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Abstract
Background  Reuse of plant growing substrate can contribute to lowering the carbon footprint of horticulture 
production systems. Here, we assessed the impact of substrate reusing on the root-associated microbiome of 
strawberries. The cultivars Elsanta and Malling Centenary were grown in a substrate-based hydroponic system 
using either fresh peat-based substrate or substrate reused up to three times, with comparisons made between not 
steamed and steam-treated substrate. The root-associated microbiome was analyzed using 16S rRNA gene and ITS1 
DNA sequencing to determine bacterial and fungal communities.

Results  Substrate reusing without steaming increased the bacterial and fungal community diversity whereas 
steaming reduced the bacterial diversity and increased fungal diversity in the root-associated microbiome. The 
root-associated bacterial communities recruited by the two cultivars were diverse, even more so than the diversity 
recorded for the different times of reused substrate.

Conclusion  These observations demonstrate the ability of strawberry to establish a genotype-specific root-
associated microbiome when plants are cultured on reused substrate. The bacterial microbiome showed a higher 
consistency over the times substrate was reused, while the fungal community composition showed stronger 
adaptation to the substrate reusing. Pathogenic fungi accumulated over the reusing times, underscoring the 
necessity of substrate sanitation through steaming to minimize the risk of pathogen infections.

Clinical trial number  Not applicable.
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Introduction
Peat is an excellent growth medium for a variety of crop 
systems because of its ability to retain moisture and pro-
vide good aeration to plant roots [1]. However, the use of 
peat raises environmental concerns due to peatland min-
ing, which threatens important carbon sinks and habi-
tats for many species. Additionally, peat is considered a 
non-renewable resource [2]. To reduce the use of peat in 
horticulture, several studies have investigated alternative 
materials. For example, biochar, coir, wood fibers, green 
compost and vermicompost have been compared as peat 
alternatives in soilless cultivation [3, 4]. Despite these 
available alternatives, replicating the excellent physical 
properties of peat, which are keeping an air-water bal-
ance and physical support, is challenging.

Although the reuse of peat does not address its lim-
ited availability, it is an approach to expand its lifespan, 
reduce peat consumption, and minimizes the cost of dis-
posing of growing media at the end of the growing season 
[5]. Used peat substrate is often applied as soil improver 
[6], or used for biochar production, allowing heavy metal 
absorption [7]. Peat largely maintains its structural prop-
erties and multiple reuses do not significantly alter the 
plant availability of critical minerals like P, K, Ca and Mg 
[8]. Nitrogen is typically decreased after the first time use 
and needs to be replenished [8].

A study in which perlite was reused in a hydroponic 
cultivation system showed a slow degradation of its 
physical properties [9]. Degradation of substrate, with 
increase in water holding capacity and decrease in air 
capacity, was reported for a mix of peat, perlite, and rice 
hull upon reusing [10]. Despite these structural changes, 
the reuse of these substrate did not alter the quality or 
yield of the cultured crops [9]. Successful experiences 
have also been reported where coir, peat, and wood 
fiber were reused three times in strawberry cultivation 
(Malling Centenary, Fragaria x ananassa) [11]. However, 
the reuse of perlite led to an increase in pathogen popula-
tions, indicating a significant risk associated with reusing 
substrate [8].

It has been suggested that the degradation in sub-
strate quality is related to the enrichment of host-specific 
pathogens [12].

Common methods for substrate disinfection include 
steaming, solarization, and chemical treatments. Steam-
ing has limited effects on the substrate’s physicochemical 
characteristics, and efficiently reduces the risk for patho-
gens and weeds [8]. To address the feasibility of reusing 
growth substrate, we conducted a trial in which peat-
based plant growth media were reused from strawberries 
grown in a commercial production setting in Belgium. 
Repeated use of the substrate previously showed no alter-
ation in nutrient retention or physical properties, and 

reused substrate, including the steamed ones, resulted in 
similar yields as the virgin blends [13].

In this study, we investigated the bacterial and fun-
gal communities of strawberries grown on steamed and 
not steamed reused substrate. The impact of peat reuse 
on the structure and dynamics of the strawberry root-
associated microbiome of the cultivars Elsanta and 
Malling Centenary was determined by investigating (1) 
the root-associated microbiome of strawberry grown on 
reused substrate; (2) how the bacterial and fungal micro-
bial community shifted upon reuse; (3) the impact of the 
strawberry cultivar on the microbiome.

Material and method
Experimental setup
The strawberry cultures were initiated using tray plants. 
The strawberry cultivar (hybrid Fragaria × ananassa) 
Elsanta was cultured in a greenhouse at the research sta-
tion Inagro (Ieperseweg 87, 8800 Rumbeke-Beitem, Bel-
gium) and Malling Centenary was purchased from de 
Kemp BV (Kempweg 15, 5964 ND Horst-Meterik, Neth-
erlands). The tray plants were cultivated and fertilized in 
Inagro (Belgium) as described [13]. During the vegeta-
tive stage, all plants were irrigated with nutrient solution: 
3.37 mmol/L K+, 1.05 mmol/L Mg2+, 3.79 mmol/L Ca2+, 
1.00 mmol/L NH4

+, 10.65 mmol/L NO3
−, 0.85 mmol/L 

P, 1.28 mmol/L SO4
2−, 40.00 µmol/L Fe3+, 25.00 µmol/L 

Mn, 1.00 µmol/L Cu, 10.00 µmol/L Zn, 20.00 µmol/L B, 
0.75 µmol/L Mo. During harvesting stage, the nutrient 
solution contained: 6.50 mmol/L K+, 1.08 mmol/L Mg2+, 
2.69 mmol/L Ca2+, 11.01 mmol/L NO3

−, 0.87 mmol/L P, 
1.08 mmol/L SO4

2−, 30.00 µmol/L Fe3+ and 10.00 µmol/L 
B. Each pot (Bato, 4.7 L, Bato Plastics B.V.,129 Zevenber-
gen, The Netherlands, 24 cm in diameter, and 20 cm in 
height) was filled with 4.2  L substrate and 4 tray plants 
(rooted in 250  ml of substrate) were placed and grown 
in the corners of the pot. “Excellent mix” substrate was 
purchased from Kekkilä-BVB (Vantaa, Finland). It con-
sists 20% v/v coarse peat, 20% v/v medium coarse peat, 
40% v/v coir grit and 20% v/v perlite, mixed with lime 
and mineral fertilizer (400  g/m³). 6 drip-irrigated pots 
were placed in one gutter, which is part of a closed-
loop gutter system. To steam the spent substrate from 
previous growing cycles, substrate was placed in a bar-
rel, injected with 100  °C steam for 1 to 2 min, and then 
continuously steamed for 1 h to maintain a temperature 
of around 70  °C. The physicochemical properties of the 
substrate are described [13]. The growing season started 
from August to December, 2022. Plants were sampled at 
the end of the harvesting stage on December 5th, 2022, 
by carefully removing the plants from the pots and shak-
ing of loose substrate to preserve root system integrity. 
Plants were transferred in ice box and handling was done 
using disinfected bags and gloves.
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Root-associated microbiome extraction
4 individual strawberry plants per treatment from differ-
ent pots were collected. The strawberry plants, together 
with the surrounding substrate was transported to the 
lab. After arriving, larger clumps of substrate were firstly 
removed, and the substrate around the main root system 
was carefully removed by gentle shaking. The root-asso-
ciated microbiome of strawberry plants was extracted by 
performing two washing steps, which enable us to col-
lect both the rhizosphere and the rhizoplane microbi-
ome. The root system of a single plant was firstly soaked 
in 100  ml 0.9% NaCl solution at 4  °C for 90  min on a 
rotating platform at 125 rpm for rhizosphere extraction. 
Then it was placed in 100 ml of 0.9% NaCl + 0.01% Tween 
80 and mixed again at 125  rpm for rhizoplane extrac-
tion. The solutions obtained from both washing steps 
were combined to 50 mL plastic tubes and centrifuged 
at 5000 rpm for 10 min to pellet the substrates. The pel-
lets were washed in 2 mL of 0.9% NaCl and resuspended 
in 1 ml of TSB + 15% glycerol for storage at -80  °C until 
DNA extraction.

DNA extraction and microbiome sequencing
Microbial pellets were processed using DNeasy® Pow-
erSoil® Pro Kit (QIAGEN, Hilden, Germany), follow-
ing the protocol, 30 µl of microbial genomic DNA was 
extracted in the end. The concentration of DNA was 
measured and the sample was stored at -20°C for down-
stream analyses. The quality of the extracted microbial 
DNA was assessed by PCR amplification of the 16S rRNA 
and ITS1 regions, confirming the presence of bacterial 
and fungal DNA and they’re suitable for sequencing. 
The primers used were 27F (5’-GAGTTTGATCMTG-
GCTCAG-3’) and 1492R (5’-GGYTACCTTGTTAC-
GACTT-3’), which specifically amplify the 16S rRNA 
gene; ITS4 (5’-​C​T​C​C​G​C​T​T​A​T​T​G​A​T​A​T​G​C-3’) and ITS7 
(5’-GARTCATCGAATCTTTG-3’) for detecting the fun-
gal ITS1 region. The PCR reaction mix contained 15.8 µl 
H2O, 2 µl DreamTaq buffer, 0.5 µl dNTP, 0.2 µl forward 
primers, 0.2  µl reverse primers, 0.2  µl DreamTaq DNA 
Polymerases (Thermo Fisher Scientific) and approxi-
mately 100 ng DNA. The thermal cycling was 1  min at 
95 °C, 30 s at 95 °C, 35 cycles of 55 °C for 30 s, 72 °C for 
45  s and 10  min at 72  °C. PCR amplification products 
were visualized by 2% agarose gel electrophoresis. 15 µl 
of the original genomic DNA extract was sent to LGC 
Genomics GmbH (Berlin, Germany) for library prepa-
ration and sequencing on the Illumina MiSeq platform 
using the 27F and 1492R primers for bacteria, and ITS4 
and ITS7 primers for fungi. Raw sequence data was pro-
cessed using the R package DADA2. Primer sequences 
were removed, and reads were truncated at a quality 
score cut-off (truncQ = 2). Additional filtering removed 
reads with ambiguous base calls or high expected errors 

(maxEE = 2,2). After dereplication, unique reads were 
processed using the Divisive Amplicon Denoising Algo-
rithm (DADA) error estimation algorithm under self-
Consist mode for sample inference [14]. Error rates were 
inspected to ensure accuracy, and denoised reads were 
subsequently merged. After chimera removal, the result-
ing Amplicon Sequence Variant (ASV) table was used 
for taxonomy assignment. Taxonomy was assigned using 
the Naive Bayesian Classifier with the DADA2-formatted 
Silva v138.1 database for bacterial sequence reads and the 
UNITE v8.3 database for fungal sequence reads [15, 16].

Statistical analysis
ASV tables were constructed from the bacterial and fun-
gal sequences and the normalized dataset was analyzed 
using R. The ASV tables were imported by using phyloseq 
and vegan packages. Microbial alpha diversity was deter-
mined by using breakaway package (richness) and the 
DivNet package for determining the Shannon diversity. 
Statistical analysis of the diversity was achieved by using 
the estimates’ variance in a mixed model approach. For 
beta diversity analyses, Bray-Curtis dissimilarity index 
was used as input for the visualization in a PCoA plot. 
A PerMANOVA (with a significance level of α = 0.05) 
on the Bray-Curtis distances evaluated the homogene-
ity of variances and indicated the differences in microbi-
ome communities. Sourcetracker was used in R (v3.2.4) 
to estimate the percentage of microbiome transferred 
within different cycles. Stacked plots (with connecting 
lines) were made with SRplot [17], the asterisks indicate 
genera which were significantly different among differ-
ent time of reuse as determined by two-way ANOVA 
(p < 0.05).

Results
Relative abundance of microbes in the root-associated 
microbiome of strawberry in reused substrate
A total of 2,370,173 and 1,640,764 sequence reads were 
obtained for Elsanta and Malling Centenary combined, 
identifying 9,648 bacterial and 2,252 fungal ASVs. The 
bacterial sequences covered 31 phyla, 83 classes, 380 
families, and 736 genera and the 2,252 fungal ASVs cov-
ered 11 phyla, 37 classes, 224 families, and 393 genera.

To gain an overview of the microbial variation in the 
root-associated microbiome of strawberry plant grown 
in reused substrate, beta diversity in bacterial and fun-
gal microbiome derived from different time of substrate 
using was clustered using Principal Coordinate Analysis 
(Fig. 1). The distance between the dots indicates the simi-
larity and divergence in microbial composition. The bac-
terial communities were more similar across the different 
reused substrate than the fungal communities. Overall, 
there was a trend of increasing differences between sam-
ples with the number of times the substrate was reused 
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(Fig.  1). These results suggest that reusing of substrate 
influences the microbial composition of the root-associ-
ated microbiome, with a stronger shift in the fungal com-
munity compared to the bacterial community.

Comparison of the root-associated microbiome of plants 
grown on steamed and not steamed substrate
To further investigate the impact of steaming on the 
root-associated microbiome, we compared the micro-
bial richness and diversity of bacteria and fungi (Fig. 2). 
The analysis revealed that steaming significantly reduced 
bacterial richness (number of species) and Shannon 
diversity (the abundance and distribution of individ-
ual species). The fungal richness was not significantly 

affected by steaming, and a small but significant impact 
was observed for the Shannon’s diversity index (Fig. 2).

We further examined the structure of both the bac-
terial and fungal community as affected by steaming 
treatment. Principal coordinates analysis revealed that 
bacterial communities extracted from plants cultured on 
steamed substrate exhibit greater similarity (Fig. 3). This 
result aligns with the reduced richness and Shannon’s 
diversity of the root-associated microbiome from plants 
grown on steamed substrate (Fig. 2). In contrast, the fun-
gal communities derived from steamed and not steamed 
substrate were more conserved (Figs.  2 and 3). These 
findings suggest that residual bacteria contribute to a big 

Fig. 2  Boxplot showing the richness (a and b) and Shannon’s diversity index (c and d) of root-associated bacteria (a and c) and fungi (b and d) compar-
ing steamed or not steamed substrate. Asterisks indicate level of significance: p < 0.001(***) and p < 0.05(*), n = 32 (not steamed) and n = 24 (steamed)

 

Fig. 1  PCoA plots showing the structure of the root-associated bacterial (a) and fungal (b) communities as a function of the times the substrate was used. 
Each dot indicates the root-associated microbiome isolated from each replicant and data ellipses were drawn based on treatments. The times of substrate 
being used are indicated in different colors, n = 8 (fresh substrate) and n = 48 (reused substrate). (a. R2 = 0.09803, p < 0.01; b. R2 = 0.16878, p < 0.001)
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extent to bacterial community establishment, more than 
that for fungi.

Transition of the root-associated microbiome across the 
reused substrate
To assess the impact of substrate reuse, the root-asso-
ciated microbial community was compared across the 
times of substrate reuse. The level of microbial transition, 
i.e. the proportion of microbial community “retained” 
from the previous substrate use, was calculated by using 
the SourceTracker R package, a Bayesian mixed model-
based tool for microbial community data analysis. It uses 
microbial data from known source samples to estimate 
the contribution of each source in the tested samples [18, 
19]. This calculation results in a transition percentage 
which reflects the proportion of microbial data in sam-
ples that can be found in samples from plants grown on 
substrate from a previous cycle (Fig. 4).

The transition percentage calculated for the root-asso-
ciated microbiome of 2 subsequent cultures was gener-
ally higher than those that was separated by 1 or 2 cycles 
(Fig.  4), supporting the view that microbes in the sub-
strate contribute to the establishment of the root-asso-
ciated microbial community. There was, however, a clear 
difference between the microbiomes derived from plants 
grown on steamed and not steamed substrate. Steaming 
resulted in a higher overlap between subsequent cultures 
as well as cultures separated by 1 or 2 cycles, suggesting 
that the sterilized substrate provides a relatively consis-
tent condition for the establishment of the microbiome. 
In contrast, the root-associated microbiome from sub-
sequent cultures using not steamed substrate shifted, 
resulting in a smaller overlap of the microbiomes derived 
from plants grown on reused substrate. We also observed 
that the bacterial communities were more similar than 

the fungal communities in both the steamed and not 
steamed substrates. This suggests that, not so much the 
substrate, but rather the plant determines the identity 
of bacteria establishing at the root-associated micro-
biome. The transition of the fungal identities was more 
dependent on whether the substrate was steamed or not. 
Steaming the substrate resulted in high similarity of the 
fungal root-associated microbiomes. It increased the fun-
gal transition across substrate reusing, with the Malling 
Centenary sample derived from strawberries grown on 
the 4th time use of substrate (Fig. 4). Collectively, these 
results show that the root-associated microbial com-
munity is largely transferred upon the reuse of substrate 
and that steaming has stronger impact on the establish-
ment of bacterial community compared to the fungal 
community.

Dynamics of the relative abundance of root-associated 
microbial genera
To assess the impact of substrate reusing on the micro-
bial succession in strawberry root systems, the relative 
abundance of both bacteria and fungi were compared 
at the genus level. More than 60% of bacteria was clas-
sified as “others” (Fig.  5). The 12 most abundant genera 
remained relatively stable across the reused substrate. 
One exception was the strong decrease in abundance of 
the genus Burkholderia-Caballeronia-Paraburkholderia 
in bacterial community of Malling Centenary, dropping 
from about 10% to around 1% after the first reuse. Com-
pared to Malling Centenary, Elsanta contained fewer of 
the Proteobacteria SWB02 but more Streptomyces.

The fungal genera varied in relative abundance more 
than the bacteria (Figs.  5 and 6). When grown on fresh 
substrate, both cultivars Elsanta and Malling Centenary 
exhibited a relatively even distribution of the top 12 most 

Fig. 3  PCoA plots showing the structure of the root-associated bacterial (a) and fungal (b) communities as a function of whether the substrate was 
steamed or not. Each dot indicates the root-associated microbiome isolated from each replicant and data ellipses were drawn based on treatments. 
Steamed (light brown) or not steamed (dark brown) substrate is indicated in different colors, n = 32 (not steamed) and n = 24 (steamed). (a. R2 = 0.07096, 
p < 0.001; b. R2 = 0.06237, p < 0.001)
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abundant fungal genera (Fig. 6). The fungal microbiome 
of Elsanta showed a strong accumulation of Mortier-
ella (3-time-used substate). In both Elsanta and Malling 
Centenary, unidentified Chaetothyriaceae strongly accu-
mulated at the 3-time-used substrate (29% and 24%, 
respectively). The root-associated fungal community of 
Malling Centenary also exhibited a significant accumu-
lation of Thelonectria, increasing after the first reusing 

(Figs. 3 and 10–39% at the 2-time-used substrate). Addi-
tionally, the relative abundance of Oidiodendron and 
Humicola decreased sharply upon reusing. Olpidium 
and Plectosphaerella reached peak abundance by the 3rd 
cycle, while a similar trend was observed in the root-
associated microbiome of Elsanta with Mortierella.

Next, we compared the bacterial and fungal micro-
biome of plants grown on reused substrate that was 

Fig. 4  Microbiome transfer between different times of substrate reuse. Two Cultivars Elsanta (a) and Malling Centenary (b) are shown separately. The 
trapezoids represent fresh, 2-time-used, 3-time-used and 4-time-used substrate (as the color become deeper). The dashed line represents the steaming 
treatment. The transition percentage of bacteria is shown in blue and for fungi in green
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steamed (Fig. 7). In both Elsanta and Malling Centenary, 
Streptomyces became more dominant with the times the 
substrate was reused. Several genera accumulated to sim-
ilar abundance indicating that the root systems of Elsanta 
and Malling Centenary were overall able to recruit similar 
microbes in each experiment. The Burkholderia-Cabal-
leronia-Paraburkholderia showed a strong abundance 
in Malling Centenary in fresh substrate accounting for 
20.0% (Fig. 7). Its abundance was, however, much lower 
when the substrate was 3-time-used reaching 1.6%. 

Although there was some variation in Burkholderia-
Caballeronia-Paraburkholderia abundance in the Elsanta 
root-associated bacterial community, Malling Centenary 
accumulated much more microbes of this genus.

Compared to the fungal relative abundance (not 
steamed, Fig. 3), the root-associated microbiota exhibits 
greater stability after steaming, including Oidiodendron, 
Phialemonium, Plectosphaerella and Coniochaeta (Fig. 8). 
Though there were some fluctuations, no significant 
enrichment of any genus was observed, with minimal 

Fig. 7  Stacked bar plot of relative abundance of the top 12 root-associated bacterial genera from Elsanta (a) and Malling Centenary (b) along substrate 
reusing (steaming treatment applied). Less abundant bacterial genera are categorized as “Others”. Identities of top 12 genera are color coded as in legend 
on the right

 

Fig. 6  Stacked bar plot of relative abundance of the top 12 root-associated fungal genera of Elsanta (a) and Malling Centenary (b) in reused not steamed 
substrate. Less abundant fungal genera are categorized as “Others”. Identities of top 12 genera are color coded as in legend on the right

 

Fig. 5  Stacked bar plot of relative abundance of the top 12 root-associated bacterial genera of Elsanta (a) and Malling Centenary (b) in not steamed 
reused substrate. Less abundant bacterial genera are categorized as “Others”. Identities of top 12 genera are color coded as in legend on the right
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occurrences of unidentified Chaetothyriaceae and The-
lonectria. Additionally, Pseudeurotium was detected in 
the root-associated fungal community of Elsanta, while 
Humicola was detected in Malling Centenary, with both 
not enriched in the other cultivar, indicating Pseudeuro-
tium and Humicola are cultivar-specific fungal genera. A 
list of fungi including those that potentially cause disease 
are listed in the supplementary Table 1.

Comparison of the root-associated microbiome from 
Elsanta and Malling Centenary
The extent of variation in microbial community structure 
and composition was compared for the 2 cultivars. PCoA 
of the Bray-Curtis dissimilar matrix revealed a strong 
difference in the root-associated bacterial communities 
between the cultivars whereas the fungal communities 
were largely similar (Fig. 9). It indicates that genotype is 
the main factor driving the differences in the bacterial 
community. Fungal community, on the other hand, is 
more strongly influenced by the substrate (Fig. 9). 

Discussion
With the aim to improve the sustainability of strawberry 
soilless culture production, the impact of substrate reuse 
on the bacterial and fungal root-associated microbiome 
of strawberry was analysed. The analysis of two straw-
berry cultivars root-associated microbiome shows that 
the reuse of substrate has a more pronounced effect on 
the fungal than the bacterial microbiome. Overall, how-
ever, the impact is relatively modest when comparing the 
bacterial communities of different cultivars. Substrate 
reuse and steaming both affect the composition and 
diversity of the microbial community, but in a subordi-
nate manner.

Substrate as a determining factor of the bacterial and 
fungal root-associated microbiome
The presence of root-associated microbes can con-
fer advantages to the plant host by stimulating growth, 
nutrient uptake, and resistance to pathogens [20]. Plants 
recruit protective microorganisms to suppress patho-
gens in the rhizosphere [21], further demonstrating that 

Fig. 9  PCoA plots showing the structure of the root-associated bacterial (a) and fungal (b) communities as a function of cultivars. Each dot indicates the 
root-associated microbiome isolated from each replicant and data ellipses were drawn based on cultivars. Elsanta and Malling Centenary are indicated in 
blue and pink, respectively, n = 28. (a. R2 = 0.24475, p < 0.001; b. R2 = 0.01548, p = 0.581)

 

Fig. 8  Stacked bar plot of relative abundance of the top 12 root-associated fungal genera from Elsanta (a) and Malling Centenary (b) along substrate 
reusing (steaming treatment applied). Lower abundant bacterial genera are categorized as “Others”. Identities of top 12 genera are color coded as in 
legend on the right
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controlling the root-associated microbiome may be a 
valuable strategy to improve crop protection, as an alter-
native to chemical pesticides. The success in optimizing 
plant health using such a method depends on how well 
the grower can control the establishment and mainte-
nance of the desired microbiome. It will be a major chal-
lenge to manage the microbiome in field conditions, 
because of strong variations in soil composition, struc-
ture and edaphon [22]. Crop production systems that 
use growing media or horticultural substrate, however, 
provide a context that is much easier to control and will 
therefore be more suitable for creating the conditions of 
a profitable application involving the control of the root-
associated microbiome.

The presented data revealed that the plant root-asso-
ciated bacterial communities are less influenced by 
steaming and the reuse of substrate than the fungal com-
munities, suggesting these treatments are ineffective in 
altering the bacterial communities. This implies that the 
root-associated bacterial community is more strongly 
influenced by the plant and surrounding microbes, which 
is in line with previous studies [23, 24]. The impact of 
reusing substrate on the microbial communities found in 
plants at the end of the growing cycle was limited with 
a similarity that was around 70% (± 13%) for the bacteria 
and around 55% (± 27%) for the fungal community. These 
results indicate that substrate used for plant cultivation is 
altered in structure or chemical composition such that it 
influences the establishment of the root-associated fun-
gal community. The establishment of the bacterial com-
munity appears not to be as strongly affected by substrate 
reuse. In line with the similarity of the root-associated 
bacterial communities in reused substrate, a study in 
cucumber showed strong similarity of the root-associ-
ated bacterial communities in plants cultured on differ-
ent commercial substrates, suggesting that the substrate 
characteristics are not the main determinant for estab-
lishing the root-associated bacterial community [25]. 
This contrasts with the behavior of the fungal commu-
nity. The underlying mechanism by which the substrate 
influences the fungal community is not clear, but since 
peat and coir consist of carbohydrate polymers that are 
a potential energy source and adhesion surface for fun-
gal growth, we presume that impartial decomposition did 
occur and could have affected its capacity to support fun-
gal growth.

The microbial community is in part established by the 
selection of microbes from the original soil microbial 
community structure and then shaped continually by 
the plant and the environment [26]. Seedlings interact 
with microbes living in and around the seed from which 
it originated, pointing to the importance of the starting 
seed and soil microbiome [27, 28]. In addition, the rhizo-
sphere microbiome can be vertically transmitted across 

generations, influencing the plants rhizosphere in the 
next generation, leading to what is called soil succession, 
also referred to as “soil memory” [29]. In our experimen-
tal setup, the microbes recruited to the rhizosphere or 
the rhizoplane either derived from strawberry tray plants, 
from the (reused) substrate, or from the nutrient solution 
and the hydroponic culturing system. The comparison of 
the root-associated microbial communities of steamed 
and not steamed substrate allowed assessing the impor-
tance of succession of the microbial community struc-
ture and composition. In contrast to the fungal microbial 
communities, steaming substantially reduced the bacte-
rial diversity. These results indicate that bacteria in the 
reused (not steamed) substrate play an important role in 
establishing the bacterial root-associated microbiome. 
Furthermore, the PCoA analyses show a strong clustering 
of the root-associated microbiomes derived from plants 
grown on substrate of the same reuse time. This indicates 
that substrate decay and changes in its physiochemical 
properties due to prior use also contributes to determin-
ing the root-associated microbiome. These findings cor-
roborate with reports showing that bacterial substrate 
preferences contribute to the microbiome assembly in 
the rhizosphere [30].

Impact of the cultivar on the root-associated microbiome
Root-associated microbiotas are to a large extent driven 
by root exudates whereby younger plants secret consid-
erably higher amounts of metabolites than older ones, 
suggesting that the root-associated microbiome assem-
bly is primarily controlled during the early phase of crop 
culturing [31, 32]. The various primary and secondary 
metabolites it produces influences the root-associated 
microbial community, recruiting and promoting benefi-
cial microorganisms, as well as resisting harmful micro-
organisms [33]. Several reports provide evidence for a 
substantial contribution of the crop cultivar to the bac-
terial and fungal rhizosphere community under differ-
ent soil conditions [34–36]. Soil does not stay the same 
over time and continued culturing of a crop like tomato 
was shown to modulate the root-associated microbi-
ome over each cycle [37]. These reports are consistent 
with our study showing a gradual shift in root-associated 
microbiome over the consecutive cycles. Comparison 
of two strawberry cultivars showed a strong difference 
in bacterial community and high similarity of the fun-
gal community. This compelling finding is in line with 
other studies, e.g., in Chrysanthemum where five variet-
ies exerted strong selection of the bacterial community, 
but not the fungal one [38]. Besides, substrate and cul-
tivation conditions also have an important impact. For 
example, a study of five tomato cultivars showed stronger 
microbial variation when cultured hydroponically com-
pared to cultivation in soil [39]. In our study we analyzed 
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the root-associated microbiome at the end of the straw-
berry culture, but do not have information on the initial 
growth phase when microbes were being recruited from 
the original tray plant. It is therefore possible that Elsanta 
and Malling Centenary microbiomes at the early growth 
phase were much more similar. The root-associated plant 
microbe interactions are highly complex and influenced 
by multiple factors involving soil type, environment, and 
plant genotype. The shift in the influence of the plant 
genotype and selection factors is illustrated in a study 
of Arabidopsis using an artificial ecosystem (mixture of 
substrate and field soil) following the microbiome over 8 
generations [40]. They found that over time, the genotype 
gained more influence, suggesting that the plants exert a 
selection pressure on the bacteria driving the community 
to a smaller and more favorable composition [40].

Limitations of substrate reusing in strawberry cultivation
In horticultural production context, the potential risk 
of pathogen accumulation and economic consequences 
is a primary concern. Several pathogenic microbes were 
found in the reused substrate, with a particular stron-
ger increase after the 3rd cycle. Thelonectria, a reported 
pathogens of hardwood trees and shrubs [41], was 
detected in the root-associated microbiome of Malling 
Centenary as a subdominant genus. Chaetothyriaceae 
also accumulated. They are epiphytic fungi generally con-
sidered as secondary pathogens, which do not infect the 
plants directly, but rather grow on leaf surface and ulti-
mately negatively affect plant growth by covering leaf 
surfaces and reducing photosynthesis [1, 42]. Steaming 
strongly limited the relative abundance of both Chaeto-
thyriaceae and Thelonectria, demonstrating that sanitiz-
ing the substrate was effective.

In addition to the top 12 species with higher relative 
abundance, we also observed a limited accumulation of 
other fungal pathogens, for instance Fusarium and Ver-
ticillium which both cause wilt in strawberries, lead-
ing to symptoms such as blackening and rotting of the 
roots [43, 44], and Cylindrocladium that causes black 
rot in the roots as well, and in severe cases, results in 
stunted growth and reduced fruit quality [45]. These 3 
genera are all more abundant in Malling Centenary than 
in Elsanta. Moreover, they appeared more frequently in 
the substrate that were reused without steam treatment 
in between. Among them, Verticillium was prominent in 
the root-associated microbiome after 3 cycles, regardless 
of whether steam treatment was applied.

Substrate reuse also led to the accumulation of benefi-
cial microorganisms like Streptomyces which was found 
in the root-associated bacterial community of Malling 
Centenary. Streptomyces species, with Streptomyces 
lydicus as represent, often serve as biocontrol and plant 
growth-promoting agents [46]. As for Elsanta, there was 

rare presence of Streptomyces in the fresh substrate, but 
it accumulated after reusing, under both steamed and 
not steamed condition, suggesting that Elsanta specifi-
cally recruited this species. Burkholderia-Caballeronia-
Paraburkholderia is also viewed as beneficial to plants 
and shown to suppress fungal pathogens [47]. In previous 
studies members of the Paraburkholderia were identified 
as a plant growth-promoting bacteria [48]. Burkholderia-
Caballeronia-Paraburkholderia exhibits high relative 
abundance in the root-associated bacterial community of 
Malling Centenary specifically after steaming of the sub-
strate, suggesting that it may have been recruited from 
the tray plant. A sudden decline in relative abundance 
was observed at the 4th cycle, suggesting a possible sub-
stantial accumulation and dominance of fungi competing 
with and ultimately exerting pressure on the growth of 
the beneficial bacteria.

Conclusion
The analysis of the root-associated microbiome of straw-
berry hydroponic cultures revealed that plant genotype 
and the inherited microbiome of tray plants strongly 
influence bacterial composition, while substrate reuse 
primarily affects the fungal community. Overall, the 
impact of reusing substrate was limited and stronger dif-
ferences in composition were found between Elsanta and 
Malling Centenary as cultivars. The accumulation of fun-
gal pathogens showed that there is a risk in reusing the 
substrate. Steaming of the substrate may help limiting the 
accumulation of pathogens, yet it alters the establishment 
of the root-associated microbiome.
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