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Abstract

Capturing the diverse microbiota from healthy and/or stress resilient plants for further preservation and transfer to unproductive
and pathogen overloaded soils, might be a tool to restore disturbed plant–microbe interactions. Here, we introduce Aswan Pink Clay
as a low-cost technology for capturing and storing the living root microbiota. Clay chips were incorporated into the growth milieu
of barley plants and developed under gnotobiotic conditions, to capture and host the rhizospheric microbiota. Afterward, it was
tested by both a culture-independent (16S rRNA gene metabarcoding) and -dependent approach. Both methods revealed no significant
differences between roots and adjacent clay chips in regard total abundance and structure of the present microbiota. Clay shaped as
beads adequately supported the long-term preservation of viable pure isolates of typical rhizospheric microbes, i.e. Bacillus circulans,
Klebsiella oxytoca, Sinorhizobium meliloti, and Saccharomyces sp., up to 11 months stored at −20◦C, 4◦C, and ambient temperature. The used
clay chips and beads have the capacity to capture the root microbiota and to long-term preserve pure isolates. Hence, the developed
approach is qualified to build on it a comprehensive strategy to transfer and store complex and living environmental microbiota of
rhizosphere toward biotechnological application in sustainable plant production and environmental rehabilitation.
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Introduction
Microbiota play an essential role in many ecosystem functions,
e.g. enhancing the stability, resilience, and well-being of their
hosts; plants, animals, and humans (Trivedi et al. 2020, Joseph and
Curtis 2021). Management of these microbiota can offer an op-
portunity to improve plant resilience against biotic and abiotic
stresses, including ecological restoration via approaches such as
synthetic microbial community (SynCom) and microbiome engi-
neering (Castrillo et al. 2017, Valliere et al. 2020, Ke et al. 2021). For
instance, the transplantation of tomato rhizosphere microbiota
from a resistant variety to a pathogen susceptible variety success-
fully suppressed the soil-borne pathogen Ralstonia solanacearum
(Kwak et al. 2018). However, transfer and recruitment of the de-
sirable microbiome and SynCom to restore microbiome functions
requires suitable delivery systems for living microbe assemblages
(Compant et al. 2019). Such systems should be able not only to

capture the diverse microbiota, but also to maintain them during
their transfer into the target ecosystems (Sessitsch et al. 2019). In
spite of their importance, there is only a limited number of stud-
ies available focusing on developing effective microbiota delivery
strategies (Qiu et al. 2019). Methods such as magnetic beads and
nano-filters are used to capture and trap microbial isolates; how-
ever, these methods are limited to their use in clinical diagnosis
so far (Sande et al. 2020).

Clay beads have shown to be more efficient in capturing the
most significant parts of bacterial diversity in water, i.e. ground-
water, surface water, and wastewater, when compared with gravel
particles and glass beads (Voisin et al. 2016). Also, clay beads
succeeded to act as trapping matrices for capturing the repre-
sentative bacterial communities developing in stormwater infil-
tration systems (SIS) to assess the microbial quality of aquifers
(Mermillod-Blondin et al. 2019). Such approaches inspired us to
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use clay as a natural matrix to capture and host the plant root-
associated microbiota. A clay, known as ‘Pink Kaolinite Clay’, is
tentatively connected to kaolinitic sediments (Rodziewicz 1992).

Most microbial product delivery methods have been developed
as liquid formulations for soil applications, foliar sprays, seed and
pellet coatings, or granules and powders that meet challenges
such as limited shelf life, and depend on farmers’ storage capac-
ity and handling skills (Sessitsch et al. 2019). In fact, the effective
microbial delivery strategy should support the long-term survival
of microbes and persistence in the environment to prevent the
rapid decline of introduced inoculants (Qiu et al. 2019, Batista and
Singh 2021). Moreover, different studies refer to the importance to
preserve the microbial community’s diverse and beneficial micro-
biota from undergoing changes (Bello et al. 2018, West et al. 2019).

We aimed to develop a practical and low-cost methodology for
comprehensively capturing and hosting the root microbiota. The
Egyptian local type of clay used for pottery making, as an inex-
pensive and available natural material, is presented as an efficient
trapping material, in the form of clay chips. To prove if clay chips,
together mixed with quartz sand used as plant growth substrate,
are able to capture the root-inhabiting microbiota, the tested bar-
ley plants were grown in a gnotobiotic plant growth system. Then,
two distinct approaches have been employed: (i) the total bac-
terial microbiota originating from the plant roots and adjacent
clay chips were analyzed based on 16S rRNA genes and (ii) the
culturable bacterial microbiota of plant roots and adjacent clay
chips, which grew on agar plates of plant (barley)-based culture
media were compared to the standard R2A culture medium. In
addition, MALDI-TOF Mass Spectrometry was used for the phy-
loproteomics analysis of the spectral profiles of the bacterial iso-
lates represented the plant growing system. The other part of the
study tested the ability of clay beads to preserve and long-term
maintain microbial pure cultures stored at three different stor-
age temperatures (freezing at −20◦C, cooling at 4◦C, and ambient
room temperature).

Materials and methods
General structure and overview of the
experiments
The workflow in Fig. 1 illustrates the main experimental setup of
the two experiments. In the first part of the study, plants were
grown in glass tubes to test the capability of clay chips, as a growth
milieu, to capture the microbiota associated with developed bar-
ley roots (Fig. 1A). Culture-independent (MiSeq 16S rRNA sequenc-
ing) and culture-dependent (CFU counts and MALDI-TOF) meth-
ods were used to compare the microbiota load and structure of
barley roots with the adjacent clay chips. The second part of the
study (Fig. 1B) aimed to test the efficiency of clay beads to preserve
and long-term maintain microbial pure cultures. Such efficiency
was assessed at three different storage temperatures (freezing at
−20◦C, cooling at 4◦C, and ambient room temperature) by measur-
ing cell viability (CFU counts) over time up to 11 months.

Clay origin and physicochemical composition
Samples of Aswan Pink/red Kaolinitic Clays pastes were obtained
from a local pottery handcraft at Old Cairo, Egypt. This type of
clay, known as ‘Pink Kaolinite Clay’ was historically, and since the
Pharos and Greco-Roman time, used in the manufactures of dif-
ferent kinds of ceramic artifacts of table wares and vessels forms.
It derives from the Modern Aswan region, which is synonymous
with the ancient cities of Syene and Elephantine (Rembart and

Betina 2021). Such ‘Pink Clay’ (Rodziewicz 1992) is the term used
in literature for this type of Egyptian clay tentatively connected
to kaolinitic sediments. The Aswan Pink Clay sediments/quarries,
are supposed to derive from the decomposition of pinkish feldspar
minerals found in the local rose granite, available abundantly in
the entire broader area (Soliman 1985). The physico-chemical pro-
files of the tested ‘Aswan Pink Clay’ reveal its suitability as good
quality and environment-friendly raw material. This specifically
includes: clay size fractions, low-order kaolinite, and illite, ab-
sence of I/S minerals, low fluxing agents such as alkali oxides
(Na2O and K2O) and alkaline earth oxides (CaO and MgO), low S
and Cl contents, and low contents of toxic elements (As, Cd, Hg,
and Pb) (Baioumy and Ismael 2014). This resulted in the extensive
use of such clays along the Egyptian history in manufacturing ta-
ble wares and vessels for safe human consumption, a strong ar-
gument and justification for its use for housing microorganisms
as well.

The chemical analysis of major and trace elements of the
tested clays was carried out using X-ray fluorescence and per-
formed by the Central laboratories of the Egyptian Mineral Re-
sources Authority (EMRA), Giza, Egypt. Further, physico-chemical
properties, e.g. saturation point (SP), porosity, water holding ca-
pacity (WHC), CaCO3, pH, EC, and soluble cations and anions, were
also carried out by the Soils, Water, and Environment Research In-
stitute, Agricultural Research Center, ARC, Giza, Egypt, using stan-
dardized methods (Jackson 1958, Richards 1965; Table 1).

Manual production of clay chips and clay beads
The freshly prepared clay paste was used for the production of
both clay chips and clay beads. Manually, the clay paste was
shaped into beads of > 5–8 mm diameter. On the other hand,
a pastry wooden roller was used to prepare the fresh flattened
sheets of clay paste (> 1–2 mm thick); then with the help of a sharp
cutter, chips of ca. 4–6 mm × 4–6 mm were prepared. Both clay
beads and chips were subjected to hard-firing at 800–900◦C in an
electrical furnace to increase their hardness and decrease shrink–
swell capacity in aqueous solutions. Before use, the prepared clay
chips and clay beads were packed into metal boxes and were dry
heat sterilized in a volcano thermal heater at 300◦C for 3 h.

Clay chips as substrate to capture barley root mi-
crobiota under gnotobiotic
conditions
As growth substrate, clay chips and coarse sand particles/grains
(sieved to 2–4 mm diameter and carefully washed several times
with distilled water) were used. Aliquots of 30 g of a mixture (1:1,
v/v) of clay chips and sand grains were filled into glass tubes (di-
ameter 3 cm, height of 21 cm). Each tube was supplemented with
22 ml of semi-solid solution previously prepared from autoclaved
barley-straw/distilled water infusion (0.1 g straw + 1.7 g agar L−1

distilled water), and then covered with tubes bigger in size (4 cm
diameter and 11 cm length). The prepared growth tubes were au-
toclaved, then thoroughly mixed by vortex mixer prior transfer of
barley seedlings.

The system was prepared and adjusted according to Youssef
et al. (2004). Barley seeds (Hordeum vulgare L., Giza 127) were ob-
tained from the Field Crops Research Institute, Agricultural Re-
search Center (ARC), Giza. Healthy and intact seeds were germi-
nated at room temperature (> 20–25◦C) on water agar plates for
3 days. A total of three healthy seedlings were planted into the
clay/sand mixture of each culture tube. A total of three sets, each
of nine tubes, were prepared representing three biological repli-
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Figure 1. Workflow of the experiments: (A) capturing bacterial community on clay chips and (B) long-term preservation of different microbial pure
strains (Bacillus circulans, Klebsiella oxytoca, Sinorhizobium meliloti, and Saccharomyces sp.) on clay beads.

cates. The growth tubes were kept in an environmentally con-
trolled growth chamber having a day/night cycle of 8 h and 16
h, respectively; with a temperature of 20–22◦C for 45 days.

A total of three tubes were randomly selected from each of
the three sets of tested plant growth tubes. Contents of each of
the tubes were aseptically sorted to obtain two composite sam-

ples representing roots and clay chips. To prepare the original
suspension, the entire intact roots (ca. 0.1 g), and clay chips (ca.
40 g) were separately suspended into 20 ml saline solution, half
strength basal salts of CCM, and shaken for 1 h at 120 rpm. There-
after, the prepared original suspensions were further used for
culture-dependent and culture-independent analyses.
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Table 1. Chemical analysis and nutritional profile of representative samples of Aswan Pink Clay and of prepared clay beads and chips.1,2

Chemical properties2 Mineral salts (wt %)1

CaCO3 wt % 4.07 SiO2 49.87
∗pH (suspension 1:25) 9.39 TiO2 1.26
EC (dSm−1) 11.29 Al2O3 18.87
SP (saturated paste extract) % 57.25 Fe2O3 14.48
Soluble cations and anions (mmol L−1) MnO 0.09

MgO 0.63
Ca++ 28.90 CaO 4.01
Mg++ 5.40 Na2O 0.19
Na+ 77.50 K2O 0.71
K+ 0.53 P2O5 0.03
HCO3

− 1.32 Cl < 0.01
Cl− 77.90 SO3 < 0.01
SO4

−− 33.15 LOI 9.52
Physical properties of prepared2:
porosity (%)

Water holding capacity (WHC %)

Clay beads 64–71 21.82
Clay chips 62–66 36.68

∗The pH was measured in H2O.
1Analyzed at the Central laboratories of the Egyptian Mineral Resources Authority (EMRA), Giza, Egypt; and
2Analyzed at the Soils, Water, and Environment Research Institute, Agricultural Research Center (ARC), Giza, Egypt.

Culture-dependent bacterial community
characterization of barley root and clay chips
Original root and clay chips suspensions were further serial di-
luted (1:10) in the saline solution (half strength basal salts of
CCM). Aliquots of 200 μl from suitable dilutions (10−4:10−7) were
spread onto agar plates of tested culture media; R2A and plant
(barley)-based culture medium (PM) in three replicates. CFUs de-
veloped on agar plates (> 30–300 CFUs plate–1), were counted af-
ter 14 days of incubation at 25◦C. We used bound water, which is
the semi-solid water agar content, i.e. found between fresh and
dry weights of root and clay chips. We used it as unit to compare
the settlement of microorganisms of surface area. The simplified
workflow of the applied procedures is graphically illustrated in
Fig. 1(A).

MALDI-TOF MS analysis and protein profiling of
bacterial isolates
The MALDI-TOF MS via MALDI Biotyper platform on intact cells
was used for the construction of the phyloproteomics of the se-
cured bacterial isolates as described previously by Nemr et al.
(2020). A total of 417 bacterial colonies, representing all emerged
morphotypes of CFUs of each milieu was picked (Table S1, Sup-
porting Information). They were inoculated into the respective
culture medium, and then incubated at 25◦C for 1 week. The 1-
week-old cultures were centrifuged at 4000 rpm for 10 min. There-
after, cell pellets were subjected to protein extraction by mixing
with 30 μl distilled water. A portion of 90 μl absolute ethanol
(EtOH) was added, and then centrifuged at 4000 rpm for 10 min.
The supernatants were discarded, and the remaining cell pellets
were dried at room temperature for 10 min to increase the extrac-
tion efficiency. A volume of 10 μl of 70% formic acid was added to
the dried pellets and mixed thoroughly for 5 min. An equal volume
of acetonitrile was added, mixed for 5 min, and then centrifuged
at 2000 rpm for 2 min. A volume of 1 μl of supernatant was de-
posited directly onto a polished steel MALDI target plate (Bruker
Daltonik, GmbH, Bremen, Germany) and dried, then overlaid with
1 μl of matrix (Bruker Daltonik), which was a saturated solution of
α-cyano-4-hydroxycinnamic acid (HCCA) in 50% acetonitrile 2.5%
trifluoroacetic acid. Intact protein masses were acquired using

ultrafleXtreme MALDI–TOF/TOF mass spectrometer (Bruker Dal-
tonik GmbH, Germany) equipped with the smart beam-II laser-
positive mode. Acquisition of the mass spectra was done in the
range of 2.000–20.000 Da and at a sample rate of 1.2 GS s−1. The
mass spectrometer was controlled by FlexControl version 3.4 soft-
ware (Bruker Daltonik). For calibration, Bruker Bacterial Test Stan-
dard (BTS) was used.

For the analysis, we initially imported the protein spectra of
all samples into a MALDI Protein and Small Molecule Bioinfor-
matics Platform (IDBac; Clark et al. 2018), and aligned the spec-
tra, and clustered them based on presence/absence. Peaks with
a signal-to-noise ratio above 3 and occurring in greater than 70%
of replicate spectra were considered present. While, peaks occur-
ring below 3000 m/z or above 15000m/z were removed from the
analyses for consistency throughout all samples. Then, the den-
drogram was constructed based on Ward. D hierarchical cluster-
ing. Based on the previous clustering we dereplicated the spectra
into proteotypes at a similarity level of > 75%. Using these pro-
teotypes, we constructed a weighted matrix per proteotypes and
culture media, and further conducted hierarchical clustering.

Culture media
Plant-only-based culture media (PM): The plant (clover, maize, and
barley)-teabags culture media was prepared according to Sarhan
et al. (2016). Standard chemically synthetic culture media: N-
deficient combined carbon-sources medium; CCM (Hegazi et al.
1998), modified Reasoner’s 2A agar; R2A ( Reasoner and Geldre-
ich 1985), and yeast extract mannitol agar medium; YMA (So-
masegaran and Hoben 1994).

DNA extraction and Illumina MiSeq sequencing
In culture-dependent treatments, all CFUs developed on respec-
tive agar plates, originating from root and clay chips and grown on
two different culture media, PM and R2A (each in three replicates,
12 samples in total), were harvested and carefully washed using
7 ml of buffer solution (0.05 M NaCl). Then, cells were collected by
centrifugation at 10,000 rpm for 15 min. DNA was extracted from
the resulting pellets using QIAGEN DNeasy Plant Mini Kit (Qiagen
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Inc., Hilden, Germany) according to the manufacturer’s instruc-
tions.

For culture-independent measurements, total DNA was ex-
tracted from the original suspensions prepared for roots and ad-
jacent clay chips (in three replicates each, six samples in total).
DNA quality was assessed using NanoPhotometer (NanoPhotome-
ter NP80 Touch, Implen GmbH, Munich, Germany). A total of 18
DNA samples was subjected to paired-end read Illumina MiSeq
platform targeting the V4 region of the 16S rRNA gene using the
515f/806r primer set by ATLAS Biolabs GmbH, Berlin, Germany.

Amplicon sequence data analysis
Raw sequences from the bacterial 16S rRNA gene were pro-
cessed using a script by a combination of tools including USE-
ARCHv11.0.667 (Edgar 2010), and VSEARCH v2.15.2 (Rognes et al.
2016). The paired-end 16S reads of each sample were merged into
a single sequence ( 2,166,570 merged sequences) using USEARCH
(Edgar 2010). Subsequently, quality of merged sequences was fil-
tered based on maximum expected error (maxee = 1) and se-
quences with maxee values higher than 1 discarded by VSEARCH
(Rognes et al. 2016). In this step, 61,118 sequences were discarded
and 2,105,452 quality-filtered sequences kept. Then, sequences
were dereplicated using VSEARCH (Rognes et al. 2016) and as-
signed as amplicon sequence variants (ASVs) via the denoising
method as well as removed chimeric sequences using USEARCH
(Edgar 2010). This yielded 130 ASVs. All sequences were clustered
at 99% similarity when mapping the merged sequences to ASVs
for generating the count table ( 1,952,148 of 2,105,452 (92.72%)).
This clustering step was performed with VSEARCH (Rognes et
al. 2016). The ASVs were taxonomically classified using USE-
ARCH with RDP classifier using RDP database (Edgar 2010, Cole
et al. 2014). To determine a phylogenetic affiliation, all ASVs were
aligned using MAFFT (Katoh et al. 2002). ASVs detected in clay
chips and not in the root were filtered; additionally, ASVs found on
the three replicates of clay chips and only in one replicate of the
root were excluded. As a result of this filtering step, 17 ASVs were
discarded and 113 ASVs were further used in the downstream sta-
tistical analysis.

Long-term preservation of pure isolates of
microorganisms on clay beads
Tested pure isolates of microorganisms: pure isolates represent-
ing various genera of rhizobacteria were included, i.e. Bacillus sp.
(Bacillus circulans 8E), Klebsiella sp. (Klebsiella oxytoca En11/2), and
Sinorhizobium sp. (Sinorhizobium meliloti KP765325.1), in addition to
a single isolate of yeast (Saccharomyces sp. B1). All isolates were ob-
tained from the culture collection of the Environmental Studies
and Research Unite (ESRU), Department of Microbiology, Faculty
of Agriculture, Cairo University. Stock cultures of B. circulans and K.
oxytoca were kept on N-deficient combined carbon sources culture
media (CCM), while S. meliloti and Saccharomyces sp. were grown on
yeast extract mannitol agar media (YMA).

Microbial application onto clay beads: to impregnate clay beads
with growing cells of tested isolates, 1.0 ml culture of ca. 106

cells of B. circulans, K. oxytoca, or Saccharomyces sp. were inocu-
lated into flasks that were filled with 100 ml of standard CCM or
plant (clover)-teabags culture media. In the case of S. meliloti, stan-
dard YEM and plant (maize)-teabags culture media were used. A
number of ca. 250 previously heat-sterilized clay beads were asep-
tically immersed into each of the prepared flasks of liquid cul-
ture media, followed by gentle shaking of 100 rpm at 30◦C for 48
h. Thereafter, clay beads were aseptically and gently transferred

into empty sterile Petri dishes, and kept for 48 h at 30◦C incubator
for biofilm stabilization and drying. Portions of such air-dried and
stabilized beads were stored in sterile vials and kept at three tem-
perature regimes: −20◦C, 4◦C, and ambient temperature for up to
42 weeks.

Microbial survival and density of cells on/in clay beads were
periodically monitored by counting CFUs on the corresponding
agar culture media. For this purpose, three of the stored beads
were transferred and immersed into 20 ml saline solution (half
strength basal salts of CCM), and soaked overnight at room tem-
perature, then shaken for 2–4 h for elution and retrieval of mi-
crobial cells. Out of the resulting suspensions, successive serial
dilutions were prepared, and aliquots of 200 μl of suitable dilu-
tions (10−2:10−6) were spread onto agar plates of the correspond-
ing culture medium. The developed colony-forming units (CFUs)
were counted after 72 h of incubation at 30◦C. A simplified work-
flow of the applied procedure is graphically illustrated in Fig. 1(B).

Statistical analysis
All statistical analyses were performed with R v.4.1.1 (https://
www.r-project.org/) and R-studio (https://www.rstudio.com/). The
downstream analyses of the four generated files, i.e. ASVs count
table, taxonomy table, phylogenetic tree, and metadata sheet,
were carried out using phyloseq package (McMurdie and Holmes
2013). The rarefaction curve was generated for all samples to
demonstrate the sequencing depth of each sample (Figure S1,
Supporting Information). Alpha diversity estimates were com-
puted for observed ASVs and Shannon diversity. Adonis statisti-
cal test was applied to detect significant differences among the
microbiota based on UniFrac distances.

Results
Growth of barley seedlings reported in the
assembled gnotobiotic plant culture tubes
The physico-chemical properties of the used natural Aswan
Pink Clay (Table 1) revealed its suitability as good quality and
environment-friendly natural raw material. As a result, barley
seedlings exhibited normal growth and differentiation of healthy
roots and shoots (Figure S2, Supporting Information). As well, it
appeared that the natural nutrients provided through the diluted
infusion of barley straw further supported such normal growth.

Microbiota composition-comparison between
barley roots and adjacent clay chips
The Adonis test based on Unifrac distance was used to investigate
variance among the whole existing microbiota of barley roots and
adjacent clay chips based on detected ASVs (Table 2). Across all
samples, no significant differences were reported for overall mi-
crobial compositions between clay chips and barley roots (Ado-
nis test, P-values > 0.05). In both analyses of total microbiota and
the cultivable part of the community, no significant differences
were reported between clay chips and roots, in both Observed and
Shannon diversity index (Wilcoxon test, P-values > 0.05; Fig. 2).
Microbiota composition on genus level is shown in (Figure S3,
Supporting Information). The highest abundance of Pseudomonas
and Sphingomonas was reported in all tested samples, both of cul-
tured communities and total DNA analysis of barley roots and clay
chips.

https://www.r-project.org/
https://www.rstudio.com/
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Table 2. Adonis test between ASVs observed of clay chips and barley roots microbiota, analyzed culture-independently from root (Root_M)
and clay chips (Clay_M) or cultured on plant based medium (Root_PM, Clay_PM) or cultured on R2A medium (Root_R2A, Clay_R2A) based
on UniFrac distances (Lozupone et al. 2011).

Column_name Comparison_between Sample_counts P-values

Root vs. Clay Root | Clay 9 | 9 0.753
Milieu Root_M | Clay_M | PM | R2A 6 | 6 | 6 0.229
All samples Root_M | Clay_M | Root_PM | Clay_PM | Clay_R2A |

Root_R2A
3 | 3 | 3 | 3 | 3 | 3 0.924

Figure 2. Alpha diversity indices to compare microbiota structure of barley roots and adjacent clay chips, using culture-independent analysis (Clay
and Root), and cultured microbiota on R2A and plant-only-based (PM) culture media (Clay_PM, Root_PM, and Clay_R2A, Root_R2A). Alpha diversity
boxplots were determined using observed ASVs and Shannon diversity index, using Amplicon 16S rRNA MiSeq sequencing. P-values between the
different groups were shown using the Wilcoxon test.

Culture-dependent quantification of microbiota
associated with barley roots and adjacent clay
chips
Numbers of CFUs were quantified on two different culture media,
the plant (barley)-teabags culture media and the synthetic R2A
culture media. This is to evaluate if the same bacterial counts
reported for barley roots could also be recovered from adjacent
clay chips. Additionally, we wanted to test the efficiency of in vitro
rhizobacteria cultivation when using a culture medium based on
plant materials providing plant-adapted nutrient spectra (Sarhan
et al. 2016) compared to a synthetic culture medium (R2A). No sig-
nificant differences in CFU counts were observed between the root
and adjacent clay chips when using the plant-only-based culture
medium. This was not the case when using the synthetic R2A cul-
ture medium, where the differences were significant (Figure S4,
Supporting Information).

Protein profiling of bacterial isolates associated
with barley roots and clay chips on both culture
media
The protein profile data from bacterial isolates were used to assess
the differences between the cultured microbiota of barley roots
and adjacent clay chips. The presented dendrogram (Figure S5,
Supporting Information) has been constructed from the weighted
matrix of all isolates proteotypes recovered from CFUs grown on
plant-only-based (PM) and R2A culture media. These CFUs orig-

inated from the root and adjacent clay chips. Interestingly, the
hierarchical clustering revealed that clay chips remarkably clus-
tered together with plant roots. And, the two distinctive clusters
of protein profiles indicated that the two culture media support
growth of different bacterial communities (Figure S5, Supporting
Information).

Assessment of clay beads for long-term
microbial preservation of tested pure isolates
For achieving the potential aim to capture, preserve, and transfer
microbial communities using clay material, in the first trial we
checked three pure isolates of different bacterial families (B. circu-
lans, K. oxytoca, and S. meliloti), and one yeast isolate (Saccharomyces
sp.) for their long-term survival on clay beads stored on three dif-
ferent temperatures (−20◦C, 4◦C, and ambient). In general, all the
tested microbes successfully survived at the three different stor-
age temperatures in clay beads for more than 11 months.

According to ANOVA analysis of CFU counts of B. circulans, there
were no significant differences attributed either to the indepen-
dent effect of storage temperature (P = 0.812) or time (P = 0.451),
nor to the interaction between them (P = 0.980). The initial mean
viable counts of the tested B. circulans were log 5.92 ± 0.76 CFU
bead−1. After 42 weeks of storage, still nearly identical numbers
were recovered, log 5.56 ± 0.63, 5.78 ± 0.89, and 5.66 ± 0.71 at
−20◦C, 4◦C, and ambient temperature, respectively (Fig. 3A).
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Figure 3. Viable cell counts (CFUs) of the tested pure isolates of microorganisms, which were preserved on clay beads and kept at different storage
temperatures (−20◦C, 4◦C, and ambient temperatures): (A) B. circulans, K. oxytoca, and Saccharomyces sp. as developed on standard CCM and
plant-only-based (PM) culture media. Different letters indicate significant differences based on Tukey’s Honestly Significant Differences (HSD), P <

0.05, n = 8. (B) Sinorhizobium meliloti developed on agar plates of YEM and plant-only-based culture media. Student’s t-test was used in comparison and
levels of significance are ns: P > 0.05, ∗P ≤ 0 .05, ∗∗P ≤ 0.01, and ∗∗∗P ≤ 0.001. The far-right panels show examples of CFUs morphologies developed.

As to K. oxytoca, and throughout 11 months of preservation, the
viability was comparable at storage temperatures of −20◦C and
4◦C. According to ANOVA analysis and HSD test, there were no sig-
nificant differences between initial viable counts (log 7.39 ± 0.26
bead−1) and those reported after 42 weeks of storage (log 7.04 ±
0.95 and 6.95 ± 0.42 bead−1, at −20◦C and 4◦C, respectively). For
ambient room storage, the CFUs counts significantly decreased (P
< 0.05) over time, down to log 4.79 ± 0.64 bead−1 after 42 weeks
(Fig. 3A).

The tested isolate of Saccharomyces sp. successfully maintained
survivability after 42 weeks of preservation (Fig. 3A). At the
three tested storage conditions, no significant reduction in vi-
able counts was reported at −20◦C and 4◦C, compared with
the initial counts of 6.72 ± 0.21 bead−1. Whereas, at the ambi-
ent room temperature, the clay beads maintained Saccharomyces
sp. counts comparable to the initials until 22 weeks of storage,
with slight but significant decreases after 42 weeks (log 6.35 ±
0.12 bead−1).
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In the second trial, clay beads were efficient as well in the long-
term preservation of S. meliloti. Irrespective of storage temperature
and tested culture media, the decrease in the number of viable
cell counts did not exceed a single log after 47 weeks of storage
(Fig. 3B).

Discussion
Exploiting and manipulating the plant microbiome is an opportu-
nity to improve plant growth and act against current ecosystem
degradation (Toju et al. 2018). Although microbiome transfer has
revealed the potential to restore the functionality of degraded en-
vironments, it faces challenges in terms of storage, handling, and
delivery systems (Tosi et al. 2020). We proved the efficacy of clay
chips to capture and host the living microbiota of barley roots. We
also demonstrated the usability of clay for long-term preservation
of rhizospheric bacterial and fungal pure strains at three different
storage temperatures and even under ambient conditions.

The interaction of clay chips with barley roots during growth
in a gnotobiotic plant growth system was successful in captur-
ing and trapping most of microbiota associated with barley roots
(Fig. 2). Correspondingly, Voisin et al. (2016) and Mermillod-Blondin
et al. (2019) demonstrated that clay beads supported biofilm devel-
opment, and were able to capture bacterial communities in differ-
ent aqueous environments. This capability of clay chips is likely
due to the roughness and porosity of their surface that supports
microbial adhesion to the porous structure, which concurred with
a number of reports (Yakub and Soboyejo 2012, Al-Amshawee
et al. 2021). Taoka et al. (2021) also revealed that pottery-shard
(PS) of ceramic is capable of adhering lactic acid bacteria in its
porous structure. Additionally, a number of studies showed the
suitability of kaolinite for adhesion and biofilm formation of dif-
ferent types of microbes (Wu et al. 2014, Huang et al. 2015). An
explanation for the ability of clay chips to capture barley root
microbes is their naturality that allows intimate interaction with
growing plant roots, thus served as an extended habitat for the
dwelling rhizobacteria. Further, the heterogeneity of pores in the
clay chips support the accumulation of nutrients and water, while
at the same time maintain an airflow that well simulates the
environmental conditions within the plant–soil system. In the
present study and by employing culture-dependent and culture-
independent techniques, we reported the indistinguishable com-
position of microbiota associated with barley roots and adjacent
clay chips. This confirmed the ability of clay chips to successfully
capture and host barley root microbiota. Furthermore, the protein
profiling of representative pure isolates prevailing in the tested
plant system supported this finding.

Clay in the form of beads was also tested for long-term preser-
vation of diverse pure cultures of rhizospheric microorganisms
under different storage temperatures, −20◦C, 4◦C, and ambient
room temperature. Microbial cells were successfully accommo-
dated and preserved in such clay beads for up to 11 months at
the three tested storage temperatures (Fig. 3). The success of sur-
vival pattern of B. circulans is consistent with the findings of Krum-
now et al. (2009), who recorded appropriate preservation of B. sub-
tilis on the natural polymers of acacia gum for 615 days without
significant reduction. Although the clay beads kept K. oxytoca up
to 11 months, there was a significant reduction in the survival
pattern when preserved at ambient temperature. This is likely
due to progressive reduction in water content; thus, strength-
ening the attachment of bacterial glycocalyx, which consists of
extracellular polysaccharides (EPS), and clay particles/cavities. A
phenomenon that possibly requires a longer agitation time to

loosen such attachment and retrieve the adhered bacterial cells.
A similar behavior was reported for the EPS-producing Deinococ-
cus geothermalis, which was subjected to air drying that resulted
in a reversible loss of flexibility and more firmness in attach-
ment with different surfaces, thus yielding in better immobiliza-
tion (Kolari et al. 2002). In general, and regardless of the type of
preserved microorganisms, microbes can adapt to starvation and
energy-limited conditions through activating survival strategies
that allow them to persist for years. This has been demonstrated
by Shoemaker et al. (2021) who reported that 21 bacterial taxa
were able to survive for 1000 days in a closed system with zero
resources. This is probably how microbes persisted on clay beads
for such a long period of time in our study.

If the nearly intact bacterial community, which we captured
from the barley rhizosphere under gnotobiotic conditions, will
also survive on these clay chips for a long time has to be proven in
the next step. Furthermore, following experiments will answer the
question if these captured microorganisms can be transferred to
a new donor plant by incorporating these clay chips into the rhi-
zosphere.

Conclusions
Clay chips have the capacity to capture, host, and memorize mi-
crobiota. Such nature-inspired technology opens up new avenues
for further progress in manipulating and delivery of environmen-
tal microbiomes toward soil rehabilitation. In addition, microbial
preservation on clay beads is a low-cost, efficient methodology
even suitable for less-equipped laboratories, and has the potential
to easily transport and preserve microbes at various temperatures
for several months, which in the present study was proven for mi-
crobial pure cultures. If such a long-term preservation will also be
possible for complex microbial communities has to be attested in
subsequent experiments.
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