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Unraveling microbial shifts and
plant growth responses in
Chrysanthemum ‘Merlino’ due
to artificial root exudates in
horticultural substrates
Steffi Pot1, Caroline De Tender2,3*, Johan Ceusters4,5,
Jane Debode2 and Karen Vancampenhout1

1Division of Forest, Nature and Landscape, Department of Earth and Environmental Sciences, KU
Leuven, Geel, Belgium, 2Plant Sciences Unit, Flanders Research Institute for Agriculture, Fisheries and
Food (ILVO), Merelbeke, Belgium, 3Department of Biochemistry and Microbiology, Ghent University,
Ghent, Belgium, 4Division of Crop Biotechnics, Department of Biosystems, KU Leuven, Geel, Belgium,
5Centre for Environmental Sciences, Environmental Biology, UHasselt, Diepenbeek, Belgium
Introduction: Plant growth and health are significantly influenced by the

composition, activity, and diversity of the rhizosphere microbiome. Developing

strategies to modify the rhizosphere microbiome to foster beneficial interactions

with plants therefore is a promising avenue for sustainable plant production. One

such strategy involves the addition of artificial root exudate compounds. This

study evaluates the effects of artificial root exudates on the growth and

performance of Chrysanthemum ‘Merlino’ and its rhizosphere microbiome.

Methods: Horticultural substrates, both peatand compost-based, were

supplemented with two concentrations of artificial root exudates containing

fructose, glucose, sucrose, succinic acid, malic acid, arginine, serine, and

cysteine. Twelve different treatments were tested in total. Plant physiological

parameters, including root development, plant growth, and photosynthetic

performance, were monitored to assess plant growth and stress responses.

Microbial diversity shifts were analyzed using amplicon metabarcoding of the

16S rRNA gene (bacteria) and ITS region (fungi), alongside assessments of

enzyme activity (alkal ine phosphatase and urease) and microbial

metabolic diversity.

Results: Our findings revealed significant impacts on microbial communities in

the rhizosphere. Addition of artificial root exudates caused shifts in the bacterial

and fungal community composition in both peatand compost-based substrates.

The relative abundance of certain fungi increased in treatments with artificial root

exudates, particularly those capable of metabolizing hexose or pentose sugars.

That lead to a decrease in overall fungal diversity. Although bacterial diversity was

not affected, the addition of artificial root exudates enhanced their metabolic

diversity. Moreover, the application of artificial root exudates increased the

activities of alkaline phosphatase and urease enzymes. Anticipated positive

effects on plant growth were not observed: high concentrations of artificial

root exudates (three weekly applications of 250 mg C g−1 substrate) resulted in
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fhort.2025.1562929/full
https://www.frontiersin.org/articles/10.3389/fhort.2025.1562929/full
https://www.frontiersin.org/articles/10.3389/fhort.2025.1562929/full
https://www.frontiersin.org/articles/10.3389/fhort.2025.1562929/full
https://www.frontiersin.org/articles/10.3389/fhort.2025.1562929/full
https://www.frontiersin.org/journals/horticulture
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fhort.2025.1562929&domain=pdf&date_stamp=2025-04-28
mailto:caroline.detender@ugent.be
https://doi.org/10.3389/fhort.2025.1562929
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.2025.1562929
https://www.frontiersin.org/journals/horticulture


Pot et al. 10.3389/fhort.2025.1562929

Frontiers in Horticulture
reduced root development across all four horticultural substrates. Additionally,

the highest concentration of artificial root exudates appeared to induce plant

stress in peat-based substrates, as evidenced by lower dry mass of the plants and

reduced Fv/Fm and PIabs.

Discussion: While artificial root exudates significantly alter the rhizosphere

microbiome, they do not necessarily promote plant growth and may,

depending on the composition and concentration, induce stress and inhibit

root development in horticultural substrates.
KEYWORDS

horticultural substrates, root exudates, Chrysanthemum, rhizosphere microbiome,
horticultural plants
1 Introduction

The rhizosphere harbors a great diversity of microorganisms,

including bacteria, archaea, protozoa, and fungi, and represents a

niche for interactions between the plant and microorganisms (Ali

et al., 2017; Kour et al., 2019; Ryan et al., 2009). Plants have

developed complex interactions with the rhizosphere microbiome,

that plays an important role in plant growth and development,

productivity, nutrition, disease susceptibility and overall plant

performance (Ali et al., 2017; Dessaux et al., 2016; Kour et al.,

2019; Mendes et al., 2013; Qu et al., 2020). In mineral soils, a high

microbial richness, biomass, and activity have been associated with

positive effects on plant growth and health. Several of these

functions are conducted by rhizosphere microorganisms

including nitrogen-fixing bacteria, mycorrhizal fungi, plant-

growth promoting rhizobacteria (PGPR) and fungi (PGPF)

(Berendsen et al., 2012). These organisms conduct a range of

mechanisms involving the improvement of nutrient uptake by the

plant, the production of various phytohormones, and the

enhancement of tolerance to biotic and abiotic stresses (Ali et al.,

2017; Kour et al., 2019; Qu et al., 2020).

Various strategies have been proposed to modify the

rhizosphere microbiome to obtain beneficial interactions between

the plant and the microbial community and optimize plant growth

and health (Chaparro et al., 2012; Dessaux et al., 2016; Mueller and

Sachs, 2015; Pascale et al., 2020; Ryan et al., 2009). First, organic

amendments such as composts, have been shown to influence

microbial communities of the rhizosphere (Brussaard et al., 2007;

de Brito et al., 1995; Neher et al., 2022; Stewart-Wade, 2020; Viti

et al., 2010). Composts have physiochemical and (bio)chemical

characteristics that make them suitable for horticultural substrates

(Bustamante et al., 2008; Hernandez-Apaolaza et al., 2005; Herrera

et al., 2008; Vandecasteele et al., 2021). Previous research has shown

that green composts are suitable peat replacers for Chrysanthemum

(Delcour et al., unpublished data; Hummel et al., 2001; Papafotiou

and Vagena, 2012). Moreover, green compost has been shown to
02
have high microbial biomass and high relative abundances of

beneficial microorganisms such as Pseudomonas spp., Bacillus

spp., and Paenibacillus spp (Pot et al., 2022a).

A second strategy to manipulate the rhizosphere microbiome is

the addition of artificial root exudate compounds. Plants actively or

passively secrete a wide range of compounds, known as root

exudates, into the rhizosphere, which is a major source of organic

carbon released by plant roots. Root exudates mainly consist of

carbon-containing substances, including low-molecular-weight

compounds, such as amino acids and sugars, and high-molecular-

weight exudates, such as proteins and polysaccharides. In addition,

organic acids, phenolic compounds, flavonoids, terpenoids and

alkaloids can be categorized as root exudates (Badri and Vivanco,

2009; Bais et al., 2006; Haichar et al., 2014). Root exudates play an

important role in mediating the interactions between plants and

rhizosphere microorganisms (Bais et al., 2006; Haichar et al., 2014;

Philippot et al., 2013; Singh et al., 2004). Root exudates can act as

chemical attractants and repellants to shape the rhizosphere

microbiome and are a key factor in increasing microbial

abundance and activity in the rhizosphere (Berendsen et al., 2012;

Quiza et al., 2015; Walker et al., 2003). The composition and

function of the rhizosphere microbial community are, in this way,

actively influenced to ultimately shape a rhizosphere microbiome to

be beneficial for the plant The remark needs to be made however,

that the release of carbon rich root exudates can also attract

pathogens, potentially negative for the plant (Dubey and Sharma,

2019; Quiza et al., 2015).

Artificially adding root exudate solutions to the rhizosphere

may therefore be a promising approach to modify the rhizosphere

microbiome to benefit plant growth and health. Artificial root

exudates have the potential to alter microbial community

composition and metabolic fingerprint and to increasing

microbial richness, biomass, and activity in soils (Alam et al.,

2014; Brussaard et al., 2014; Kolton et al., 2017; Mendes et al.,

2011; Neher et al., 2022; Shen et al., 2016; Wagg et al., 2011;

Weidner et al., 2015). For example, it can change the production of
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alkaline phosphatase by microorganisms, an important enzyme

involved in phosphate solubilization, increasing the availability of

phosphate, and is predominantly produced by bacteria (Amri et al.,

2022; Wan et al., 2020). In addition, urease produced by

microorganisms is involved in the degradation of urea, generating

available N for plant and microbial growth (Cordero et al., 2019).

Whether or not the inclusion of artificial root exudates results in a

positive effect on plant growth or health has, to our knowledge, not

been studied yet. In addition, effects of artificial root exudates on the

microbiome were only studied in mineral soils, not in horticultural

substrates. It is therefore unclear how the horticultural sector could

benefit from strategies to influence the root microbiome, i.e. by

combining composts and artificial root exudates, to ultimately

contribute to sustainable solutions for plant growth and health.

In this study, the effect of artificial root exudates in different

horticultural substrates on plant growth and performance of

Chrysanthemum ‘Merlino’ was studied in relation to the

rhizosphere microbiome. Chrysanthemum is an ornamental plant

belonging to the Asteraceae family and holds significant economic

value worldwide, ranking second only to rose in the cut flower trade.

In addition to its use as a cut flower, Chrysanthemum is widely

cultivated for gardening, ornamental landscaping, and as a potted

plant. Furthermore, the species finds applications in various

industries, including medicine, food, and beverages.

We hypothesize that artificial root exudates will change the

composition and activity of the rhizosphere microbiome in

horticultural media and that these effects benefit plant growth

and performance. Moreover, as composts are richer in

microorganisms than peat-based horticultural media, we expect a

synergistic effect of artificial root exudates on the rhizosphere

microbiome and plant growth in compost-based media.
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To study this, Chrysanthemum ‘Merlino’ plants were grown in

four substrates, either with or without compost in which artificial

root exudates were added in two different compositions. Plant

growth promotion was measured by focusing on plant

physiological parameters. In addition, we studied changes in the

microbial community composition making use of 16S rRNA

(bacteria) and ITS (fungi) metabarcoding for taxonomical

changes and BioLog Ecoplates to study metabolic profiles.
2 Materials and methods

2.1 Container trial with Chrysanthemum
‘Merlino’

A container trial with Chrysanthemum ‘Merlino’ (Asteraceae,

Asterales) was set up in which the growth and performance of the

plants were evaluated. An overview of the experiment can be found

in Figure 1.

Four different horticultural substrates were used. Three green

composts (G, P, and W) from different installations, i.e.,

Limburg.net (Belgium), IOK (Belgium), and IGEAN (Belgium),

were mixed with peat in a 60:40 vol% ratio. Although these green

composts were sourced from different waste management

installations within the same region, variations in local waste

streams and composting techniques likely resulted in distinct

compost characteristics. All three composts have a VLACO

quality label, indicating they comply with the legal requirements

to be used as a fertilizer or soil improver. A standard 100 vol%

peat-based substrate (Agaris, Belgium) was used as a reference (S).

To account for differences in nitrogen level between the different
FIGURE 1

Set-up of the container trial with Chrysanthemum ‘Merlino’. Four substrates were used: one 100 vol% peat-based substrate (S) and three different
compost-based substrates with 40 vol% peat and 60 vol% green compost (G, P, and W). In addition, three concentrations of artificial root exudates were
used: 0 mg C g−1 substrate and 0 mg N g−1 substrate (demineralized water; 0), 100 mg C g−1 substrate and 6 mg N g−1 substrate (1) and 250 mg C g−1

substrate and 15 mg N g−1 substrate (2). Five biological replicates were planted for each treatment, resulting in 60 plants. (Icons from
thenounproject.com; created by Webtechops LLP, Vectors Point, and Guillhem from the Noun project).
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horticultural substrates, fertilizers were mixed in the four different

substrates based on their initial NO3-N and NH4-N content

(Supplementary Table S1), which was determined using a Skalar

San ++ Continuous Flow Analyzer (Skalar, Breda, The

Netherlands). The N content of each substrate was equated to

618 mg N L−1 with Osmocote Exact Standard 3-4 M (16-9-12

(NPK) + 2 MgO + TE; ICL Speciality Fertilizers, Belgium). P, Ca,

Mg, K, and Na were extracted from the fertilized substrates (1:5 v/

v) in 0.5 M ammonium acetate buffered with 96% acetic acid at pH

4.65, and the K, Mg, Ca, and P concentration in the extract was

measured by ICP-OES. The pH-H2O was measured in a 1:5 v/v

water extract according to EN13037 (CEN, 2011) (Supplementary

Table S2).

The fertilized substrates were put in pots (600 g substrate/pot).

Subsequently, a rooted cutting of Chrysanthemum ‘Merlino’ was

planted in each pot (obtained from Dataflor, Beselare, Belgium). In

total, 60 plants were planted. The plants were arranged in a growth

chamber in a completely random design (21°C, 12 h light – 12 h

dark, RH 70%) and grown for 13 weeks. The substrates were kept

moist during the experiment by adding water by hand three times a

week. Each plant was given the same amount of water each time

they were watered. No additional fertilizer was applied during

the experiment.

Starting from the third week of the experiment, artificial root

exudates were applied to the plants three times a week. A stock

solution with a concentration of 2.5 mg CmL−1 and 150 mg NmL−1

(C/N of 16.67) was prepared according to Griffiths et al. (1998)

(Table 1). This solution was based on a range of common root

exudate compounds. Three different concentrations of artificial root

exudates were added to the plants: 0 mg C g−1 substrate and 0 mg N

g−1 substrate (demineralized water; 0), 100 mg C g−1 substrate and 6

mg N g−1 substrate (1), and 250 mg C g−1 substrate and 15 mg N g−1

substrate (2). For concentration 1, each pot received 2.34 g C and

0.14 g N throughout the experiment. For concentration 2, each pot

received 5.85 g C and 0.35 g N throughout the experiment. The

combination of four substrates and three concentrations of artificial

root exudates resulted in 12 treatments (S0, S1, S2, G0, G1, G2, P0,

P1, P2, W0, W1, W2).
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2.2 Measurements of plant growth and
performance

Plant height was measured weekly with a ruler. At the end of the

experiment, plant height and diameter were manually measured

with a ruler. Root development was scored using a scoring system

based on the root system visible at the surface of the substrate

(Supplementary Figure S1). A 1–3 score was given based on the

number of visible lateral roots, with 1, few lateral roots; 2, a

moderate number of lateral roots; and 3, a large number of lateral

roots, which are all over the substrate surface. Above ground fresh

and dry mass was determined at the end of the experiment. By

cutting, aboveground plant material was separated from the roots

and weighed. The plant material was then dried at 70°C for 4 days

and weighed again.

Photosynthetic performance was monitored weekly and at the

end of the experiment using nondestructive chlorophyll a

fluorescence measurements. Chlorophyll a fluorescence

measurements were carried out using a Handy PEA fluorometer

(Plant Efficiency Analyser, Hansatech, King’s Lynn, United

Kingdom) and were taken on young, fully developed leaves.

Measurements were performed using a saturating pulse of 3,500

mmol m–2 s–1, pulse duration of 1 s, and fixed gain (1.1 ×). Before

the measurements, leaves were allowed to dark adapt for 15 min

using light-withholding clips (Hansatech). The light level of the

saturating pulse and the minimal dark period were experimentally

determined beforehand to obtain true values for the chlorophyll a

fluorescence parameters. Chlorophyll fluorescence parameters

describing the maximum quantum efficiency of PSII (Fv/Fm) and

performance index (PIabs) were calculated.

At the end of the experiment, the quality of the plants was

evaluated using a scoring system used in the horticultural sector to

determine the commercial value of a plant (PCS Ornamental Plant

Research). It is based on an assessment of the overall look of the

plants (Supplementary Figure S2). A 1–3 score was given, with 1 =

low quality; 2 = moderate quality; and 3 = high quality.

Relative water content of the leaves was determined according

to Ceusters et al. (2008) at the end of the experiment by sampling

punches of young, fully developed leaves of each plant and

calculated with the formula: (fresh weight − dry weight)/(turgid

weight − dry weight). Leaf punches were weighed after sampling to

determine fresh weight. Turgid weight was determined by floating

the leaf punches in plastic tubes filled with demineralized water for

6 h in darkness at 4°C. Dry weight was determined by putting the

leaf punches in an oven at 70°C for 4 days.

To determine leaf chlorophyll and carotenoid contents, leaves

were sampled from each plant (about 1 g) and chopped into small

pieces. Plant pigments were extracted by immersing the leaf

material in N, N-dimethylformamide (DMFA) at room

temperature for 72 h in darkness. The supernatant was used to

determine the absorbance at 647 nm (A647), 664 nm (A664), and

470 nm (A470) (Genesys 10S UV-VIS, Thermo Fisher Scientific,

United States). These data were used to calculate the content of

chlorophyll a (Ca), chlorophyll b (Cb), total chlorophyll (C), and
TABLE 1 Composition of the stock solution of artificial root exudates
based on Griffiths et al. (1998).

Compound Concentration (mM)

Fructose 50

Glucose 50

Sucrose 50

Succinic acid 25

Malic acid 25

Arginine 12.5

Serine 12.5

Cysteine 12.5
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total carotenoids using the empirical formulas: Ca = 11.65 A664 –

2.69 A647; Cb = 20.81 A647 – 4.53 A664; C = Ca + Cb; carotenoids

= (1000 A470 – 0.89 Ca – 52.02 Cb)/245 (Moran and Porath, 1980;

Porra et al., 1989; Wellburn, 1994).
2.3 Rhizosphere sampling

The rhizosphere of all samples was sampled three days after the

last application of artificial root exudates as described in detail in

Lundberg et al. (2012). In this process, soil loosely adhering to the

roots was manually dislodged, and the roots were placed within a 50

mL tube along with 25 mL of phosphate buffer. Through vortexing,

the rhizosphere soil was liberated from the roots. The resulting

mixture was subsequently passed through a 100 µm nylon mesh cell

strainer into a fresh 50 mL tube to remove plant components and

large sediments. To create a pellet (weighing 250 mg) representing

the rhizosphere sample, the filtered solution underwent

centrifugation at 3,000 g for 15 minutes. Samples for

determination of enzyme activities and community-level

physiological profiling (Biolog EcoPlates) were stored for two

weeks at 4°C awaiting further analysis, and samples for

metabarcoding were stored at −20°C.
2.4 Determination of enzyme activities

The activity of urease, alkaline phosphatase, and dehydrogenase

was determined in all rhizosphere samples, according to Shen

et al. (2006).

For urease activity, 1 g of the rhizosphere samples was added to

5 mL of phosphate buffer (0.1 mol L−1, pH 6.7) and 0.5 mL of

toluene. After 15 minutes, 5 mL of 10% urea was added. The

mixture was incubated at 37°C for 24 h. After incubation, 10 mL of

1 mol L−1 1 KCl was added to the mixture. The mixture was shaken

at 200 rpm for 10 minutes and centrifuged at 17,000 g for 10

minutes. Subsequently, 1 mL of supernatant was mixed with 8 mL

distilled water, 0.5 mL of 25% (w/w) potassium sodium tartrate, 0.3

mL of 1 mol L−1 NaOH, and 0.1 mL of Nessler reagent. After 10

minutes, the absorbance at 460 nm was measured. A control

without urea was used for each sample. Urease activity was

expressed as g NH3 produced L−1 substrate.

For alkaline phosphatase activity, 1 g of the rhizosphere samples

was added to 5 mL of 0.5% disodium phenyl phosphate and 0.2 mL

of toluene. This solution was incubated at 37°C for 2 h and

centrifuged at 17,000 g for 10 min. Subsequently, 1 mL of

supernatant was diluted to 5 mL with distilled water, 4 mL of

borate buffer (0.05 mol L−1, pH 10), 0.5 mL of 2% (w/w) 4-amino

antipyrine, and 0.5 mL of 8% (w/w) potassium ferricyanide were

added. The absorbance at 510 nm was measured. Phosphatase

activity was expressed as g P released L−1 substrate.

For dehydrogenase activity, 1 g of the rhizosphere samples was

added to 0.1 g of CaCO3, 2 mL of 1% 2,3,5-triphenyl tetrazolium

(TTC), and 1.5 mL of distilled water. The solution was incubated at
Frontiers in Horticulture 05
30°C for 24 h. After incubation, the oxidized TTC was extracted by

shaking at 200 rpm at room temperature with 7 mL of acetone for

30 min and centrifuging at 17,000 g for 10 min. The absorbance of

the supernatant was measured (485 nm). Dehydrogenase activity

was expressed as g TTC oxidized L−1 substrate.
2.5 Community-level physiological
profiling using Biolog EcoPlates

Each rhizosphere sample was analyzed using Biolog EcoPlates

(Biolog, Inc., CA, USA) as described in Pot et al. (2022a). The

metabolic activity, functional diversity, and Rsi values were

calculated as described in Pot et al. (2022a).
2.6 DNA extraction and 16S rRNA gene and
ITS2 region metabarcoding

DNA was extracted from each rhizosphere sample (250 mg)

using the DNeasy Powersoil Pro Kit (QIAGEN, Germantown, MD,

USA), according to the manufacturer’s instructions. DNA was

stored at −20°C until metabarcoding. Metabarcoding on the V3–

V4 fragment of the 16S rRNA gene and the rDNA-ITS2 region was

done as described in (Pot et al., 2022a). Sequencing of the reads was

done through Illumina MiSeq v3 technology, 2x 300bp by Admera

Health (United States). Reads are available for download at the

NCBI SRA under project number PRJNA913777. Sequences were

processed as described in detail in (Pot et al., 2022a).
2.7 Statistical analysis

To determine the effect of substrate and concentration of the

artificial root exudates on plant growth, diameter, fresh and dry

plant mass, fluorescence parameters, relative water content,

chlorophyll, and carotenoid content, general linear models 20with

substrate and concentration of the artificial root exudate solution as

main effects and including all interaction terms, were used.

Assumptions were checked by looking into the diagnostic plots of

the models. Generalized linear models were used to test differences

in plant quality and root development, which included substrate

and concentration of the artificial root exudates as the main effects

and the interaction between them. Assumptions of linearity,

homogeneity of variances, and normality were checked before

analysis. Pairwise comparisons were made using contrasts

between least square means and were corrected for multiple

testing by Tukey’s HSD.

General linear models were used to determine differences in

enzyme activity, including substrate and concentration of the

artificial root exudate solution as main effects and their

interaction. Assumptions of linearity, homogeneity of variances,

and normality were checked before analysis. Pairwise comparisons

were made using contrasts between least square means.
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A general linear model, including substrate and concentration

of the artificial root exudate solution as main effects and their

interaction, was used to determine differences in metabolic activity

and functional diversity between the treatments. Assumptions of

linearity, homogeneity of variances, and normality were checked

before analysis. Pairwise comparisons were made using contrasts

between least square means and were corrected for multiple testing

by Tukey’s HSD. Differences in functional community composition

determined with Biolog EcoPlates were visualized using PCA on the

Rsi values. The effect of substrate and concentration of the artificial

root exudate solution on the functional community composition

was determined using PERMANOVA analysis.

For the metabarcoding data, a sequence table was constructed

for bacteria and fungi, respectively. All analyses were done for each

of these sequence tables. First, ASVs with less than two counts per

million in at least five samples were removed to exclude low

abundant reads. Second, the Shannon diversity index was

calculated using the vegan package (version 2.5.7) in R (version

4.0.4) (Oksanen et al., 2022) to determine alpha diversity. A general

linear model including substrate and concentration as main effects

and their interaction was used to find significant differences in

diversity between the treatments. Assumptions of linearity,

homogeneity of variances, and normality were checked before

analysis. Pairwise comparisons were studied using contrasts

between least square means. Third, beta diversity was studied.

Absolute ASV counts were transformed to relative abundances,

and a dissimilarity matrix (based on the Bray-Curtis dissimilarity

index) was calculated. The homogeneity of the variances was

checked for this dissimilarity matrix using the betadisper

function. The condition of homogeneity of variances was fulfilled

in all substrates, except for substrates P and W (P = 0.002 for both

substrates) in the fungal dataset, indicating sample heterogeneity.

The effect of substrate and concentration on the community

composition was tested using a PERMANOVA analysis of the

dissimilarity matrix, making use of the adonis function in R.

PCoA was used on the dissimilarity matrix to visualize the

observed differences. Fourth, relative abundances of the most

abundant genera in each treatment were studied. Fifth, the effect

of substrate and concentration on relative abundances was tested

using the edgeR package (version 3.32.1) (Robinson et al., 2010), as

described in Pot et al. (2021). P-values less than 0.05 were

considered significant. Briefly, differential abundance in the soil

microbiome was assessed for the effect of different substrates (S, G,

P and W) and the different concentrations (0, 1, 2) of root exudates

added. The hypotheses of interest were tested by building a specific

contrast, comparing the estimated mean differences in between root

exudates treatments and substrate types. The data were normalized

with the trimmed mean of M values (TMM) that corrects the

effective library size of the count tables. A generalized linear model

with negative binomial distribution (nbGLM) was applied to the

counts for each ASV with substrate and root exudate concentration

as two main effects. The significance of the ASV was inferred with a

quasi-likelihood F-test with a Benjamin-Hochberg False Discovery

Rate [FDR] of 5% to adjust for multiple corrections.
Frontiers in Horticulture 06
3 Results

3.1 A high concentrations of artificial root
exudates results in lower root
development

No significant effect of artificial root exudates on fresh plant mass

was found within the different substrates, whereas for substrate S,

concentration 0 showed significantly higher dry plant mass than

concentration 2 (P = 0.04). In addition, aboveground plant growth,

diameter, and quality were not altered by the presence of artificial root

exudates in the different substrates. However, concentration 2 of artificial

root exudates resulted in significantly lower root development than

concentration 0 (P = 0.04). (Figure 2). No significant effects of substrate

or concentration were found on the relative water content of the plants

or total chlorophyll and carotenoid concentrations.

No significant effect of artificial root exudates on Fv/Fm was

found over time in substrates G, W, and P. From week 6 onwards, a

significant difference in Fv/Fm was found between concentration 0

and concentration 2 (P < 0.001) and between concentration 1 and

concentration 2 in substrate S (P < 0.001), with concentration 2

showing a significantly lower Fv/Fm (Figure 3A). No significant

effect of artificial root exudates on PIabs was found over time in

substrates G, P, and W. From week 5 onwards, a significant

difference in PIabs was found between concentration 0 and

concentration 2 in substrate S (P < 0.001), with concentration 2

showing a significant lower PIabs. Moreover, between weeks 5 and

7, a significant difference in PIabs was found between concentration

1 and concentration 2 in substrate S (P = 0.005), with concentration

2 showing significantly lower PIabs (Figure 3B).
3.2 Artificial root exudates alter the
bacterial and fungal community in the
rhizosphere of Chrysanthemum in peat-
and compost-based substrates

On average 48,856 ± 2,535 reads per sample for the bacterial

dataset and 65,461 ± 4,062 reads per sample for the fungal dataset

were obtained, which resulted in the identification of 13,992

bacterial and 5,925 fungal ASVs. Artificial root exudates caused a

shift in the bacterial and fungal community composition of peat-

based and compost-based substrates (Figure 4). Based on the first

axis, explaining 22.8% of the total variance for the bacteria and

45,1% for the fungi, we could see that there is a separate clustering

based on the addition of the different concentrations of the artificial

root exudates. Therefore, these were more determining than the

different substrates, which clustered according to the second axes on

the PCoA plot and explained 18,7% and 14.2% of the variance for

the bacteria and fungi accordingly (Figure 4).

The interaction between the substrate and the concentration of

artificial root exudates was shown to be significant (PERMANOVA;

P = 0.001 and P = 0.001) for bacteria and fungi. Within each

substrate, a significant effect of concentration was observed
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(bacteria: P = 0.001 for all four substrates, and fungi: P = 0.001 for S,

G, and P, and P = 0.002 for W). Overall, the bacterial and fungal

community composition of the peat-based substrate showed a clear

shift compared to the three compost-based substrates, which were

more equal concerning bacterial and fungal community
Frontiers in Horticulture 07
composition. Moreover, artificial root exudates seemed to have

the largest effect on the compost-based substrates, especially for the

fungal community. The shift between the lowest concentration

(concentration 0) and concentrations 1 and 2 was notably larger

than between concentrations 1 and 2.
FIGURE 2

(A) Boxplots (n = 5) of aboveground plant growth (cm) (A), plant diameter (cm) (B), fresh mass of plants (g) (C), dry mass of plants (g) (D), relative
water content of the plants (E), total chlorophyll concentrations (mg/g) (F), carotenoid concentrations (mg/g) (G), and bar plots (n=5) of proportions
of quality scores (1: low quality; 2: moderate quality; and 3: good quality) (H), proportions of root scores (1: few lateral roots; 2: a moderate number
of lateral roots; and 3: a large number of lateral roots all over the substrate surface) (I) in the different treatments. Letters indicate significant
differences between the different concentrations of artificial root exudate solutions (0 = 0 µg C g−1 substrate and 0 µg N g−1 substrate, 1 = 100 µg C
g−1 substrate and 6 µg N g−1 substrate; 2 = 250 µg C g−1 substrate and 15 µg N g−1 substrate) within the peat-based substrate (S) and the three
different compost-based substrates (G, P, and W) (general linear model, contrasts between least square means; P < 0.05).
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To study the organisms that drive these different community

profiles, the microbial community composition between the

different treatments was studied in more detail by investigating,

(1) the composition of the most abundant genera and (2)

differential abundances.
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For the compost-based substrates (G, P, and W), the top ten

most abundant bacterial and fungal genera were similar between

concentrations 1 and 2 of artificial root exudates, while the top ten

most abundant bacterial and fungal genera in concentration 0

showed more differences (Supplementary Figures S3 and
FIGURE 3

Fv/Fm (A) and PIabs (B) in the different treatments over 12 weeks. 95% confidence intervals are shown as shaded areas. Colors indicate the different
concentrations (0 = 0 µg C g−1 substrate and 0 µg N g−1 substrate, 1 = 100 µg C g−1 substrate and 6 µg N g−1 substrate; 2 = 250 µg C g−1 substrate
and 15 µg N g−1 substrate) in the different substrates (S = peat-based substrate; G, P, and W = compost-based substrates).
FIGURE 4

Shifts in bacterial and fungal community composition between the different treatments. Principal Coordinate Analysis (PCoA) profile of pairwise
community dissimilarity (Bray-Curtis) indices of bacterial (16S V3-V4 rRNA gene) (A) and fungal (ITS2 region) (B) sequencing data. Colors indicate the
four types of substrates (S = peat-based substrate; G, P, and W = compost-based substrates), whereas shapes show the three concentrations of
artificial root exudates (0 = 0 µg C g−1 substrate and 0 µg N g−1 substrate, 1 = 100 µg C g−1 substrate and 6 µg N g−1 substrate; 2 = 250 µg C g−1

substrate and 15 µg N g−1 substrate).
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Supplementary Figure S4). For the peat-based substrate (S), the top

ten most abundant bacterial and fungal genera were similar between

the three concentrations of artificial root exudates.

In addition, the differential abundances of bacterial and fungal

phyla, families, and genera were studied (Supplementary Table S3)

by difference in concentration. For bacteria and fungi, the number

of differentially abundant taxa changed more between

concentration 0 and concentration 1 or 2 compared to the

number of differentially abundant taxa between concentration 1

and concentration 2, and this for all four substrates. This indicates

that the addition of artificial root exudates had a higher effect than a

change in its concentration. For bacteria, the largest number of

differentially abundant genera for the compost-based substrates G,

P, and W was seen between concentration 0 and concentration 2,

while the largest number of differentially abundant genera for the

peat-based substrate S was observed between concentration 0 and 1.

The number of differentially abundant taxa between concentration

0 and concentration 1 and between concentrations 0 and 2 were

more similar for fungi.

The differentially abundant bacterial and fungal genera (relative

abundance > 0.01) between the different concentrations of artificial

root exudates within each substrate are shown in more detail in

Tables 2, 3, respectively. One bacterial genus, Taibaiella, was

significantly more abundant in concentration 2 compared with

concentration 0 for all four substrates. The bacterial genera

Arachidococcus, Nakamurella, Pseudarthrobacter, and TM7a were

significantly more present in concentrations 1 and 2 compared to

concentration 0; whereas Panearthrobacter was more abundant in

concentration 1 compared to concentration 0 in all three compost-

based substrates. Moreover, the genera, Microbacterium ,

Pseudaminobacter, and Rhodanobacter, were significantly more

abundant in concentration 2 compared to concentration 0 in all

three compost-based substrates. For fungi, Clitopilus was

significantly less present in concentration 1 and 2 compared with

concentration 0 in all four substrates, while two fungal genera,

Solicoccozyma and Saitozyma, were significantly more present in

concentration 1 and concentration 2, respectively, compared with

concentration 0 in all four substrates. The fungal genus, Coprinellus,

was significantly less abundant in concentration 1 compared with

concentration 0 in all three compost-based substrates. In addition,

the fungal genus Candida was significantly more abundant in

concentration 2 compared with concentration 0 in the three

compost-based substrates. No genera commonly known to

include plant-growth-promoting species were found to be

increased in relative abundance in response to artificial root

exudates in the four horticultural substrates.

At last, bacterial and fungal diversity was compared between the

different concentrations of artificial root exudates in each substrate.

No significant effects of artificial root exudates were found for

bacterial diversity in the different horticultural substrates. For

fungal diversity, concentrations 1 and 2 showed a significantly

lower fungal diversity than concentration 0 (P < 0.001 for both

concentrations in the four horticultural substrates) (Figure 5).
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3.3 Artificial root exudates increase
metabolic diversity and activity of alkaline
phosphatase and urease

Multiple mechanisms have been suggested by which root

exudates may reshape the microbiome s studied by the Biolog

Ecoplates between treatments, which is also reflected in the PCA

plot (Supplementary Figure S5). On the other hand, the

concentration of the artificial root exudates significantly affected

metabolic activity and functional diversity. Concentration 2

resulted in a significantly higher average well color development

(AWCD) compared to concentration 1 (P = 0.02) and a significantly

higher functional diversity compared to concentration 0 (P = 0.01)

in all horticultural substrates. Moreover, concentration 2 showed a

significantly higher AWCD of carboxylic acids (P = 0.02) and

polymers (P = 0.02) than concentration 1 in all substrates

(Figure 6). This indicates that, although the overall physiological

profiles of the microbial communities remained stable, their

metabolic activity and functional diversity were significantly

affected by the concentration of the artificial root exudates.

The substrate and concentration of artificial root exudates had

no significant effects on the dehydrogenase activity. The

concentration of artificial root exudates had a significant effect on

the activity of alkaline phosphatase and urease, with concentration 2

showing a significantly higher alkaline phosphatase (P <no><</no>

0.001) and urease activity (P = 0.01) than concentration 0 in all

substrates (Figure 7).
4 Discussion

In this study, we investigated the effect of two concentrations of

artificial root exudates (100 µg C g−1 substrate and 250 µg C g−1

substrate) in one peat-based and three compost-based horticultural

substrates on plant growth and performance of Chrysanthemum

‘Merlino’ in relation to the rhizosphere microbiome.

Our study only partially confirmed our initial hypothesis. While

we successfully demonstrated that artificial root exudates can

significantly alter the rhizosphere microbiome, the anticipated

benefits to plant growth and performance were not realized. In

fact, our findings revealed a more complex interaction between

artificial root exudates, the rhizosphere microbiome, and plant

health. As hypothesized, the artificial root exudates did indeed

cause substantial shifts in both bacterial and fungal community

compositions across peat-based and compost-based substrates. We

observed significant changes in microbial community structure,

with the concentration of artificial root exudates being a more

determining factor than the substrate type. The metabolic diversity

of bacteria increased, and enzyme activities were enhanced,

suggesting active microbial responses to the artificial exudates.

However, contrary to our expectations, these microbiome changes

did not translate into improved plant growth or performance.

Instead, higher concentrations of artificial root exudates led to
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TABLE 2 Differential abundant bacterial genera in the different concentrations of artificial root exudates in each substrate (n=5).

S.

Genus S0 S1 S2

Aeromicrobium 1.10E-02 ± 2.11E-03 1.73E-03 ± 6.59E-04 * 2.18E-03 ± 5.08E-04 *

Bordetella 3.58E-03 ± 9.48E-04 2.86E-02 ± 5.27E-03 * 1.65E-02 ± 3.21E-03

Chitinophaga 6.23E-04 ± 2.23E-04 1.46E-02 ± 3.46E-03 * 1.60E-02 ± 5.45E-03 *

Gryllotalpicola 3.75E-03 ± 6.29E-04 3.09E-03 ± 4.29E-04 * 7.14E-03 ± 1.67E-03

Lysobacter 1.05E-02 ± 1.69E-03 3.33E-04 ± 1.34E-04 * 7.25E-03 ± 1.73E-03

Mucilaginibacter 1.54E-02 ± 3.50E-03 7.51E-03 ± 1.20E-03 * 4.58E-03 ± 5.25E-04 *

Occallatibacter 1.11E-02 ± 6.24E-03 2.48E-03 ± 7.95E-04 * 4.64E-04 ± 1.63E-04

Pseudolabrys 2.10E-02 ± 2.32E-03 2.10E-03 ± 7.12E-04 1.02E-02 ± 2.58E-03 *

Streptomyces 2.00E-02 ± 6.24E-03 8.46E-03 ± 8.80E-04 2.58E-03 ± 6.93E-04 *

Taibaiella 1.18E-03 ± 6.17E-04 5.04E-03 ± 1.87E-03 1.02E-02 ± 1.74E-03 *
F
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G.

Genus G0 G1 G2

Acidovorax 1.78E-02 ± 6.49E-03 3.88E-04 ± 3.88E-04 0.00E00 ± 0.00E00 *

Arachidicoccus 7.92E-04 ± 2.86E-04 4.52E-02 ± 1.06E-02 * 4.62E-02 ± 1.24E-02 *

Burkholderia 1.60E-02 ± 8.43E-03 4.03E-02 ± 8.24E-03 * 1.66E-02 ± 4.21E-03 #

Dongia 1.08E-02 ± 1.28E-03 4.78E-03 ± 1.02E-03 2.63E-03 ± 4.88E-04 *

Lacunisphaera 1.07E-02 ± 2.04E-03 4.58E-03 ± 2.79E-03 1.61E-04 ± 1.01E-04 *

Limnobacter 7.09E-02 ± 3.50E-02 1.27E-03 ± 1.24E-03 * 0.00E00 ± 0.00E00 *

Lysobacter 7.02E-03 ± 3.52E-03 1.37E-02 ± 1.99E-03 * 1.88E-02 ± 1.58E-03 *

Microbacterium 7.45E-04 ± 1.27E-04 5.42E-03 ± 9.24E-04 * 1.31E-02 ± 3.03E-03 *

Nakamurella 2.54E-04 ± 1.24E-04 2.55E-02 ± 3.99E-03 * 7.80E-03 ± 1.54E-03 *

Opitutus 1.14E-02 ± 2.13E-03 5.42E-03 ± 1.61E-03 1.33E-03 ± 3.21E-04 *

Paenarthrobacter 4.23E-03 ± 2.45E-03 1.73E-02 ± 4.96E-03 * 1.40E-02 ± 4.26E-03 *

Pseudaminobacter 3.87E-03 ± 5.10E-04 6.26E-03 ± 3.67E-04 1.71E-02 ± 2.13E-03 * #

Pseudarthrobacter 8.39E-04 ± 3.39E-04 2.64E-02 ± 5.25E-03 * 1.16E-02 ± 2.04E-03 *

Rhodanobacter 1.11E-02 ± 4.98E-03 7.39E-02 ± 1.49E-02 * 1.31E-01 ± 1.43E-02 *

Taibaiella 8.00E-04 ± 2.61E-04 4.89E-03 ± 1.24E-03 * 1.74E-02 ± 1.90E-03 *

Terrimonas 1.69E-02 ± 5.78E-03 1.74E-03 ± 4.78E-04 * 1.28E-03 ± 2.10E-04 *

TM7a 4.81E-03 ± 9.74E-04 1.01E-01 ± 2.39E-02 * 6.58E-02 ± 1.04E-02 *
P

Genus P0 P1 P2

Allorhizobium 1.94E-02 ± 5.03E-03 1.08E-02 ± 2.53E-03 3.62E-03 ± 7.24E-04 *

Arachidicoccus 1.74E-03 ± 7.15E-04 2.68E-02 ± 6.23E-03 * 4.93E-02 ± 1.33E-02 * #

Glutamicibacter 0.00E00 ± 0.00E00 4.17E-03 ± 7.84E-04 * 1.86E-02 ± 6.76E-03 * #

Kribbella 1.66E-02 ± 6.19E-03 4.07E-03 ± 1.26E-03 5.96E-04 ± 3.54E-04 *

Lechevalieria 1.12E-02 ± 2.79E-03 3.44E-03 ± 6.59E-04 7.40E-04 ± 2.54E-04 *

Microbacterium 1.39E-03 ± 3.59E-04 7.17E-03 ± 2.20E-03 * 1.05E-02 ± 8.47E-04 * #

(Continued)
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reduced root development and, in peat-based substrates, signs of

plant stress. The anticipated synergistic effect in compost-based

media was not observed, challenging our initial hypothesis about

the potential of artificial root exudates to promote plant growth.

Our results show that artificial root exudates can shift the

bacterial and fungal community composition of peat-based and

compost-based substrates. Our results corroborate the effects

previously evidenced in mineral soils: it confirms the role of

exudates as one of the main drivers for the rhizosphere

microbiome (Walker et al., 2003) and furthermore evidences that
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mimicking this effect artificially (Steinauer et al., 2016) holds

potential for the horticultural sector. For mineral soils, Baudoin

et al. (2003) showed that daily inputs of artificial root exudates at

100 µg C g−1 dry soil for 14 days resulted in restructuring the

bacterial communities in bulk and rhizosphere soils. Kozdrój and

van Elsas (2000) showed that artificial root exudates, based on the

composition of root exudates of maize, affected the structure of

bacterial communities in mineral soils polluted with heavy metals.

Li et al (2021) demonstrated that artificial root exudates, consisting

of sugars, amino acids, and organic acids, affected the bacterial
TABLE 2 Continued

P

Genus P0 P1 P2

Nakamurella 1.72E-04 ± 1.23E-04 2.64E-02 ± 4.10E-03 * 8.29E-03 ± 3.35E-03 * #

Paenarthrobacter 8.33E-03 ± 2.14E-03 3.39E-02 ± 3.02E-03 * 2.24E-02 ± 6.77E-03

Pseudaminobacter 3.78E-03 ± 4.06E-04 3.45E-03 ± 8.00E-04 1.22E-02 ± 2.17E-03 * #

Pseudarthrobacter 2.85E-03 ± 6.86E-04 5.52E-02 ± 5.30E-03 * 6.70E-02 ± 9.88E-03 * #

Rhodanobacter 1.78E-02 ± 2.71E-03 4.07E-02 ± 9.40E-03 1.06E-01 ± 1.65E-02 * #

Sphingomonas 1.06E-02 ± 1.67E-03 5.16E-03 ± 2.17E-03 1.59E-03 ± 1.76E-04 * #

Streptomyces 2.36E-02 ± 4.26E-03 7.20E-03 ± 1.37E-03 4.13E-03 ± 1.37E-03 * #

Taibaiella 9.21E-04 ± 2.01E-04 3.57E-03 ± 1.38E-03 1.48E-02 ± 4.33E-03 * #

TM7a 9.42E-03 ± 1.82E-03 1.10E-01 ± 7.96E-03 * 4.99E-02 ± 3.95E-03 * #
W.

Genus W0 W1 W2

Allorhizobium 1.10E-02 ± 2.01E-03 1.86E-03 ± 7.54E-04 * 4.92E-03 ± 1.65E-03

Arachidicoccus 5.85E-04 ± 2.05E-04 4.41E-02 ± 1.07E-02 * 7.69E-02 ± 1.63E-02 *

Burkholderia 1.28E-02 ± 3.82E-03 2.72E-02 ± 4.20E-03 * 3.04E-02 ± 1.00E-02 *

Flavobacterium 1.35E-02 ± 5.86E-03 1.19E-02 ± 3.09E-03 2.82E-03 ± 3.92E-04 *

Glutamicibacter 9.98E-05 ± 6.39E-05 1.69E-02 ± 3.93E-03 * 1.52E-02 ± 2.78E-03 *

Glycomyces 1.48E-02 ± 4.62E-03 1.70E-04 ± 1.70E-04 0.00E00 ± 0.00E00 *

Microbacterium 1.93E-03 ± 3.57E-04 4.15E-03 ± 2.57E-04 1.77E-02 ± 4.30E-03 *

Nakamurella 1.19E-03 ± 1.01E-04 1.50E-02 ± 4.27E-03 * 9.89E-03 ± 2.51E-03 *

Opitutus 1.71E-02 ± 2.86E-03 2.50E-03 ± 5.29E-04 * 1.34E-03 ± 4.78E-04 *

Paenarthrobacter 8.48E-03 ± 2.00E-03 3.49E-02 ± 5.07E-03 * 1.77E-02 ± 4.01E-03

Promicromonospora 1.82E-02 ± 6.61E-03 1.15E-03 ± 4.56E-04 6.15E-04 ± 3.41E-04 *

Pseudaminobacter 5.34E-03 ± 6.34E-04 1.12E-02 ± 1.09E-03 * 1.72E-02 ± 6.88E-04 *

Pseudarthrobacter 2.86E-03 ± 7.42E-04 5.47E-02 ± 1.19E-02 * 2.98E-02 ± 3.98E-03 *

Rhodanobacter 1.38E-02 ± 1.28E-03 8.15E-02 ± 2.02E-02 * 9.08E-02 ± 1.99E-02 *

Streptomyces 2.69E-02 ± 1.87E-03 7.33E-03 ± 2.30E-03 4.48E-03 ± 1.64E-03 *

Taibaiella 1.37E-03 ± 4.49E-04 9.85E-03 ± 3.69E-03 * 1.17E-02 ± 3.65E-03 *

TM7a 9.50E-03 ± 9.68E-04 5.34E-02 ± 7.63E-03 * 6.19E-02 ± 2.14E-03 *
Relative abundances ± se of differential abundant bacterial genera in the different concentrations of artificial root exudates (0 = 0 µg C g−1 substrate and 0 µg N g−1 substrate, 1 = 100 µg C g−1

substrate and 6 µg N g−1 substrate; 2 = 250 µg C g−1 substrate and 15 µg N g−1 substrate) in the peat-based substrate S, and the three compost-based substrates G, P and W. (*a significant
difference compared to concentration 0; #a significant difference compared to concentration 1; Green: a significant increase in relative abundance.
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TABLE 3 Differential abundant fungal genera in the different concentrations of artificial root exudates in each substrate.

S.

Genus S0 S1 S2

Blastobotrys 2.45E-03 ± 4.36E-04 1.36E-02 ± 2.51E-03 * 1.17E-02 ± 3.70E-03 *

Clitopilus 6.85E-03 ± 2.98E-03 5.86E-05 ± 3.01E-05 * 5.91E-05 ± 4.58E-05 *

Leucosporidium 9.20E-03 ± 2.73E-03 4.21E-04 ± 2.72E-04 * 1.66E-04 ± 7.99E-05 *

Saitozyma 1.52E-02 ± 2.93E-03 6.93E-02 ± 1.45E-03 * 4.64E-02 ± 3.40E-03 *

Debaryomyces 6.98E-03 ± 4.68E-03 5.87E-04 ± 1.27E-04 * 6.29E-03 ± 3.39E-03

Mortierella 6.42E-02 ± 1.86E-02 5.22E-03 ± 1.32E-03 * 4.17E-02 ± 1.30E-02 #

Solicoccozyma 1.76E-02 ± 4.11E-03 5.36E-02 ± 2.71E-03 * 2.71E-02 ± 3.26E-03

Wickerhamomyces 9.72E-04 ± 5.61E-04 1.34E-04 ± 4.90E-05 6.39E-03 ± 3.85E-03 #
F
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G.

Genus G0 G1 G2

Blastobotrys 1.00E-03 ± 1.33E-04 2.14E-03 ± 7.30E-04 7.00E-03 ± 8.16E-04 * #

Byssochlamys 5.33E-03 ± 1.66E-03 0.00E00 ± 0.00E00 * 6.70E-05 ± 6.70E-05 *

Candida 4.22E-02 ± 1.22E-02 1.34E-01 ± 3.96E-02 2.58E-01 ± 2.77E-02 *

Clitopilus 4.16E-02 ± 2.75E-02 7.26E-04 ± 2.09E-04 * 7.69E-05 ± 4.85E-05 *

Coprinellus 4.79E-02 ± 1.37E-02 1.04E-03 ± 3.00E-04 * 7.55E-04 ± 2.41E-04 *

Coprinus 9.47E-02 ± 2.81E-02 3.98E-03 ± 1.26E-03 * 2.87E-03 ± 5.93E-04 *

Debaryomyces 2.24E-03 ± 6.98E-04 2.70E-03 ± 1.08E-03 4.08E-02 ± 3.02E-02 *

Oidiodendron 5.24E-03 ± 1.43E-03 2.49E-04 ± 1.33E-04 * 5.03E-05 ± 2.85E-05 *

Olpidium 4.67E-02 ± 3.37E-02 0.00E00 ± 0.00E00 * 1.69E-05 ± 1.69E-05 *

Saitozyma 8.37E-03 ± 1.35E-03 1.77E-02 ± 5.53E-03 1.92E-02 ± 2.38E-03 *

Solicoccozyma 1.25E-02 ± 3.31E-03 5.59E-02 ± 2.14E-02 * 2.93E-02 ± 6.57E-03 *

Thermomyces 7.06E-03 ± 3.09E-03 2.35E-04 ± 1.88E-04 0.00E00 ± 0.00E00 *

Wickerhamomyces 1.30E-03 ± 3.84E-04 8.48E-04 ± 6.47E-04 9.94E-03 ± 6.26E-03 *

Nadsonia 6.17E-03 ± 4.57E-04 9.21E-04 ± 2.72E-04 * 3.09E-03 ± 5.80E-04

Umbelopsis 6.28E-03 ± 7.48E-04 1.91E-03 ± 5.98E-04 * 3.10E-03 ± 7.67E-04
P.

Genus P0 P1 P2

Apiotrichum 3.14E-01 ± 2.12E-02 7.59E-01 ± 3.72E-02 * 6.77E-01 ± 5.61E-02 *

Blastobotrys 1.47E-03 ± 2.34E-04 1.34E-03 ± 3.08E-04 5.06E-03 ± 2.53E-03 * #

Candida 4.48E-02 ± 5.84E-03 1.19E-01 ± 2.41E-02 * 2.30E-01 ± 3.47E-02 * #

Clitopilus 8.51E-02 ± 4.70E-02 9.48E-04 ± 7.28E-04 * 1.27E-04 ± 5.69E-05 *

Saitozyma 7.94E-03 ± 1.13E-03 1.05E-02 ± 2.13E-03 1.40E-02 ± 5.47E-03 *

Solicoccozyma 7.90E-03 ± 8.96E-04 2.45E-02 ± 7.23E-03 * 3.21E-02 ± 1.72E-02 *

Coprinellus 6.23E-03 ± 3.36E-03 5.80E-04 ± 2.55E-04 * 4.11E-04 ± 1.63E-04

Mortierella 2.12E-01 ± 5.49E-02 3.36E-02 ± 1.71E-02 * 1.47E-02 ± 3.44E-03 #

Nadsonia 5.72E-03 ± 7.69E-04 9.13E-04 ± 2.76E-04 * 2.14E-03 ± 8.89E-04 #

Olpidium 6.30E-02 ± 6.30E-02 0.00E00 ± 0.00E00 * 6.36E-05 ± 6.36E-05

(Continued)
frontiersin.org

https://doi.org/10.3389/fhort.2025.1562929
https://www.frontiersin.org/journals/horticulture
https://www.frontiersin.org


Pot et al. 10.3389/fhort.2025.1562929
community composition of mineral soils affected by mining. Similar

to the studies executed in soil, our study showed artificial root

exudates mainly affects fungal diversity (Waldrop et al, 2006). On

the other hand, Vieira et al. (2020) showed that different bacteria are

associated with specific root exudates in soils, especially amino acids

and organic acids (Vieira et al., 2020). Other studies also indicate

that different artificial root exudates compounds influence specific

taxa in soil (Eilers et al., 2010; Hugoni et al., 2018; Shi et al., 2011)

and that organic acids have a greater impact on microbial

community composition than carbohydrates (Chen et al., 2019;

Shi et al., 2011). However, as our setup only included a single blend

of different compounds, we could not differentiate which

component has had the largest influence on certain taxa.

Furthermore, this study utilized artificial root exudate compounds

that were based on root exudate compounds commonly found in

various plants. However, it is important to note that the

composition of root exudates is highly plant-specific, yet very

little information is available on the root exudate composition of
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most plants, including Chrysanthemum. Moreover, the artificial

root exudate mix used in this study lacked signaling compounds

naturally found in root exudates, such as phenols, terpenes,

alkaloids, and flavonoids, which play key roles in shaping

microbial communities. The absence of these compounds may

have limited the ability of the artificial mix to fully mimic the

complex interactions occurring in the rhizosphere. Future

determination of which root exudate compounds may attract

beneficial microorganisms may allow us to steer the microbial

community composition in a more targeted way. Moreover, a

qualitative analysis of the root exudates of different plant species

may form the basis to produce a more effective, plant-specific

artificial root exudate solution (Dundek et al., 2014).

Multiple mechanisms have been suggested by which root

exudates may reshape the microbiome, including providing a

substrate or nutrient source for microbial growth, eliciting

chemotactic responses, facilitating root colonization, and limiting

microbial growth by acting as antimicrobial compounds (Rolfe
TABLE 3 Continued

P.

Genus P0 P1 P2

Symbiotaphrina 4.29E-04 ± 1.29E-04 7.54E-03 ± 2.91E-03 * 3.34E-04 ± 1.63E-04

Cirrenalia 2.75E-02 ± 7.41E-03 2.18E-03 ± 8.63E-04 9.77E-04 ± 1.26E-04 #

Debaryomyces 8.27E-03 ± 4.13E-03 2.53E-03 ± 6.61E-04 2.27E-03 ± 3.73E-04 #

Umbelopsis 9.38E-03 ± 1.75E-03 3.31E-03 ± 1.28E-03 2.16E-03 ± 7.10E-04 #
W.

Genus W0 W1 W2

Apiotrichum 2.71E-01 ± 2.61E-02 6.48E-01 ± 3.12E-02 * 6.86E-01 ± 5.40E-02 *

Byssochlamys 5.67E-03 ± 2.27E-03 1.05E-04 ± 1.05E-04 0.00E00 ± 0.00E00 *

Candida 4.57E-02 ± 6.57E-03 2.36E-01 ± 2.17E-02 * 2.25E-01 ± 3.48E-02 *

Cephalotrichum 1.11E-02 ± 5.07E-03 8.97E-05 ± 8.97E-05 0.00E00 ± 0.00E00 *

Chrysosporium 1.53E-02 ± 1.04E-03 1.94E-04 ± 1.94E-04 0.00E00 ± 0.00E00 *

Clitopilus 2.12E-02 ± 1.38E-02 2.65E-04 ± 1.48E-04 * 1.20E-04 ± 1.11E-04 *

Coprinellus 7.18E-03 ± 3.94E-03 3.17E-04 ± 1.15E-04 * 2.04E-04 ± 1.21E-04 *

Duddingtonia 2.89E-02 ± 4.58E-03 6.54E-04 ± 3.46E-04 * 2.70E-04 ± 9.05E-05 *

Metacordyceps 1.15E-02 ± 4.75E-03 2.97E-04 ± 1.83E-04 0.00E00 ± 0.00E00 *

Olpidium 9.39E-02 ± 4.15E-02 2.84E-05 ± 2.84E-05 0.00E00 ± 0.00E00 *

Saitozyma 7.36E-03 ± 9.75E-04 1.44E-02 ± 4.63E-03 * 1.14E-02 ± 2.28E-03 *

Scedosporium 1.76E-02 ± 1.04E-03 8.30E-04 ± 8.30E-04 0.00E00 ± 0.00E00 *

Solicoccozyma 7.56E-03 ± 1.18E-03 2.42E-02 ± 6.88E-03 * 1.95E-02 ± 7.64E-03 *

Trichoderma 6.11E-03 ± 1.67E-03 0.00E00 ± 0.00E00 * 0.00E00 ± 0.00E00 *

Cutaneotrichosporon 2.34E-03 ± 8.36E-04 5.35E-03 ± 3.66E-03 * 9.37E-04 ± 2.07E-04

Debaryomyces 2.62E-03 ± 4.55E-04 6.53E-03 ± 4.02E-03 * 2.20E-03 ± 7.04E-04
Relative abundances ± se of differential abundant bacterial genera in the different concentrations of artificial root exudates (0 = 0 µg C g−1 substrate and 0 µg N g−1 substrate, 1 = 100 µg C g−1

substrate and 6 µg N g−1 substrate; 2 = 250 µg C g−1 substrate and 15 µg N g−1 substrate) in the peat-based substrate S, and the three compost-based substrates G, P and W. (*a significant
difference compared to concentration 0; #a significant difference compared to concentration 1; Green: a significant increase in relative abundance.
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et al., 2019; Vieira et al., 2020), which is depending on the life

strategies of the microbes however (Ho et al., 2017). In this study,

we found a higher abundance of several fungi able to grow on

hexose or pentose sugars such as glucose and fructose, such

Saitozyma, Candida, and Solicoccozyma (Aliyu et al., 2021;

Filippucci et al., 2016; Misra et al., 2012) in treatments with

artificial root exudates, which is in line with a mechanism based

on food availability. The decrease in fungal diversity in response to

the addition of artificial root exudates may therefore be due to a

shift toward a more specialized fungal community. This is likely

driven by the proliferation of fungi capable of efficiently

metabolizing carbon-rich substrates, leading to a competitive

exclusion of less adapted taxa (Chigineva et al., 2009; de Graaff

et al., 2010). For bacteria, such associations could not be observed.

This could potentially be explained by differences in microbial

reproduction rates. Bacteria generally have faster generation times

compared to fungi, which may allow their populations to return

to baseline levels more quickly after the cessation of artificial

root exudate applications. Since rhizosphere sampling occurred

three days after the last treatment, transient bacterial shifts

may have diminished, whereas fungal communities, which are

often more resilient but slower to respond, still exhibited

measurable differences.

Artificial root exudates increased the metabolic diversity of

bacteria. Li et al. (2015) also showed that amendments with

organic carbon in the soil increased metabolic diversity. The

increased metabolic diversity may be attributed to the promotion

of microorganisms suited to metabolize carbon and nitrogen-rich

substrates (Li et al., 2015). In this study, bacteria do not appear to

exhibit the same level of specialization as fungi under these

conditions. This may be due to their more generalist nature, with

many bacterial species able to metabolize a wide range of substrates.
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As a result, bacterial communities may not undergo the same

competitive exclusion dynamics observed in fungi. Higher

metabolic diversity in microbial communities has been linked to

disease suppression and plant growth promotion (Brussaard et al.,

2007; Kolton et al., 2017; Neher et al., 2022). Artificial root exudates

did not increase metabolic activity, which may be attributed to the

complexity of the organic matter, which may not be readily

available for bacteria (Baudoin et al., 2003).

In line with Steinauer et al. (2016); Shi et al. (2011) and Vaidya

et al. (2022) in mineral soils, our results corroborate that exudates

can alter the activity of extracellular enzymes produced by

microorganisms. We observed an increase in alkaline phosphatase

and urease activity was observed in response to the addition of

artificial root exudates. Both alkaline phosphatase and urease

production has been shown to be beneficial for plant and

microbial growth (Cordero et al., 2019). Furthermore, high

metabolic diversity and enzyme activity in the rhizosphere has

been linked to disease suppression in mineral soils (Mendes et al.,

2013; Neher et al., 2022). In further research, it would therefore be

interesting to study the effect of artificial root exudates in the

presence of root-borne pathogens.

Despite changes in the microbial community composition and

the positive effects of artificial root exudates on metabolic diversity

and enzyme activity, no positive effects on plant growth were

observed in our study. Notably, higher concentrations of these

exudates (administered at a rate of three weekly doses of 250 µg C

per gram of substrate) led to significantly reduced root development

in compost-based and peat-based horticultural substrates. The

increased activity of urease and alkaline phosphatase resulting

from the introduction of artificial root exudates might have

contributed to the observed decline in root development, as root

growth and proliferation can be influenced by the availability of soil
FIGURE 5

Boxplots (n = 5) of the bacterial (A) and fungal (B) diversity (n = 5) (calculated as the Shannon Diversity Index) for the different treatments. Letters
indicate significant differences between concentrations (0 = 0 µg C g−1 substrate and 0 µg N g−1 substrate, 1 = 100 µg C g−1 substrate and 6 µg N
g−1 substrate; 2 = 250 µg C g−1 substrate and 15 µg N g−1 substrate) within the peat-based substrate (S) and the compost-based substrates (G, P, W)
(linear model, contrasts between least square means; P < 0.05).
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nutrients: elevated nitrate levels can decrease primary root

elongation, while increased nitrate and phosphate availability can

hamper lateral root elongation (López-Bucio et al., 2003). Another

important consideration is that the substrates that were used in this

experiment may not have contained microbial species that can

effectively interact with Chrysanthemum. Plant–microbe

interactions are often highly selective. If the microbial

communities present in these horticultural substrates were not

well adapted to Chrysanthemum, this could explain why no
Frontiers in Horticulture 15
synergistic effects on plant growth were observed despite changes

in microbiome composition.

In peat-based substrates, the highest concentration of artificial

root exudates (three weekly 250 µg C g−1 substrate) caused plant

stress, which was reflected in reduced Fv/Fm and PIabs values. Both

of these chlorophyll fluorescence derived values measure the

photosynthetic performance of plants and have been related with

various types of plant stress (Ceusters et al., 2019; Maxwell and

Johnson, 2000). Consequently, the above ground dry mass of these
FIGURE 6

Metabolic characteristics of the different treatments obtained with community-level physiological profiling using Biolog EcoPlates. Boxplots (n = 5)
of metabolic activity, expressed as average well color development (AWCD) (A), functional diversity calculated as the Shannon Diversity Index (B),
AWCD of carbohydrates (C), AWCD of carboxylic acids (D), AWCD of amino acids (E), AWCD of miscellaneous C-courses (F), AWCD of polymers (G)
and AWCD of amines/amides (H). Letters indicate significant differences between concentrations of artificial root exudates (0 = 0 µg C g−1 substrate
and 0 µg N g−1 substrate, 1 = 100 gµ C g−1 substrate and 6 µg N g−1 substrate; 2 = 250 µg C g−1 substrate and 15 µg N g−1 substrate) within the
peat-based substrate (S) and the three compost-based substrates (G, P, and W) (linear model, contrasts between least square means; P < 0.05).
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plants was also significantly lower. In compost-based media, no

such effect was observed. Unraveling the mechanism behind this

loss in the efficiency of the photosynthetic light reactions and

growth in the peat-based substrates is not straightforward. The

increased enzymatic activity described above could suppress plant-

microbe symbiosis and increase plant–microbe competition, yet no

significant effects of artificial root exudates were found in the plants’

relative water content or chlorophyll concentrations. The latter may

be related to the suppressed growth of the stressed plants but for

now cannot be confirmed. The cause for the lack of plant stress in

response to artificial root exudates in compost-based substrates also

can only be speculated at this point, but the larger shift observed in

the rhizosphere microbiome in response to artificial root exudates

in compost-based substrates may provide a clue: research has

shown that the flexibility of the microbiome in response to

changes in the environment can reduce plant stress (Liu et al.,

2020; Voolstra and Ziegler, 2020). Further research is therefore

needed to study plant stress in response to artificial root exudates in

peat-based substrates. Monitoring changes in the chemical

properties of horticultural substrates and nutrient and water

availability in response to artificial root exudate additions in

further research could shed light on possible stress causes.

Furthermore, it is worth mentioning that in this study, we

worked with an high fertilization in each horticultural substrate.

Substrate fertilization regimes have been shown to influence plant-

microbiome interactions, with differing outcomes for plant health

(Pot et al., 2022b). Further research therefore is needed to evaluate if

responses of plants to artificial root exudates differ according to

different fertilization levels. Also, effects of dose of the artificial root

exudates merit further consideration: this study used three-weekly

artificial root exudates inputs of 100 µg C g−1 and 250 µg C g−1.

Natural inputs of C to the soil by root exudates are difficult to

determine but are often estimated at around 100 µg C g−1 day−1

(Baudoin et al., 2003; Griffiths et al., 1998). Other studies showed
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changes in the microbial communities in response to application

rates of artificial root exudates between 100 µg C g−1 day−1 and 2500

µg C g−1 day−1 (Baudoin et al., 2003; Griffiths et al., 1998; Shi et al.,

2011). In this study, we showed that three-weekly applications of

100 µg C g−1 and 250 µg C g−1 were able to affect the microbial

community. Further research should focus on determining if

optimal concentrations of artificial root exudates can be

determined to promote plant growth.

While our experiment was conducted under favorable growth

parameters, it’s crucial to consider the effect of the change in the

rhizosphere microbiome caused by artificial root exudates under

suboptimal or stress-inducing conditions. Composts are known for

their pathogen-suppressive capabilities (Neher et al., 2022). Such

protective effects could become particularly relevant when plants are

challenged by disease or environmental stressors. Furthermore, the

composition of the microbial community can drastically influence

plant responses to stresses like salinity or drought (Allison and

Martiny, 2008; Philippot et al., 2021). Although we did not observe

significant growth promotion with artificial root exudates, the

observed shifts in microbial community structure suggest a

potential for modulating plant–microbe interactions in ways that

could enhance stress tolerance. Responses noted here might also be

attributed to the use of compost instead of mere the root exudates.

We acknowledge that compost addition can enrich soil with

beneficial microbes, although it must be said that those microbes

are not necessarily PGPRs. In addition, we need to acknowledge that

effects that occur can also be attributed to changes in nutrient

composition in the growing media and that to ascertain the role of

the microbial community, this should be followed up in future

experiments. Future research should therefore explore how these

microbial community changes manifest under various stress

conditions, investigating whether the observed compositional shifts

could provide plants with enhanced resilience or adaptive capabilities

that are not apparent under optimal growth conditions.
FIGURE 7

Boxplots (n = 5) of dehydrogenase activity (g TTC oxidized/L substrate) (A), alkaline phosphatase activity (g P released/L substrate) (B), and urease
activity (g NH3 produced/L substrate) (C). Letters indicate significant differences between the concentrations of artificial root exudate solutions
(0 = 0 µg C g−1 substrate and 0 µg N g−1 substrate, 1 = 100 µg C g−1 substrate and 6 µg N g−1 substrate; 2 = 250 µg C g−1 substrate and 15 µg N g−1

substrate) within the peat-based substrate (S) and the three compost-based substrates (G, P, and W) (linear model, contrasts between least square
means; P < 0.05).
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5 Conclusion

This study investigated for the first time the effects of artificial

root exudates on the rhizosphere microbiome and plant growth in

horticultural substrates. As root exudates play a vital role in

mediating plant–microbe interactions, we anticipated that

introducing artificial root exudates could reshape the rhizosphere

microbiome to enhance plant health and growth. However, our

observations revealed significant shifts in microbial composition

and increased enzyme activity without the expected positive effects

on plant growth. Higher concentrations of artificial root exudates

led to negative impacts on root development, particularly in

compost-based and peat-based substrates. In addition, high

concentrations of artificial root exudates led to plant stress in

peat-based substrates. The unexpected findings regarding the

negative effects of artificial root exudates on plant growth

underscore the complexity of the interactions between the

microbiome and plant growth and open avenues for

further investigations.
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