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Microbial communities and
substrate properties influence
the fate of a human pathogen
in horticultural substrates with
different peat content
Antje Müller, Jasmin Schmidt, Verena Maiberg,
Oscar Gehring and Adam Schikora*

Julius Kühn-Institute (JKI) - Federal Research Centre for Cultivated Plants, Institute for Epidemiology
and Pathogen Diagnostics, Braunschweig, Germany
The use of peat alternatives in horticulture is part of an important strategy aiming

at the reduction of CO2 emission and the preservation of natural wetlands.

Today, different components are proposed as replacement of peat in plant

growing media, very often as a heterogeneous mixture of different

components. Their diverse origin is responsible for their particular

physicochemical characteristics as well as the specific microbial activity. The

latter brings, however, the risk of contamination with potentially pathogenic

organisms, both to plants and humans. In this study, we assessed the microbial

compositions of four different commercially available plant growing substrates,

which ranged from 100% to 0% peat. Using amplicon sequencing of the 16S rRNA

gene fragment and the ITS region, we revealed the microbial differences among

those substrates and the only very minor changes in peat-reduced or peat-free

substrates observable over the course of 12 weeks under greenhouse conditions.

In addition, we monitored the persistence of the externally added human

pathogen Salmonella enterica serovar Typhimurium (S. Typhimurium) by direct

CFU enumeration on a selective medium. Results obtained in this study suggest

that although S. Typhimurium was not able to persist in three of the tested

substrates, in the peat-free 2 substrate its persistence may be substantially

supported. Our results strengthen therefore the notion that in addition to the

structural differences among the different tested substrates, the microbial

community composition may add to their functional diversity. This underlines

the necessity of considering microbial community compositions regarding the

replacement of peat in horticultural substrates.
KEYWORDS

Salmonella enterica serovar Typhimurium, peat reduction, microbiome, bacterial
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frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fhort.2025.1568055/full
https://www.frontiersin.org/articles/10.3389/fhort.2025.1568055/full
https://www.frontiersin.org/articles/10.3389/fhort.2025.1568055/full
https://www.frontiersin.org/articles/10.3389/fhort.2025.1568055/full
https://www.frontiersin.org/articles/10.3389/fhort.2025.1568055/full
https://www.frontiersin.org/journals/horticulture
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fhort.2025.1568055&domain=pdf&date_stamp=2025-05-30
mailto:adam.schikora@julius-kuehn.de
https://doi.org/10.3389/fhort.2025.1568055
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/horticulture#editorial-board
https://www.frontiersin.org/journals/horticulture#editorial-board
https://doi.org/10.3389/fhort.2025.1568055
https://www.frontiersin.org/journals/horticulture


Müller et al. 10.3389/fhort.2025.1568055
Introduction

Peat has been the major component of plant growing media

since the mid-20th century (Bilderback et al., 2013). It is easily

adaptable to the needs of different plant species due to the low pH,

high water holding capacity and homogeneous inherent nutrient

composition (Carlile et al., 2015; Gruda, 2012). Unfortunately, the

extraction of peat for horticultural purposes significantly

contributes to the emission of greenhouse gases and bears further

ecological threats (Hirschler and Thrän, 2023). The partially or even

complete replacement of peat in horticultural substrates was

therefore a goal in many political activities and was under

intensive research for the last decades. Many of these studies

focused on the one hand, on optimization of the substrate

composition for specific plant requirements (Nesse et al., 2019;

Prisa and Caro, 2023). On the other hand, aspects of economic and

ecological sustainability of peat replacers were addressed (Hirschler

et al., 2022). Today, widely used peat replacers include green waste

composts, wood fiber, composted bark and coconut products such

as coir fiber, coir pith or coir chips (Barrett et al., 2016).

Among them, composts as products of microbe mediated

oxidation of green or food waste have been found to improve

plant growth promoting properties by the enrichment of substrates

with nutrients, marginal nitrogen immobilization and introducing

plant beneficial microorganisms (Gruda, 2019; Pot et al., 2022).

Other peat replacements like wood fiber, composted bark and

coconut products can remarkably increase the amount of

nitrogen fertilizer required, which is a result of high nitrogen

immobilization rates, occurring due to microbial decomposition

of the high amounts of available carbon in these materials (Harris

et al., 2020; Jackson et al., 2009).

One of the most important constraints of peat replacement is

their heterogeneity. A good example for this problem is the

heterogeneous composition of green composts (Hirschler et al.,

2022; Vandecasteele et al., 2021). Green waste as the source of green

compost can be composed of varying proportions of different plant

material, leading to changing physicochemical properties. These

variabilities are usually amended by organic or mineral fertilizer

supply and pH adjustment, respectively (Vandecasteele et al., 2021).

Apart from plant growth, substrate origin and properties strongly

influence the composition of bacterial and fungal communities (Pot

et al., 2022; Neher et al., 2013). Those communities are also

influenced by the plant host, by the formation of the plant

species-dependent rhizosphere microbiome (Trivedi et al., 2020;

Berg and Smalla, 2009). Nevertheless, the composition of bacterial

and fungal communities may determine the plant growth

promoting function of a respective substrate to a significant

extent (Pot et al., 2022). Despite that, the role of microorganisms

in horticultural substrates has received little attention.

Apart from plant health, a further aspect of substrate quality is

its impact on human health. Those considerations include the

potential contamination of substrates with human pathogens like

Salmonella enterica or pathogenic Escherichia coli from the family

Enterobacteriaceae. Such contaminants originating from livestock

can reach horticultural substrates via improperly sanitized
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irrigation water or organic fertilizers, e. g. manure or digestates

(Piveteau et al., 2022; Allende and Monaghan, 2015; Jay-Russell

et al., 2014). Long-term persistence of Salmonella in agricultural

soils has been reported previously (Jechalke et al., 2019) and further,

that its persistence is influenced by indigenous microbial

communities, as presented by Schierstaedt et al. (2020) by

comparing Salmonella persistence when inoculated to natural or

reduced microbial communities in agricultural soils.

To address those safety concerns, the subject of the current

study was to assess if the persistence of externally applied

Salmonella enterica subsp. enterica serovar Typhimurium (S.

Typhimurium) depends on the composition of the respective

substrate. This study was performed in four different substrates

(potting soils) readily available in retail trade. The compositions of

these substrates represent different peat levels and choices of peat

replacers. Apart from a pure peat substrate used as a control, a peat-

reduced and two peat-free alternatives containing coco fiber, wood

fiber, green compost and composted bark in different proportions,

were used. To gain information about the influence of substrate

properties, presence of S. Typhimurium and exposure time on the

dynamic of the bacterial and fungal communities, an inoculation

experiment was carried out under greenhouse conditions. Further,

the investigation of key taxa enabled insights into microbial

processes that might account for differences in substrate functions

such as potential plant growth promotion or reduction. Hence, we

hypothesize that: 1) bacterial and fungal communities show strong

distinctions between peat, peat-reduced and the two peat-free

substrates and may be more diverse in the peat-reduced and in

the peat-free substrates than in the peat-based substrate; 2)

externally applied S. Typhimurium persists at different levels in

the examined substrates; and that 3) bacterial and fungal taxa

differentially abundant in peat, peat-reduced and peat-free

substrates may be linked to possible plant growth promoting

functions of the respective substrate.
Materials and methods

Experimental design and setup

Substrates
To cover the different levels of peat reduction, four different

substrates were purchased. They were termed: “peat”, “peat-

reduced”, “peat-free 1” and “peat-free 2”. Peat substrate used in

this study consisted of fibrous peat. In the peat-reduced variant the

peat fraction of fibrous and sapric peat was mixed with green

compost and wood fiber, and supplemented with mineral

fertilizer. Peat-free 1 contained coco fiber, wood fiber, green

compost and organic fertilizer. Peat-free 2 was a mixture of bark

humus, coco fiber, wood fiber, green compost and organic fertilizer.

Bacterial strain preparation
For substrate inoculation (described below) a spontaneous

rifampicin-resistant mutant of Salmonella enterica subsp. enterica

serovar Typhimurium strain 14028s rifR (DSM 19587; Le Minor
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and Popoff, 1987; Kauffmann and Edwards, 1952), in the following

referred to as S. Typhimurium, was used. The strain was chosen as

representing an important cause of human infections. Fresh cell

material was gained by streaking LB-agar plates supplemented with

50 mg mL-1 rifampicin (Luria/Miller; Carl Roth GmbH, Karlsruhe,

Germany) with stock cultures from 15% glycerol in LB broth (Luria/

Miller; Carl Roth GmbH, Karlsruhe, Germany). After incubation at

37°C for 24h, cells were harvested and suspended in sterile 10mM

MgCl2. The resulting cell suspension was adjusted to OD600 = 0.01

by dilution with 10mM MgCl2, representing a cell density of 107

colony forming units (CFU)/ml.

Experimental setup
All four substrates were filled into 500 mL glass jars resulting in

70 g dry matter per jar in four replicates, for both the control and

Salmonella treatment (32 jars in total). The water content of

substrates had been determined in duplicate by gravimetric

measurement. To this end, approximately 10 g of moist substrate

was weighed and dried at 105°C for 24h in a drying oven. The

remaining dry matter was weighed and dry mass calculated

accordingly. During the experiment, glass jars were closed by

glass lids with rubber rings, which were fixed by metal clamps.

The jars were placed in a greenhouse at 20°C and minimum light

intensity of 1000 lx from 6 am to 10 pm.
Sampling

For the inoculation treatment, substrates in each jar were

supplemented with 7 ml of S. Typhimurium cell suspension

(described above) to reach an approximate number of 106 CFU/g

dry matter. In the control, 7 mL of 10mM MgCl2 were added.

Samples for CFU enumeration (described below), substrate moisture

determination (described below) and DNA extraction (described

below) were harvested at 0, 7, 14, 21, 28, 56 and 84 days post

inoculation (dpi), resulting in a total number of 224 samples.
CFU enumeration and DNA extraction

Measurement of physicochemical substrate
properties

The assessment of the physicochemical substrate properties such

as contents of organic matter, carbon (C), nitrogen (N), phosphate,

magnesium, potassium, several trace elements and density, pH and

C/N ratio (Supplementary Table S1), was outsourced to an accredited

laboratory (LUFA Nord-West, Oldenburg, Germany, http://

www.lufa-nord-west.de), and standard methods were applied as

indicated in Supplementary Table S1. It has to be noted that the

results of physicochemical measurements were applied to 1

proportion per substrate (4 samples).

Substrate moisture determination
At every sampling time point, substrate moisture of each

replicate was determined gravimetrically by weighing
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approximately 10 g of moist substrate and drying the sample at

105°C for 24h in a drying oven. After weighing the remaining dry

matter, water content was calculated, accordingly (Supplementary

Figure S1).

CFU enumeration
The persistence of S. Typhimurium was monitored throughout

the experiment as previously performed by Jechalke et al. (2019)

and Fornefeld et al. (2017). On the day of sampling, each sample

was stirred thoroughly. To 1 g of substrate per replicate 9 mL of

sterile 10mM MgCl2 were added and shaken using a vortex mixer

for 20 seconds (10–1 dilution) and afterwards diluted in sterile

10mM MgCl2. Twenty µl of serial dilutions were dropped in

duplicate on selective medium for Salmonella (XLD agar, Carl

Roth GmbH, Karlsruhe, Germany) supplemented with 50 mg

mL−1 rifampicin. Salmonella reduces sodium thiosulfate from the

medium to H2S, which reduces ferric ammonium citrate to black

colored iron sulfide. After incubation at 37°C for 24h under aerobic

conditions, all colonies appearing black were considered as the

inoculated S. Typhimurium and were counted. CFUs were

calculated per g substrate dry weight.

Extraction and purification of total community
DNA

The extraction of total community DNA was performed using

the FastDNA®SPIN Kit for Soil (MP Biomedicals, Santa Ana,

California, USA) from 0.5 g moist substrate per sample. Total

DNA was purified with the GENECLEAN®SPIN Kit (MP

Biomedicals , Santa Ana, California) according to the

manufacturer´s instructions. For cell lysis, a FastPrep™-24 (MP

Biomedicals, Santa Ana, California, USA) homogenizer was used.

Success of the DNA extraction was verified by gel electrophoresis in

0.8% agarose gel, stained with ethidium bromide (0.005%) and

photographed under UV-light (Intas Gel jet Imager 2004, Intas,

Göttingen, Germany). DNA concentration of samples intended for

sequencing of the 16S rRNA and ITS2 gene amplicons were

additionally measured photometrically using a Nanodrop™

(Thermo Fisher Scientific Inc., Waltham, Massachusetts).

Quantitative real time PCR of 16S rRNA gene
amplicons

To determine the 16S rRNA gene (rrn gene) copy numbers in

samples from 0, 14, 28 and 56 days after inoculation, qPCR was

performed using primers and TaqMan probe specific for the

domain Bacteria, as described by Suzuki et al. (2000). Briefly, the

DNA standard was produced by ligation of a 16S rDNA fragment

into a pGEM-T® vector (Promega GmbH, Walldorf, Germany) and

transformation of competent Escherichia coli JM109 cells (Promega

GmbH, Walldorf, Germany) following the manufacturer´s

instructions. Plasmid DNA extraction from successfully

transformed clones, that were picked from selective medium, was

performed with the GeneJet Plasmid MiniPrep Kit (Thermo Fisher

Scientific Inc., Waltham, Massachusetts) as indicated in the product

manual. After restriction with EcoR1, the correct size of the inserts

was confirmed by agarose-gel electrophoresis (described above).
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DNA concentration and purity were measured photometrically

using a Nanodrop™ (Thermo Fisher Scientific Inc., Waltham,

Massachusetts) and the concentration was adjusted to

approximately 26 ng/µl. With a reaction volume of 50 µl, 40

cycles of 1 min at 95°C and 1 min at 56°C after initial non-

recurring 5 min at 95°C were followed by 1 min at 60°C for

detection in a QuantStudio1 Real-Time-PCR system (Thermo

Fisher Scientific Inc., Waltham, Massachusetts). Log10 rrn gene

copy numbers were calculated per g dry substrate.

Illumina sequencing of 16S rRNA and ITS2 gene
amplicons

Amplicon sequencing of the V3-V4 region of the bacterial 16S

rRNA gene and the fungal ITS2 gene on an Illumina MiSeq

platform was mandated to BGI genomics (https://www.bgi.com).

Processing of primer-free sequences after pre-processing of raw

sequences by the sequencing provider was conducted using R

version 4.4.1 (R core team, 2024). Amplicon sequence variants

(ASVs) of 16S rRNA and ITS2 genes were generated with DADA2

version 1.26.0 (Callahan et al., 2016). For taxonomic affiliation,

bacterial and archaeal ASVs were aligned to the SILVA SSU rel. 138

(McLaren and Callahan, 2021) database train set. Fungal ASVs were

assigned to taxa using the UNITE sh-general-release-dynamic-

25.07.2023 (Abarenkov et al., 2023) database train set. All raw

amplicon data were deposited at NCBI Sequence Read Archive

(SRA, https://www.ncbi.nlm.nih.gov/sra) under accession numbers

PRJNA1212987 (16S, bacterial ASVs) and PRJNA1213009 (ITS,

fungal ASVs). Sequences that were affiliated to Cyanobacteria/

chloroplasts or mitochondria were removed from the 16S rRNA

ASV data set. The bacterial data set contained a total of 9854 ASVs

and exhibited an average number of 28693 reads per sample. The

ITS2 data set consisted of 1179 ASVs in total, and, on average,

39818 reads were obtained per sample. No further quality filtering

of the two ASV data sets was required. Respective rarefaction curves

(Supplementary Figure S2) confirmed sufficient sequencing depth.
Data and statistical analyses

The software R 4.4.1 (R core team, 2024) was used to perform

analyses of the 16S rRNA and ITS2 ASV data sets.

Based on cleaned ASV tables, relative abundances of ASVs were

calculated. Alpha-diversity as expressed by Shannon´s index was

calculated using the packages vegan (Oksanen et al., 2024),

questionr (Barnier et al., 2023) and agricolae (De Mendiburu,

2023) based on 100 times subsampled data sets (samples with

lowest numbers of reads, n= 24676 (16S), n= 35200 (ITS2)).

Significant differences in beta-diversity induced by the factors

substrate, time and inoculum were assessed by permutational

analysis of variance (PERMANOVA) based on Bray-Curtis

dissimilarity (10000 permutations) using the vegan package

(Oksanen et al., 2024). Further, non-metric multidimensional

scaling (NMDS) based on Bray-Curtis dissimilarity, were used to

calculate and visualize differences in the compositions of bacterial

and fungal communities with the vegan package (Oksanen et al.,
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2024). The packages phyloseq (McMurdie and Holmes, 2013) and

edgeR (Robinson et al., 2010) were used to assess differential

abundance of bacterial and fungal genera in the substrates,

comparing two substrates at a time. According to edgeR developer

recommendations, data were normalized using likelihood ratio test

under negative binominal distribution and general linear models

(FDR-corrected p < 0.05). To display the differences in relative

abundances of the respective genera between two substrates,

heatmaps based on centered and scaled log10 transformed relative

abundance data were generated using the vegan (Oksanen et al.,

2024) and gplots (Warnes et al., 2024) packages.

Analysis of variance (ANOVA) followed by Tukey´s HSD test

using packages phyloseq (McMurdie and Holmes, 2013),

multcomp (Hothorn et al., 2008), questionr (Barnier et al., 2023)

and agricolae (De Mendiburu, 2023) was performed to detect

significant differences between log10 CFU counts, substrate water

contents, Shannon´s indices and log10 rrn gene copy numbers.

Significance of differences or effects was assumed if the p-value

was below 0.05.

For visualization of relative abundances, log10 CFU counts,

substrate water contents, Shannon´s indices and log10 rrn gene

copy numbers the package ggplot2 was used (Wickham, 2016).
Results

Physicochemical properties of peat, peat-
reduced and peat-free substrates are
substantially different

In order to compare the physicochemical properties of the used

substrates, several abiotic parameters were assessed. Due to the low

number of observations (1 result per substrate was provided,

Supplementary Table S1), the results are not statistically evaluable

and hence serve as approximation for the interpretation of further

results (persistence of S. Typhimurium and bacterial and fungal

community compositions). The four tested substrates, named: peat,

peat-reduced, peat-free 1 and peat-free 2, differed remarkably

(Supplementary Table S1). The peat substrate showed the highest

content of organic matter and hence C amount (45.6% of fresh

weight), while it had low N content, predominantly present as

ammonia (Supplementary Table S1), compared to the other

substrates. This resulted in a C/N ratio of 48. The peat-reduced

substrate contained a rather high nitrate (NO3
-) content of 115 mg/l

compared to 24 mg/l in the peat substrate. Phosphate and

potassium (K) contents were approximately twice as high in the

peat-reduced substrate, 3.5 to 3.8 times (phosphate) and 6.8 times

(K) in the two peat-free substrates compared to peat. Magnesium

(Mg) content was similar in the two peat containing variants and in

the two peat-free substrates. The total N content (82 mg/l) in the

peat-free 1 substrate was only slightly higher than in peat, but

appeared in the form of nitrate. The micronutrients Cu, Zn, Mn, B

and Fe were found in clearly higher amounts in the peat-reduced

and both peat-free substrates, Mn content differed the most between

peat-free 1 (16 mg/l) and peat-free 2 (45 mg/l). Furthermore, peat
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exhibited substantially lower density than the other substrates with

120 g/l (dry weight) compared to around 200 g/l dry weight for

the alternatives.
Persistence of S. Typhimurium varies in the
different substrates

In a next step, we assessed the persistence of S. Typhimurium in

the four substrates containing different amounts of peat or no peat,

respectively. The four substrates (peat, peat-reduced and peat-free 1

as well as peat-free 2) were inoculated with Salmonella enterica

subsp. enterica serovar Typhimurium strain 14028s rifR

(S. Typhimurium) and its CFU numbers were enumerated over

the course of 84 days at seven sampling time points.

S. Typhimurium was not detected in any of the MgCl2 control

samples (data not shown). Initially, all substrates showed an initial

number of S. Typhimurium of approximately 7 log10 CFU of per
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gram dry substrate (Figure 1). In the peat and peat-free 1 substrate

the values were below 2 at 56 days post inoculation (dpi) and

in the peat-reduced substrate slightly above. After 84 days,

S. Typhimurium was not detectable in the peat, peat-reduced and

peat-free 1 substrates (Figure 1). In contrast, S. Typhimurium CFUs

of log10 3.5 per gram dry substrate were still present in the peat-free

2 substrate, even at 84 dpi. In general, it seemed that the decline in

log10 CFUs proceeded faster in the peat, peat-reduced and peat-free

1 substrates, even if the results from the peat substrate showed a

high dispersion. S. Typhimurium in the peat-free 2 substrate

seemed to persist throughout the experiment’s duration. From 7

dpi on, S. Typhimurium CFUs in the peat substrate differed

significantly from those in the other substrates within

the corresponding time points. Significant differences within

particular substrate-types were observed between the earlier (0, 7

and 14 dpi) and the later time points (56 and 84 dpi). Taking

together, the composition of the substrate had an impact on the

persistence of S. Typhimurium.
FIGURE 1

S. Typhimurium persists differently in peat, peat-reduced and peat-free substrates. Number of colony forming unit (CFU) of Salmonella enterica
serovar Typhimurium strain 14028s (S. Typhimurium) in tested substrates termed: peat, peat-reduced, peat-free 1 and peat-free 2. Points represent
mean values of four replicates ± standard deviation (SD). Lowercase letters indicate significant differences as indicated by one-way ANOVA and
Tukey HSD (p < 0.05) among different time points (0, 14, 28, 56 dpi) of the same substrate variant, capital letters indicate significant differences (p <
0.05) between substrates at the same time point. The shadowed part represents the confidence interval of 95%, the black dashed lines represent the
detection limit of log10 CFU/g dry substrate = 2, the colored dashed line represent the mean decrease of CFU during the experiment.
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Compositions of bacterial and fungal
communities revealed no impact of S.
Typhimurium presence

In addition to the physicochemical differences, we assumed that

the four tested substrates will differ in regard to the native microbial

communities. We assessed therefore the bacterial and fungal

communities in all four substrates, using the 16S rRNA and ITS

gene fragment amplicon-approach. This analysis was carried out in

both experimental variants, with and without prior inoculation with

S. Typhimurium. The composition of bacterial and fungal

communities in the four substrates over the duration of the

experiment is illustrated as relative abundances of bacterial phyla

and proteobacterial classes (Figure 2A) and fungal classes

(Figure 2B), respectively, with a 1% threshold. Very notable was

the fact that in both ASV datasets, differences between the control

and S. Typhimurium-inoculated samples were marginal, in all

substrates and at all time points (Figures 2A, B). In addition, the

copy numbers of the rrn gene were assessed by qPCR in order to

estimate the bacterial abundance. The values ranged between log 9

to log 10.5 (Supplementary Figure S3) revealing no significant

differences among the substrates, except for the S. Typhimurium-

inoculated peat-free 2 substrate at 14 dpi, which significantly differ

from the control 7dpi, control 28dpi and S. Typhimurium 0 dpi

samples from that substrate. Those results suggest that in the tested

substrates, even if different, the total amount of bacteria is

rather stable.
Diversified relative abundances of bacterial
phyla and fungal classes

In the next step we assessed the taxonomic structure of the

microbial communities.

The compositions of bacterial community, at a phylum level,

differed substantially among the different substrates but not between

the control and the S. Typhimurium-inoculated substrates. The

differences were more pronounced between the peat and all other

substrates than among the peat-reduced, peat-free 1 and peat-free 2

substrates (Figure 2A). In the peat and peat-reduced substrates,Alpha-

and Gammaproteobacteria formed the biggest groups, while their

proportion in the two peat-free substrates is remarkably smaller. The

ratio between Alpha- and Gammaproteobacteria changed over time in

peat, Gammaproteobacteria decreased in relative abundance while

Alphaproteobacteria increased. In the peat-free 1 and the peat-free 2

substrates, the phyla Chloroflexi, Firmicutes and Gemmatimonadetes

were present to a higher extent than in the peat and peat-reduced

substrate. Myxococcota were increased in relative abundance in the

peat−free 1 substrate at the time points 28 and 56 dpi. Acidobacteria,

Actinobacteria and Bacteriodota were abundant in all substrates.

Similarly, the compositions of fungal communities in the four

substrates also revealed differences among the substrates and also

over the course of the incubation on class level (Figure 2B).

Sordariomycetes formed the biggest group at 0 and 56 dpi.

Leotiomycetes displayed a high proportion within the fungal
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community at 14 dpi in all tested substrates, while at 28 dpi an

increased amount of ASVs assigned to Agaricomycetes was found.

Eurotiomycetes were remarkably abundant at 14 dpi, if compared to

other time points.
Bacterial and fungal diversity in the
substrates displayed different patterns over
time

Given the diverse composition of the studied substrates, we

wondered how the diversity would change within the substrates

during the incubation period. To this end, we calculated Shannon

indices for both the 16S-based and the ITS-based ASV datasets

(Figure 3). The obtained values are indicative of biodiversity within

the given samples.

In the case of bacterial communities, the values ranged between

4 and 6.5. Interestingly, the indices seemed lower at 0 dpi, if

compared to later time points. This phenomenon was observed in

all four substrates, however, it was significant only in the case of

peat, for both the control and the S. Typhimurium-inoculated

substrates. In both experimental variants, significant differences

between the peat and the other substrates were detected at

respective time points (Figure 3A).

In the case of fungal communities, the calculated Shannon

indices ranged between 2 and 3 (Figure 3B). Their values

increased between 0 and 14 dpi and dropped until 56 dpi to a

slightly higher level than at 0 dpi. The results showed a high

standard deviation, especially at 28 dpi in control samples of the

peat-reduced, peat-free 1 and peat-free 2 substrate. Significant

differences were observed mainly between substrates at respective

time points for both the control and the S. Typhimurium-

inoculated substrates. Significant differences in diversity between

time points in the same substrate were found only between the peat-

free 1 and peat-free 2 substrate at 14 dpi in the control samples and

at 28 dpi in the S. Typhimurium-inoculated samples, as well as

between the peat and the peat-free 1 substrate at 56 dpi in the

S. Typhimurium-inoculated samples (Figure 3B).

Those results indicate that the diversity of the bacterial

community shows significant differences between the peat and

the other tested substrates, most distinct at day 0. In the fungal

communities, significant differences in diversity were less

consistent.
Diversity among bacterial and fungal
communities is governed by the original
substrate

To corroborate the results even further we compared the

composition of the different microbial communities in respect to

the original substrate, the time of inoculation and the presence of

S. Typhimurium. Using a permutational multivariate analysis of

variance (PERMANOVA) we sought to identify factors influencing

the composition of microbial communities, both the bacterial and
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the fungal. The analysis revealed that the original substrate was the

factor explaining the highest proportion of variation in the bacterial

(75.4%, Table 1) and the fungal (89%) ASV data set (Table 1). In

both cases, the factor time had a lower (0.39 and 2.15%,

respectively) but still significant influence. Nine % of variation in
Frontiers in Horticulture 07
the composition of the bacterial community could be explained by

the interaction of factors substrate and time, while this combination

explained only 2.3% of the variation among fungal ASVs. The factor

inoculation (S. Typhimurium) significantly influenced the

composition of the fungal community, although to a rather low
FIGURE 2

Relative abundance within the microbial communities differs in the tested substrates. Relative abundances (%) of bacterial phyla and proteobacterial
classes (A) and fungal classes (B). The analysis was based on 16S rRNA (A) and ITS (B) gene amplicon sequence variants (ASVs). Substrates: peat,
peat-reduced, peat-free 1 and peat-free 2 were assessed at time points 0, 14, 28 and 56 days post inoculation (dpi) in control and S. Typhimurium
-inoculated samples, threshold >1%.
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extent (0.2%). The interaction of the factors substrate and inoculum

accounted for only 0.64% of the observed diversity.

The non-metric multidimensional scaling (NMDS) revealed a

clear differentiation of both bacterial and fungal communities

(Figure 4), according to the substrates. Bacterial communities in the

peat and the peat-reduced substrate were separated from those of the

peat-free 1 and peat-free 2 substrates along the NMDS1-axis, whereas

bacterial communities of the peat-free 1 and peat-free 2 substrates
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seemed more similar. The 16S-based ASV data set indicated also a

clearer separation of bacterial communities in the peat and peat-free 2

substrate from those in the peat-reduced and peat-free 1 substrates,

along the NMDS2-axis. Bacterial communities from the peat substrate

were additionally differentiated by time points (dpi) along NMDS2-

axis with 0 dpi being the most distant from the later time points

(Figure 4A). A time dependent separation was observed also in the

case of fungal communities from the peat-free 1 substrate (Figure 4B).
FIGURE 3

Bacterial and fungal diversity displayed different patterns during the incubation. Shannon´s index displaying the bacterial (A) and fungal (B) alpha-
diversity were based on 16S rRNA (A) and ITS (B) gene amplicon sequence variants (ASVs). Substrates: peat, peat-reduced, peat-free 1 and peat-free
2 in control and S. Typhimurium-inoculated samples were assessed. Columns represent mean ± standard deviation (SD) of four replicates.
Lowercase letters indicate significant differences (p < 0.05) between time points 0, 14, 28 and 56 dpi in the same substrate variant, capital letters
indicate significant differences (p<0.05) between substrates at the same time point, both according to one-way ANOVA/Tukey HSD test.
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TABLE 1 Results of permutational analysis of variance (PERMANOVA) based on 16S rRNA (a) and ITS (b) gene amplicon sequence variant (ASV) counts.

Factor Df SumOfSqs R2 F p

(a) 16S rRNA gene ASV dataset

substrate 3 27.625 0.75446 264.1452 0.001

inoculum 1 0.061 0.00167 1.7567 0.134

time 3 1.421 0.03882 13.5914 0.001

substrate:inoculum 3 0.163 0.00446 1.5613 0.082

substrate:time 9 3.434 0.09378 10.9448 0.001

inoculum:time 3 0.168 0.00459 1.6078 0.075

substrate:inoculum:time 9 0.396 0.01081 1.2613 0.147

Residual 96 3.347 0.0914

Total 127 36.616 1

(b) ITS2 gene ASV dataset

substrate 3 25.9252 0.88854 544.3515 1.00E-04

inoculum 1 0.0588 0.00202 3.7069 0.0158

time 3 0.6012 0.02061 12.6244 1.00E-04

substrate:inoculum 3 0.1872 0.00642 3.9303 0.0004

substrate:time 9 0.6745 0.02312 4.7211 1.00E-04

inoculum:time 3 0.0495 0.0017 1.0402 0.3955

substrate:inoculum:time 9 0.1566 0.00537 1.0961 0.3471

Residual 96 1.524 0.05223

Total 127 29.1772 1
F
rontiers in Horticulture
 09
Significance is indicated by p-values displayed in bold.
FIGURE 4

Original substrate dictates the composition of microbial communities. The non-metric multi-dimensional scaling (NMDS) of the bacterial (A) and
fungal (B) community compositions is displayed. NMDS was based on Bray-Curtis dissimilarities calculated from 16S rRNA (A) and ITS (B) gene
amplicon sequence variant (ASV) counts. The substrates peat, peat-reduced, peat-free 1 and peat-free 2 were assessed at different time points (0,
14, 28, 56 dpi) in control and S. Typhimurium-inoculated samples.
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Abundances of bacterial and fungal genera
differ significantly between substrates

Differences in the structure and diversity among the bacterial and

fungal communities motivated us to assess bacterial and fungal genera

associated with a particular substrate, i.e. those with significantly

different relative abundances in the respective substrate. As only very

few fungal or bacterial genera were detected to be enriched in response

to a specific time point, we focused here on the comparisons of

substrates, which matched the scope of the study. Accordingly,

PERMANOVA results suggested a marginal impact of time on the

bacterial and fungal community compositions. No bacterial or fungal

genera were identified that were differentially abundant between

control and Salmonella-inoculated samples, or within the threshold

of 0.5% relative abundance. Figure 5 displays the bacterial (A) and

fungal (B) genera with a relative abundance equal to or higher than

0.5% on average of all replicates in one substrate and differentially

abundant between two substrates. Generally, many of the identified

groups were unclassified on genus level. In total, 131 bacterial genera
Frontiers in Horticulture 10
were differentially abundant in comparisons among the tested

substrates. The majority of these were affiliated to the phyla

Actinobacteriota, Gammaproteobacteria, Alphaproteobacteriota and

Bacteriodota (Figure 5A, Supplementary Table S2A). More

specifically, sequences affiliated to the genera Arachidicoccus (phylum

Bacteriodota), Asticcacaulis (class Alphaproteobacteria), Bdellovibrio

(phylum Bdellovibrionota) , Burkholderia-Caballeronia-

Paraburkholderia (phylum Gammaproteobacteria), Dyella (phylum

Gammaproteobacteria), Pedobacter (phylum Bacteriodota), P3OB-42

(phylum Myxococcota), Streptomyces (phylum Actinobacteria) and

Taibaiella (phylum Bacteriodota) were enriched in the peat substrate

when compared to either the peat-reduced, peat-free 1 or peat-free 2

substrates. Chujabacter (phylum Gammaproteobacteria),

Ferruginibacter (phylum Bacteriodota) and Rhodococcus (phylum

Actinobacteria) were enriched in peat-reduced compared to both the

peat and the peat-free 1 substrates. In the peat-free 1 substrate, the

genera Nonomuraea (phylum Actinobacteriota), Allo-, Neo-, Para-

Rhizobium (class Alphaproteobacteria), Ruminofilibacter (phylum

Bacteroidota), Fermentimonas (phylum Bacteroidota), Sphaerobeacter
FIGURE 5

Abundances of genera differ significantly between substrates. Differential abundance was displayed as heatmap. The calculation was based on
centered and scaled log10 transformed relative abundances of bacterial (A) and fungal (B) genera (> 0.5% relative abundance and FDR-corrected p <
0.05) as means of four replicates. Substrates peat (P); peat-reduced (Pr); peat-free 1 (Pf1) and peat-free 2 (Pf2) were assessed at different time points
(d0, d14, d28, d56) in control (Ctrl) and S. Typhimurium-inoculated (Salmo) samples.
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(phylum Chloroflexi), Cellvibrio (class Gammaproteobacteria) and

Hydrogenophaga (class Gammaproteobacteria) showed a significantly

higher relative abundance than in the other tested substrates. The

comparison of the peat-free 2 to either the peat or the peat-free 1

substrate revealed, that Nitrolancea (phylum Chloroflexi),

Pedomicrobium (class Alphaproteobacteria) and SWB02 (class

Alphaproteobacteria) were more abundant in the peat-free 2 substrate.

The highest proportions of fungal genera that were differentially

abundant between two substrates across all comparisons belonged to

the classes Leotiomycetes, Sordariomycetes and Eurotiomycetes

(Figure 5B). Fungal sequences that were enriched in the peat

substrate, in the comparisons between the peat and the peat-

reduced or peat-free 1 substrates, were identified as Chaetomidium

(class Sordariomycetes), Trichochladium (class Sordariomycetes) and

Trichoderma (class Sordariomycetes). Melinomyces (class

Leotiomycetes), Oidiodendron (class Leotiomycetes), Penicillium

(class Eurotiomycetes) and Pseudogymnoascus (class Leotiomycetes)

were enriched in the peat substrate when compared to both the peat-

free 1 and peat-free 2 substrates. Candida (class Saccharomycetes),

Neobulgaria (class Leotiomycetes), Oidiodendron (class Leotiomycetes),

Patinella (class Ascomycetes), Penicillium (class Eurotiomycetes) and

Pseudogymnoascus (class Leotiomycetes) were more abundant in peat-

reduced substrate across all comparisons. The genera Coprinellus

(class Agaricomycetes), Arachniotus (calss Eurotiomycetes),

Chaetomium (class Sordariomycetes), Linnemannia (class

Mortierellomycetes) and Podospora (class Sordariomycetes) were

enriched in the peat-free 1 substrate, if compared to either the peat,

peat-reduced, or peat-free 2 substrates. Groups enriched in the peat-

free 2 substrate, for all comparisons, were Mortierella (class

Mortierellomycetes), Phialemonium (class Sordariomycetes) and

Pseudeurotium (class Leotiomycetes). Several of the differentially

abundant fungal genera showed a remarkably high relative

abundance, e. g. Phialemonium with over 50% in the peat and peat-

free 2 substrates, ca. 40% in the peat-reduced substrate and ca. 20% in

the peat-free 1 substrate (Supplementary Table S2B). Other genera

with high relative abundances (between 10 and 30%) were Coprinellus

(27.33% in peat-free 1), Pseudogymnoascus (25.27% in peat-reduced),

Arachniotus (15.1% in peat-free 1), Chaetomidium (13.37% in peat)

and Pseudeurotium (11.68% in peat-free 2), (Supplementary

Table S2B).
Discussion

Different factors including temperature, pH, nutrient

availability, organic matter and water content influence the

composition of bacterial and fungal communities in substrates

designed for plant growth. Those features determine also the

potential persistence of pathogens. Such influence was previously

reported for agricultural soils amended with animal manure or

slurry of different origin (Jechalke et al., 2019; Shah et al., 2019;

Fornefeld et al., 2017; Semenov et al., 2009). Unfortunately, little

information is available for the persistence of human pathogens in

soilless plant growing media. In the current study, we assessed the

persistence of Salmonella enterica subsp. enterica serovar
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Typhimurium in four commercially available plant growing

media with different levels of peat. This study used a common

method for monitoring the presence of inoculants in soils (Micallef

et al., 2023; Alegbeleye and Sant’Ana, 2023; Todd-Searle et al., 2020;

Jechalke et al., 2019; Fornefeld et al., 2017; Gurtler et al., 2013). The

direct CFU enumeration was performed from 1 g substrate

extracted with 9 ml 1mM MgCl2 solution in 4 replicates to

minimize potential variability. The persistence of the rifampicin

resistant S. Typhimurium strain was detected on the selective XLD

medium containing rifampicin. In addition, only black colonies

were taken into account. Despite some methodological limitations

(this method does not completely exclude the growth of bacteria

different from S. Typhimurium or bacteria that have evolved a

rifampicin resistance during or before the incubation) this approach

is applicable in regards of the research questions raised here. The

measurements of physicochemical properties of the substrates could

not be used for correlation analyses with results gained in this study,

as they were not statistically evaluable. Yet they serve as valuable

approximation for result interpretation. The studied substrates

contained in addition to or in replacement of peat, coco pulp,

wood fiber, green compost or bark humus. Green compost and

other composted plant materials are widely used as substrate

components. The peat-free and peat-reduced variants contained

higher amounts of nitrogen, phosphorus and potassium,

importantly the peat substrate was not fertilized prior to this study.

Previous reports suggested that S. Typhimurium is able to

survive up to 12 weeks in mature composts (Lemunier et al.,

2005). On the one hand, these observations are consistent with

results of this study, which revealed the longest persistence of

Salmonella in the peat-free 2 substrate, a mixture of bark humus,

coco fiber, wood fiber, green compost and organic fertilizer. Peat-

free 2 was the only substrate in which S. Typhimurium persisted up

to 84 days after inoculation. One distinctive characteristic of this

substrate is the comparatively low water content of approximately

55% throughout the experiment, the other is the remarkably high

manganese (Mn) content of 45 mg/L-1. Litter decomposition, and

presumably aerobic bark decomposition during composting

processes, are closely related to the dynamics of Mn (Peng et al.,

2023). For example, Mn is essential for manganese peroxidase,

which is crucial for degradation of lignin (Sun et al., 2019). For

S. Typhimurium, the high Mn content might have provided an

advantage. The tolerance against, for instance, oxidative or

nitrosative stress could be enhanced if Mn is sufficiently available,

since Mn is an important cofactor required by many enzymes

involved in metabolic pathways (Ha and Lee, 2023). On the other

hand, the inconsistent persistence of S. Typhimuriumin the peat

substrate might be related to the relative abundance of Bdellovibrio

(phylum Bdellovibrionata), which is significantly increased in peat,

particularly in S. Typhimurium-inoculated samples (0.6 to 1.8%,

data not shown). Bdellovibrio predates Gram-negative bacteria and

was shown to reduce the number of human pathogens like

Escherichia coli or Salmonella enterica in different produces,

intended to be consumed fresh (Olanya et al., 2020).

Numerous studies assessed bacterial and fungal communities in

natural peatlands under e. g. drained or rewetted conditions in
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different sampling depths (Kitson and Bell, 2020 and references

therein). It is very likely that peat, once extracted from peatlands for

horticultural use, exhibits rather low species diversity (Taparia et al.,

2021). This phenomenon could explain the initial differences in

diversity between peat and the other substrates. Those seem more

heterogeneous as habitats, probably due to their original

components and their inherent microorganisms. Overall, the

initial nutrient content in the peat-reduced and the peat-free

substrates was higher. Although the physicochemical properties

were not fully assessed, it can be assumed, that due to the general

microbial activity and nutrient turnover, the conditions in the

respective substrate changed over the course of the experiment,

probably favoring higher diversity. Furthermore, bacteria or fungi

from the greenhouse environment might have colonized the

substrate containers. Importantly, S. Typhimurium presence or

the treatment with 10mM MgCl2 (control) did not influence the

compositions of bacterial communities.

The aforementioned explanation applies most probably also to

the changes in the diversity of the fungal communities. Similar to

bacteria, no notable differences were observed between the control

samples and those inoculated with S. Typhimurium. The fungal

ASV data set revealed several genera with high relative abundances.

Those genera seemed to have advantages in the competition for

resources in the respective substrate. For instance, Phialemonium

was present in all substrates and showed rather high relative

abundances of 20 to 60%.

Since the presence of S. Typhimurium did not have a notable

influence on the bacterial or fungal community compositions, other

factors were noteworthy. For example, the low explanatory power of

the factor “time” alone was clearly apparent, this contributed to the

significant impact of the interaction with the factor “substrate”

(R2 = 0.094, Table 1). This was particularly visible in the case of

bacterial communities in the peat substrate, where samples of day 0

separated from the later time points. This was further confirmed by

PERMANOVA analysis for samples of each substrate separately,

where peat was the only substrate with a significant influence of

time on the compositions of the bacterial and fungal communities.

The factors “inoculum” or “time” and the interactions of all factors

were less important for the fungal community composition, which

was mainly shaped by the substrate, since this factor explained

around 89% of the differences between the communities. The

overall low importance of the factor “time” suggests only minor

changes of respective substrate properties throughout the

experiment.

The relative abundances of bacterial phyla (and proteobacterial

classes, respectively) and fungal classes suggest overall differences

in community compositions among the substrates. The

majority of bacterial phyla in peat were assigned to Alpha- and

Gammaproteobacteria and Bacteriodota. These can have taken

advantage of the higher C/N ratio in peat, as several taxa

belonging to these classes are capable of decomposition of

complex organic compounds which are recalcitrant under natural

(anaerobic) conditions (Mastný et al., 2021). In the current study,

genera belonging to the clade Burkholderia-Caballeronia-

Paraburkholderia (class Gammaproteobacteria), Dyella (phylum
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Gammaproteobacteria), Streptomyces (phylum Actinobacteria),

Pedobacter (phylum Bacteriodota) were significantly enriched in

the peat substrate, if compared to the other substrates. Theses

genera were reported to have celluloytic properties and able to

decompose aromatic compounds (Hetz and Horn, 2021). The

family Chitinophagaceae (phylum Bacteriodota) as chitin and

cellulose degraders (Rosenberg, 2014; Bailey et al., 2013)

comprises several potential PGPR species (Madhaiyan et al.,

2015) and was represented by Arachidococus and Taibaiella,

among others, in peat. Several fungal genera in the peat substrate

potentially exhibit plant beneficial traits. For example, Trichoderma

species (class Sordariomycetes), ubiquitous in soils and on plant

debris, can serve as biocontrol agents against plant pathogenic fungi

and can form mutual endophytic symbioses (Harman et al., 2004).

Meliniomyces and Oidiodendron (class Leotiomycetes) are common

mycorrhizal genera (Toju and Sato, 2018). As decomposers of

organic material, members of the genus Penicillium cause rots in

food industry, apart from the production of antimicrobials

including mycotoxins (Visagie et al., 2014).

The peat-reduced substrate did not specifically favor potential

plant beneficial bacteria, but mainly those capable of decomposition

of complex organic compounds like Rhodococcus (phylum

Actinobacteriota), (Larkin et al., 2006) or Ferruginibacter (phylum

Bacteriodota) (Busch et al., 2019; Wijaya and Oh, 2023). Fungal

groups enriched in the peat-reduced substrate were overall typical

saprotrophs, such as Neobulgaria (class Leotiomycetes) or Patinella

(class Ascomycetes). Noteworthy were genera containing

opportunistic human or animal pathogens, i.e. Candida (class

Saccharomycetes) (Kumamoto et al., 2020) and Pseudogymnoascus

(class Leotiomycetes) (Veselská et al., 2020).

The bacterial community of the peat-free 1 substrate seemed to be

linked to the original compounds. For instance, Sphaerobacter

(phylum Actinobacteriota) contains thermophilic species tolerating

composting processes (Wang et al., 2022; Storey et al., 2015). Several of

the enriched genera were linked to decomposition of wood

components including lignocellulose degrading Ruminofilibacter

(phylum Bacteroidota) (Li et al., 2020; Weiss et al., 2011), Cellvibrio

(class Gammaproteobacteria) degrading lignin but also resins, gums,

dyes, tannic acid, waxes, and other lipid compounds (Ranalli et al.,

2019) as well as Fermentimonas, which can ferment proteinaceous

compounds (Hahnke et al., 2016). The only particular plant growth

promoting bacterial genus significantly enriched in the peat-free 1

substrate was identified as belonging to the clade Allo-, Neo-, Para-

Rhizobium (class Alphaproteobacteria) (Trivedi et al., 2020). Examples

of plant growth promoting fungal genera significantly enriched in

peat-free 1 included Chaetomium (class Sordariomycetes) (Wang et al.,

2016) and Linnemannia (class Mortierellomycetes) (De Tender et al.,

2024; Vandepol et al., 2022). Among the other genera that were

enriched in the peat-free 1 substrate, were mainly saprotrophic genera,

such as Coprinellus (class Agaricomycetes) and Arachniotus

(class Eurotiomycetes).

In case of the peat−free 2 substrate, the Mn-oxidizing genera

Pedomicrobium (class Alphaproteobacteria), capable of biofilm

formation in aqueous environments including waste water

treatment, and SWB02 (class Alphaproteobacteria), seemed
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enriched (Sly et al., 1988; Sjöberg et al., 2020). SWB02 contributes to

N-cycling by denitrification, while Nitrolancea (phylum

Actinobacteriota) is able to oxidize nitrite (Sorokin et al., 2014).

In case of fungal genera enriched in peat-free 2, the genera

Mortierella and Pseudeurotium can be mentioned since, their

members were reported to possess plant growth promoting

potential (Manzotti et al., 2020). The genus Phialemonium (class

Sordariomycetes) was also significantly enriched in the peat-free 2

substrate, although it was highly abundant in all substrates.

Phialemonium reached an extraordinarily high relative abundance

of 59.59% in the peat-free 2 substrate. It can be isolated from air and

soil but also industrial waste water and sewage (Gams and

McGinnis, 1983). Important to mention is the fact that this genus

includes opportunistic human pathogens, which are potentially

lethal for immunocompromised persons (Perdomo et al., 2011).
Conclusions

In general, the potential functional traits of the bacterial and

fungal taxa identified in the current collection of 4 different

commercially available horticultural substrates by the amplicon

sequencing approach are not surprising when considering the

original compounds. However, to our knowledge the compositions

of bacterial and fungal communities in such substrates have not been

assessed elsewhere. The results presented here, reveal the necessity of

considering bacterial and fungal communities during the development

of rather complex substrates e. g. peat-reduced or peat-free mixtures of

different compounds designed for plant growth. Furthermore,

secondary colonizers from the storage environment or potentially

pathogenic contaminants need to be considered, in respect to user

safety. Taking together, the horticultural appropriateness of peat-

reduced and peat-free substrates or substrate components requires a

multifaceted perspective.
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