baldrian 2013), version 2.0.4 as follows: after removing
low-quality sequences and sequences shorter than 150 bp or
longer than 400 bp (bacteria) or sequences shorter than 40 bp
(fungi), ITS sequences were extracted from the fungal
amplicons, the contigs were chimaera-cleaned/clustered by
the Usearch tool (version 8.1.1861; Edgar and Flyvbjerg
2015) at the similarity level 97%, and the most abundant se-
quences were compared (blastn algorithm, Blast tool, version
2.2.26+; Altschul et al. 1990) with GenBank database (envi-
ronmental sequences, metagenomes, and unidentified organ-
isms excluded).

The sequences originating from amplicons of bacterial
communities that were assigned to mitochondria, plastids, or
eukaryotes were excluded from further analyses. The same
filtration procedure was done for sequences from amplicons
of fungal communities assigned to arbuscular mycorrhizal
fungi and eukaryotic organisms other than fungi. Remaining
sequences were resampled to retain 6000 fungal sequences per
root sample, 8000 fungal sequences per substrate sample,
6000 bacterial sequences per substrate sample, and 2000 bac-
terial sequences per root sample (the root samples returned
large numbers of mitochondrial and plastid sequences when
amplified with bacterial primers). Resampled sequences were
newly clustered and most abundant sequences identified and
filtered as described above. Sequences have then been depos-
ited in Sequence Read Archive (NCBI) under accession num-
ber SRP116631. Operational taxonomic units (OTUs) corre-
sponding to clusters at the level of genus were named

according to the best GenBank hit genus name, and OTUs
with the same genus assignment were summed and further
treated as compound OTUs. Final numbers of sequences per
sample used in the subsequent statistical analyses are given in
supplementary file SequencingSupplementary.xlsx.

The effects of experimental treatments on plant parameters
were analyzed using analysis of variance followed by
Duncan’s multiple range test (software Statistica 7.1,
Statsoft, Prague, Czech Republic), whereas the effects of ex-
perimental treatments on microbial communities in the roots/
substrate were analyzed by redundancy analysis (RDA; soft-
ware Canoco 5.04; ter Braak and Šmilauer 2012) using log-
transformed sequence counts. The results of RDA have been
presented in the form of biplots. Bacterial and fungal data
were always analyzed separately. The selection of genera
shown in the biplot diagrams is based on t value biplots, which
identify taxa with a significant relation to the tested explana-
tory variable (ter Braak and Šmilauer 2012). Variation of num-
bers of sequences used per sample is orthogonally relative to
the analyzed factors, and mean numbers of sequences in com-
pared groups are almost the same. This eliminated the need for
data standardization.

Data exclusion

Very small plant biomass, not allowing the analyses of plant P
and N concentrations, was observed in one replicate of the
uninoculated control treatment. This replicate (including
sequencing samples RB06, TB06, RH06, and TH06, see
supplementary file SequencingSupplementary.xlsx) has been
completely discarded from subsequent microbiome and plant
analyses. Further, single replicate of the treatment inoculated
with the filtrate of complex mycorrhizal inoculum became
mycorrhizal. At the same time, single replicate of the treat-
ment inoculated with the monoxenically produced mycorrhi-
zal inoculum was only weakly colonized—very low rDNA
gene copynumbers of R. irregularis were detected using the
qPCR. These two pots have thus also been discarded from
subsequent analyses (including sequencing samples RB72,
TB72, RH72, TH72, RB80, TB80, RH80, TH80).

Results

Response of plant parameters to different inoculation
treatments

Quantification of mycorrhizal colonization using qPCR re-
vealed that mycorrhizal symbiosis was established in all treat-
ments inoculated with the living mycorrhizal fungus (Fig. 1).
Whereas the plants in treatments inoculated with complex
inoculum and monoxenically produced inoculum were equal-
ly colonized, the plants inoculated with monoxenically
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produced inoculum in combination with blank inoculum
showed, on average, less than a half the density of R.
irregularis rDNA copies in the root biomass. Additional mi-
croscopic inspection of roots confirmed normal morphology
of mycorrhizal colonization in all mycorrhizal treatments.
Extraradical mycelium was most dense in the treatment re-
ceivingmonoxenically produced inoculum and somewhat less
developed in the substrate with monoxenically produced my-
corrhizal inoculum combined with blank inoculum. It was,
however, significantly lower in the substrate inoculated with
complex inoculum as compared to the treatment inoculated
with monoxenically produced inoculum (Fig. 1).

The analysis of plant parameters revealed that mycorrhizal
symbiosis always significantly increased the biomass of both
shoots and roots relative to any of the nonmycorrhizal control
treatments (Fig. 2) and that uninoculated (Babsolute^) control
produced far the lowest biomass among all the treatments.
Noteworthy, shoot dry weight produced in the control treat-
ment inoculated with the filtrate from the complex mycorrhi-
zal inoculum was significantly higher than that in any other
control treatment. Mycorrhizal plant biomass was almost the
same in all mycorrhizal treatments, regardless of the type of
mycorrhizal inoculum applied (Fig. 2).

The amount of N accumulated in plants was the same in all
inoculated treatments, mycorrhizal and nonmycorrhizal, with
the exception of the uninoculated (absolute) control treatment
that showed significantly lower N content than all the other
treatments (Fig. 2). On the other hand, the amount of P accu-
mulated in plants was strongly dependent on the mycorrhizal
symbiosis and was the highest in the treatment inoculated with
monoxenically produced mycorrhizal inoculum, followed by
the two other mycorrhizal treatments (Fig. 2). P content of the
plants in the absolute control was the lowest among all the
treatments (Fig. 2).

Response of root-associated microbiome
to experimental treatments

Before resampling, 350,297 sequences belonging to
Mucoromycota/Glomeromycotina were discarded from the
sequence dataset obtained from fungal amplicons. These se-
quences constituted 21.4% of sequences in the mycorrhizal
treatments and 0.63% of sequences in the nonmycorrhizal
treatments.

In total, 650,985 bacterial and 1,155,342 fungal sequences
entered the statistical analyses after resampling. Among them,
7182 bacterial and 2473 fungal OTUs were identified includ-
ing singletons (i.e., the OTUs composed of a single sequence).

The abundance of bacterial phyla and fungal classes in
different samples (bacteria and fungi were analyzed separate-
ly) is presented in Supplementary Fig. S2. Proteobacteria
tended to dominate root samples, whereas Actinobacteria
were the most abundant group in majority of the substrate
samples. Eurotiomycetes constituted one of the most abundant
fungal groups in substrate samples but were almost absent
from the roots. Orbiliomycetes were detectable in notable
amounts only in the treatments inoculated with complex my-
corrhizal inoculum and with the blank inoculum.

The analyses of differences of root and combined root +
substrate microbiomes revealed that fungi were always more
responsive to the different inoculation treatments than bacte-
ria, which was reflected in generally higher portion of ex-
plained variance (Table 2). All the analyses produced statisti-
cally highly significant results, the p values being always
equal or lower than 0.001 (not shown in Table 2). In most
cases, the explained variance was higher in root-associated
microbial communities, compared to the complete microbial
community in pots (where the microbial communities of roots
and substrate were taken together).

Fig. 1 The extent of root and potting substrate colonization by the fungus
Rhizophagus irregularis, given as the concentration of rDNA copies of
the fungus per milligram dry weight of the respective material in the
following treatments: uninoculated (UI), inoculated with blank
inoculum (BL), blank inoculum combined with monoxenically
produced inoculum (BLMX), blank inoculum filtrate (BLF), complex

mycorrhizal inoculum (CI), complex inoculum filtrate (CIF), or with
the monoxenically produced mycorrhizal inoculum (MX). Mean values
are shown; different letters accompanying treatment means indicate
significant differences between the means as per one-way ANOVA
followed byDuncan’s multiple range test (p < 0.05). Only treatments with
positive qPCR signal were considered for the statistical analysis
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Fig. 2 Shoot dry weight, root dry weight, total plant nitrogen, and total
plant phosphorus contained in the experimental plants (Andropogon
gerardii) as affected by different inoculation treatments. Different letters

accompanying treatment means indicate significant differences between
the means as per one-way ANOVA followed by Duncan’s multiple range
test (p < 0.05). For treatment codes, see legend to Fig. 1

Table 2 The results of redundancy analysis of experimental treatments
on the bacterial and fungal component of root and combined root and
substrate microflora. Bacterial and fungal data were analyzed separately.
Percentage of the total variance explained (%) and pseudo-F value (F) are
presented. All effects were statistically significant at p ≤ 0.001. The sign

B+^ in the leftmost column indicates that the treatments were pooled
together for the analysis, the sign B×^ separates the groups of compared
treatments and the sign B/^ separates the treatments used in the interaction
testing. The analyses defined below were carried out to answer the ques-
tions formulated in BIntroduction^

Treatments Bacteria Fungi

Roots + substrate Roots Roots + substrate Roots

% F % F % F % F

Question 1

(UI + BL) × (CI + MX) 4.5 7.5 8.5 5.1 9.3 14.6 17.5 11.5

(UI + MX) × (BL + CI) 7.2 12.0 20.2 12.1 12.5 19.7 16.8 11.0

UI/BL/CI/MX 3.5 6.1 8.2 5.5 11.8 11.6 11.0 8.5

Question 2

(BL + BLF) × (CI + CIF) 3.1 5.5 9.1 5.0 6.7 11.4 10.9 7.2

(BL + CI) × (BLF + CIF) 4.5 7.9 10.5 5.7 18.5 31.4 22.0 14.5

BL/BLF/CI/CIF 2.0 3.6 5.8 3.3 5.8 10.8 11.9 9.3

Question 3

BL × BLMX × CI 5.2 3.6 10.3 3.1 19.8 14.1 34.5 8.7

BL × CI 5.7 5.3 16.5 4.4 20.3 19.1 38.7 13.9

BLMX × CI 3.4 3.1 10.4 2.6 21.3 19.5 33.7 11.2
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RDA testing the effects of mycorrhizal inoculation and the
origin of accompanying microorganisms revealed that com-
position of the fungal and bacterial communities of roots was
always different between mycorrhizal treatments spontane-
ously colonized by other microorganisms and those inoculat-
ed with the complex mycorrhizal inoculum. On the other
hand, perceptible unification was observed for mycorrhizal
and nonmycorrhizal treatments inoculated with pot-produced
solid materials, i.e., including all the accompanying bacterial
communities present in the blank inoculum and in the com-
plex mycorrhizal inoculum (Fig. 3). T value biplots (Fig. 4)
show that several fungal and bacterial taxa were significantly
associated with mycorrhizal symbiosis. However, no exclu-
sive association of any microbial community component with
the presence of the mycorrhizal fungus was observed.

When the effects of the inoculation with complete inocula,
both the blank and the mycorrhizal ones, on the structure of
microbial communities were compared with the effects of
their filtrates, great differences were noted for both the bacte-
rial and fungal components (Fig. 5). Taking into account sig-
nificantly increased shoot biomass in the treatment inoculated
with the complex mycorrhizal inoculum filtrate (relative to
other inoculated control treatments), it is interesting to note
that there does exist a group of several fungi that are prefer-
entially associated with the treatment inoculated with complex
mycorrhizal inoculum. Yet, there are no fungi significantly
associated with the treatment inoculated with the filtrate of

this kind of inoculum. Similarly, this RDA biplot (Fig. 5)
shows contrasting fungal community composition in treat-
ments inoculated with the complete nonmycorrhizal inoculum
(blank) and with its filtrate. Bacterial community component
was different between all the four above treatments, and the
genus Agrobacterium (comprising plant growth promoting
rhizobacteria) was perceptibly associated with both treatments
receiving filtrates.

RDA classified sample diagram displaying the similarity of
root bacterial and fungal communities in treatments inoculated
with the blank inoculum; blank inoculum combined with
monoxenically produced mycorrhizal inoculum and the com-
plex mycorrhizal inoculum (Fig. 6) showed that bacterial
communities of these three treatments were all conspicuously
different. Similar but somehow weaker trend was observable
for the fungal communities. In the latter case, the groups of
sample scores representing the treatments inoculated with
blank inoculum and inoculated with blank inoculum com-
bined with monoxenically produced mycorrhizal inoculum
showed a partial overlap (Fig. 6).

Microbial OTUs with interesting abundance patterns

Some identified OTUs tended to associate with the plant
roots and may thus be considered as the rhizosphere/
rhizoplane specialists. For example, OTU corresponding
to bacterial genus Cupriavidus was particularly abundant

Fig. 3 Ordination biplots corresponding to the RDA of combined effects
of inoculation with mycorrhizal fungus and inoculation with
accompanying microorganisms on the microbial communities in root
samples. The first (horizontal) and second (vertical) axes explain,

respectively, 20.6 and 10.2% of the total variation in bacterial OTU data
and 28.4 and 13.3% in the fungal OTU data. For treatment codes, see
legend to Fig. 1
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in roots of the treatment inoculated with the monoxenically
produced mycorrhizal inoculum (Fig. 7). The most abun-
dant sequence was 100% similar (97.9% coverage) to the
GenBank sequence KY614187 of Cupriavidus gilardii, but

the same similarity was observed to the sequence
HQ829834 assigned to Ralstonia sp. Thus, the OTU iden-
tification at the genus level is ambiguous and must be
regarded as provisional.

Fig. 4 T value biplots with Van Dobben circles delimiting the scores of
root-associated OTU groups significantly interacting with presence of
mycorrhizal fungus at p ≤ 0.05 (redundancy analysis/reduced rank regres-
sion). White-filled circles enclose the scores of OTU groups positively

correlating with the mycorrhizal fungus; gray circles contain the scores
showing significant negative correlation with the presence of mycorrhizal
fungus. For treatment codes, see legend to Fig. 1

Fig. 5 RDA ordination biplots of the combined effects of inoculation
with microbial communities produced in the absence (BL, BLF) or in
the presence (CI, CIF) of mycorrhizal fungus, either unfiltered (BL, CI)
or filtered (BLF, CIF), on microbial communities developed in/on the

roots of experimental plants. The first (horizontal) and second (vertical)
axis explain, respectively, 11.2 and 8.8% of the total variation in bacterial
OTU data, and 29.6 and 10.0% of the fungal OTU data. For treatment
codes see legend to Fig. 1
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The fungal genus Arthrobotrys (Fig. 8) was mainly repre-
sented by very abundant OTU corresponding to Arthrobotrys
scaphoides with 100% sequence similarity and 100% cover-
age with the GenBank sequence KF494006. This OTU was
dominant (almost 50% of all sequences) in the rhizosphere of
the treatment inoculated with the complex mycorrhizal inoc-
ulum and was also detected in the substrate of the same treat-
ment. It was not found in the pots inoculated with the blank
inoculum.

The most abundant OTU assigned to fungal genus
Boeremia (Ascomycota, Pezizomycotina, Dothideomycetes,
Pleosporales) showed 100% sequence similarity (100% cov-
erage) to several GenBank sequences from the genus
Boeremia, such as Boeremia exigua (KX272600),
Boeremia strasseri (MF113480), or to sequence of Phoma
multirostrata (KX099647). This less frequent OTU was
present mainly in the treatments inoculated with filtrates of
blank inoculum and complex mycorrhizal inoculum and in

Fig. 6 RDA classified sample diagrams of the similarity of root bacterial
and fungal communities developed in treatments inoculated with blank
inoculum (BL), blank inoculum combined with monoxenically produced
mycorrhizal inoculum (BLMX), and complex mycorrhizal inoculum

(CI). Black triangles in the polygon centers represent the individual
treatments, other symbols covered by the polygons being individual
samples of the treatment

Fig. 7 Abundance (expressed as
median values of relative
abundances of reads within the
sample) of selected bacterial
OTUs in different experimental
treatments. For treatment codes,
see legend to Fig. 1. Vertical error
bars delimit intervals between 25
and 75% quantiles
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the treatment added with monoxenically produced mycorrhi-
zal inoculum (Fig. 8). It was almost absent from treatments
inoculated with the complex mycorrhizal inoculum or the
blank inoculum. It is noteworthy that the substrate of the
treatment inoculated simultaneously with the blank inocu-
lum and monoxenically produced mycorrhizal inoculum
was relatively enriched in Penicillium smithii OTU com-
pared to the other mycorrhizal treatments (data not shown).

Several bacterial and fungal OTUs were observed as asso-
ciated with particular treatments, and some of them were de-
tected almost exclusively in the substrate, without obvious
association with roots or rhizosphere. Such interesting but rare
bacterial OTU, associated mainly with substrate of mycorrhi-
zal treatments, wasDenitratisoma (Fig. 7). Themost abundant
sequence was similar to the GenBank sequence of
Denitratisoma oestradiolicum (NR_04324, 98.6% similarity,
99.7% coverage).

Two rare OTUs corresponding toHaliangium spp. bacteria
have been detected mainly in the substrate of mycorrhizal
plants (Fig. 7). Most abundant sequences of these OTUs are
similar to the GenBank sequences of Haliangium tepidum
(NR_02478) and Haliangium ochraceum (EF108312).
However, the similarity was rather low, close to 90%. The
low similarity of most abundant sequences indicates that the

analyzed OTUs are not close relatives of the above
Haliangium species but rather correspond to hitherto
unsequenced/unidentified bacteria.

Acremonium-like most abundant OTU showed 100% se-
quence similarity and coverage with GenBank sequences of
several Acremonium spp., such as A. furcatum (NR_145349)
and A. persicinum (KX674656). This fungal OTUwas present
almost exclusively in the substrate inoculated with the blank
inoculum (Fig. 8). It was also found in the treatment added
with the complex mycorrhizal inoculum, indicating the origin
(previous open-pot cultures used to produce mycorrhizal and
blank inocula) of this particular taxon in our experimental
samples.

Discussion

Our large data indicate that creating appropriate
nonmycorrhizal controls in mycorrhizal research is a delicate
task, particularly if the root and/or substrate microbiomes are
under examination. The positive effects of blank inoculum or
mycorrhizal inoculum filtrate on plant biomass, as compared
with the uninoculated (absolute) control, indicate the impor-
tance of soil microbiome for plant performance. There is,

Fig. 8 Abundance of selected
fungal OTUs in different
experimental treatments.
Explanation of details as in Fig. 7
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however, still a big question if any unfilterable biotic compo-
nents, other than mycorrhizal fungi, are responsible for any of
the effects observed. Our results indicate that soil filtrate (in
our case containing potentially plant growth promoting
Agrobacterium spp.) can compensate for so called
Bboomerang effect,^ a strong inhibition of plant growth in
sterilized substrates induced by Bunbalanced^ microbial com-
munity (Kreutzer 1960). However, the filtrate quality may be
determining the final composition of microbial community and
variable effects due to the mode of filtrate application should
thus be anticipated. For example, unlike our results, it has been
observed that soil filtrate addition does not necessarily result in
changes of plant growth, compared to uninoculated control
with pasteurized soil (Fisher and Jayachandran 2002).

It is very important to note at this point that the Bboomerang
effect^ was compensated even if the monoxenically produced
inoculum was applied alone, which originally does not con-
tain any accompanying saprotrophic microbes and is thus sub-
ject of virtually the same Brandom contamination^ as the un-
inoculated (absolute) control. This observation calls for an
alternative explanation—e.g., mediation of substrate
microbiome through biological activity of chemical com-
pounds contained in mycorrhizal mycelium. Arbuscular my-
corrhizal fungal biomass, such as spores or exudates from
germinating spores, is namely capable to substantially change
gene expression in mycorrhizal hosts and elicit alkaloid bio-
synthesis in tobacco if injected into the base of stems. It has
been shown in experiment where material obtained from 1250
surface-disinfected spores of Glomus etunicatum was applied
per plant (de Andrade et al. 2013). It is also known that my-
corrhizal roots contain different concentrations of secondary
metabolites than the nonmycorrhizal roots (Schliemann et al.
2008; Rivero et al. 2015). Some of them may possess impor-
tant biological activities, may be even produced by the my-
corrhizal fungus itself, and may help explaining the strong
effect of monoxenically produced inoculum on substrate
microbiome and the plants in our experiment. The concentra-
tion of such metabolites in the substrate supplied by the
monoxenically produced inoculum was negligible relative to
the substrate amount present in the pot (13 mg fresh inoculum
versus 2 L substrate volume) and must thus have been effec-
tive at very low concentrations.

The above observation accords with our main finding: my-
corrhizal symbiosis strongly modifies microbial communities
in plant cultivation substrates (andmost probably also in soils)
so that it is virtually impossible to establish a nonsterile culti-
vation experiment in which the treatments differ only by the
presence of mycorrhizal fungus, the other components of
saprotrophic microbiome being identical. On the other hand,
the addition of a filtrate from a pot-cultured mycorrhizal inoc-
ulum may considerably suppress AM hyphal growth and re-
duce the root P content, supporting earlier view that specific
bacterial populations can reduce effectiveness of the

mycorrhizal symbiosis in sterilized microcosms (Leigh et al.
2011). This is consistent with our observation of considerable
decrease in mycorrhizal colonization levels in the treatment
inoculated with the blank inoculum combined with
monoxenically produced inoculum of the mycorrhizal fungus
as compared to the other mycorrhizal treatments. This phe-
nomenon might be caused by high abundance of potentially
toxinogenic Penicillium smithii OTU in this particular inocu-
lation treatment.

In our experiment, the plants inoculated with the complex
mycorrhizal inoculum received 4600× larger amount of the
inoculation material than the plants receiving monoxenic in-
oculum. However, the concentration of the mycorrhizal fun-
gus, expressed in terms of nuclear LSU rRNA gene
copynumbers, was 700,000× higher in the monoxenic inocu-
lum. Then, the pots inoculated with the monoxenic inoculum
received by approx. 150× more biomass of the mycorrhizal
fungus detectable as nuclear LSU rRNA gene copynumbers
compared to pots inoculated with the complex mycorrhizal
inoculum. Interestingly, considerable differences in the
amounts of the inoculum used in the two mentioned experi-
mental treatments did result in fully comparable levels of col-
onization of the host plant roots. This may indicate that rela-
tively small amounts of the infectious material, common in
complex inocula used in mycorrhizal research and also in
practical applications such as horticulture or open field agri-
culture, are sufficient to ensure Bnormal^ mycorrhiza
development.

The development of extraradical mycelium was, however,
different among the three mycorrhizal treatments, which may
either indicate that development of extraradical fungal struc-
tures was more dependent on inoculum density than root col-
onization or this parameter was more affected by the associ-
ated microbiomes than the root colonization. It is also impor-
tant to note that the observed pattern of plant P supply was
approximately consistent with abundance of mycorrhizal my-
celium in the substrate, which agrees with common view on
the mycorrhizal symbiosis functioning, where the develop-
ment of extraradical mycelium is usually the bottleneck for
P supply to plants via the mycorrhizal hyphae (Smith et al.
2003).

The most striking result of this entire experiment compar-
ing various inoculation treatments is the magnitude of the
dissimilarity in composition of microbial communities be-
tween the individual treatments. Whereas the plant parameters
including mycorrhizal colonization and P contents responded
to mycorrhizal inoculation fairly homogeneously (with few
notable exceptions) and did not depend strongly on the type
of the mycorrhizal inoculum used, no similar patterns in bac-
terial and fungal community composition among those treat-
ments were observed.

The formation of contrasting microbiomes in the different
mycorrhizal treatments that was not reflected in plant
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performance, together with less vigorous plant growth in the
nonmycorrhizal treatments, indicated a kind of functional re-
dundancy in substrate/root microbiomes within the mycorrhi-
zal treatments. Functional redundancy of soil microorganisms
has been clearly demonstrated for soil microorganisms
inhabiting differently treated soils for example by Souza et
al. (2015). It is thus possible that the microbiomes lacking
mycorrhizal fungi are incomplete in their ability to maintain
microbial functional redundancy.

To summarize, we can respond to the questions regarding
the appropriate control treatments posed in the BIntroduction^
as follows:

1) Yes, there are indeed some rarer bacterial taxa tending to
increase their abundance in mycorrhizal treatments as
compared to the nonmycorrhizal controls.

2) The inoculation with pot-produced blank inoculum or
pot-produced complex inoculum filtrates is not sufficient
to establish substrate/rhizosphere microbiomes of the
quality comparable with that in the pots inoculated with
unfiltered blank inoculum or unfiltered complex mycor-
rhizal inoculum.

3) Yes, a gradual adaptation of rhizosphere microbiomes to
the presence of mycorrhizal symbiosis has been con-
firmed in terms of a difference in composition of micro-
bial community developed in treatments inoculated with
the blank inoculum and with the blank inoculum com-
bined with monoxenically produced mycorrhizal inocu-
lum. Further, the application of complex mycorrhizal in-
oculum resulted in development of different bacterial and
fungal communities as compared with the treatment inoc-
ulated with blank inoculum. It is important to note at this
point that both kinds of pot-produced inocula initially
received the same soil filtrate as a source of accompany-
ing microbial communities.

It follows from the above statements that the blank inocu-
lum (produced in pots in the same manner as mycorrhizal pot
cultures, but lacking the mycorrhizal fungi) is not fully appro-
priate control inoculum for experiments with complete soil
inocula. Further, strictly speaking, the inoculation with
monoxenically produced mycorrhizal biomass combined with
blank inoculum cannot be taken as an equivalent to inocula-
tion with complete soil inoculum. Virtually, there is obviously
no perfect solution among those tested in our experiment as all
control treatments differed substantially in their microbiome
from the complex mycorrhizal inoculum-treated pots. Thus,
accompanying microbial communities present in complex in-
ocula of arbuscular mycorrhizal fungi should be seriously tak-
en into consideration and thoroughly analyzed if other than
purely physiological effects of mycorrhizal symbiosis are be-
ing addressed. But even in physiological studies, the type of
nonmycorrhizal control treatment may matter. This is

demonstrated by significantly different values of shoot dry
weight between the different control treatments in our exper-
iment—possibly due to presence/absence of some of the mi-
croorganisms detected in the particular treatments.

Mainly, highly abundant fungal OTU corresponding to
Arthrobotrys spp. (best hit: A. scaphoides) was dominant in
the rhizosphere of the treatment inoculated with the complex
mycorrhizal inoculum. This OTU was responsible for almost
50% of all fungal sequences from that particular inoculation
treatment. The abundance of this OTU in other treatments was
much lower. Fungal genus Arthrobotrys (Ascomycota,
Pezizomycotina, Orbiliomycetes) contains predatory fungi,
including A. scaphoides, capturing plant pathogenic nema-
todes (Den Belder and Jansen 1994). If these fungi prefer to
develop in the presence of arbuscular mycorrhizal fungi (for
example, in pot cultures maintained in a greenhouse), it might
at least partially explain voluminous data on antagonism be-
tween arbuscular mycorrhizal fungi and phytopathogenic
nematodes (e.g., Schouteden et al. 2015; Campos et al.
2017). On the other hand, plant beneficial microbial
(bacterial) community may still be present in the filtrate of
complex mycorrhizal inoculum which may explain the
highest shoot biomass in this particular treatment among all
the other control treatments tested here.

Other interesting fungal OTU corresponding to the genus
Boeremia was present mainly in the treatments inoculated
with the inoculum filtrates and in the treatment inoculated
with the monoxenically produced mycorrhizal inoculum.
There are plant pathogenic fungi within the genus Boeremia,
including B. exigua, which may produce phytotoxins and
might be potentially used as a mycoherbicide (Cimmino et
al. 2008). This means that, though our experiment was grown
under relatively Bclean^ conditions in an experimental green-
house, some potentially pathogenic fungi may still accumulate
in the pots. If such a potentially pathogenic fungus is produced
in a pot culture together with arbuscular mycorrhizal fungus, it
may represent a menace for plants inoculated with such a
material.

Acremonium-like OTU, for unknown reason, was present
almost exclusively in the substrate of treatments inoculated
with the blank inoculum. The fungal genus Acremonium
(Ascomycota, Pezizomycotina, Sordariomycetes) comprises
saprotrophic species but also the species that coexist with
grasses as endophytes (Christensen et al. 1993) and may in-
teract with mycorrhizal fungi, decreasing production of their
propagules (Chu-Chou et al. 1992). Thus, the members of this
genus are probably not dangerous for plants directly but may
hamper development and/or functioning of the mycorrhizal
symbiosis and thus, indirectly, affect the plants.

OTU corresponding to bacterial genus Cupriavidus (best
hit: C. gilardii) was surprisingly abundant in roots of the treat-
ment inoculated with the monoxenically produced mycorrhi-
zal inoculum but was relatively rare in the other treatments. C.
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gilardii is primarily a soil species known to degrade
phenoxyalkanoic acid herbicides such as 2,4-D (Wu et al.
2017) but can also tolerate very high concentrations of heavy
metals (copper) in the environment and possess efficient cell
detoxification mechanisms (Wang et al. 2015). It is unclear
why its abundance reached about 25% of all bacterial se-
quences in this particular treatment.

Two less abundant bacterial OTUs, Denitratisoma and
Haliangium, tended to associate with substrate of mycorrhizal
treatments. While Haliangium OTU most abundant sequence
is only weakly similar to its best GenBank hit and cannot be
properly linked to any previously known bacterial species,
Denitrat isoma OTU probably corresponds to D.
oestradiolicum. This bacterium was first isolated from activat-
ed sludge of a municipal wastewater treatment plant using
17beta-oestradiol as a sole source of C and energy and is able
to exploit a variety of organic acids and fatty acids (Fahrbach
et al. 2006). In our experiment, this bacterium might exploit
lipidic compounds stored in the arbuscular mycorrhizal fungi,
and this may explain their preference for mycorrhizal
treatments.

Here we showed that there were dramatic differences in the
composition of microbial communities between the different
inoculation treatments. Interestingly, the performance of the
host plants in all mycorrhizal treatments was nearly the same,
not really reflecting the differences in communities of accom-
panying microbes among the treatments. The same cannot,
however, be claimed for the various nonmycorrhizal control
treatments. Further, there were large differences in the com-
position of microbial (both bacterial and fungal) communities
among the individual nonmycorrhizal treatments, and this was
reflected in couple of differences in plant growth, but not
necessarily in the P and/or N uptake by the plants. The differ-
ences in plant growth parameters between the different
nonmycorrhizal inoculated controls may be less conspicuous
when looking at plant growth/nutrition under ambient condi-
tions but may be probably very different if exposed to nema-
tode grazing (Schouteden et al. 2015), other pathogen pressure
(Wehner et al. 2010), or a range of abiotic stresses (drought,
salinity, nutrient deficiency, etc.). It is very unlikely to produce
nonmycorrhizal controls with similar composition of microbi-
al communities as in the mycorrhizal treatments. Our recent
results thus represent an important and rare contribution to the
knowledge on the mycorrhizal and nonmycorrhizal
microbiomes and designing appropriate controls in mycorrhi-
zal research. Our results also indicate that at least some of the
inconsistencies in the published literature may be explainable
by uncertainties with respect to the composition of microbial
communities in the nonmycorrhizal controls. We believe that
our work will stimulate further research in this field and help
to understand the microbial factors that can influence plant
growth/nutrition in model experiments with arbuscular my-
corrhizal fungi.
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