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Summary 

The microbes living in and in close proximity to plant roots are subject to host-driven selection and can 
confer substantial benefits to the plant such as growth promotion and stress tolerance. Studying this 
root-associated microbiota and the factors shaping its composition holds substantial potential to im-
prove plant health and crop yield, thereby contributing to sustainable agriculture. At the same time, 
population growth and climate change necessitate increasing agricultural output while minimizing en-
vironmental impacts. Pathogen infections threaten yields, raising the need for frequent applications 
of plant health protecting products to minimize their impact. Yet, little is known about the impact of 
both infections and plant health protecting product applications on the root-associated microbiota. 
Even when these perturbations occur only above ground, they may alter plant metabolism and root 
exudation, leading to downstream effects on the below ground microbiota. Clarifying such plant-me-
diated effects will improve our understanding of the factors influencing the root-associated microbiota 
and could ultimately help support plant health. 

Accordingly, I addressed four questions: (i) whether the root-associated microbiota of apple exhibits 
intrinsic spatial and temporal variation related to root phenology and seasonality; (ii) how foliar fungal 
infection of apple saplings alters the root-associated microbiota; (iii) how above ground applications 
of plant health protecting products with different modes of action affect the root-associated microbi-
ota in two crop systems; and (iv) how the combined pathogen infection and product application influ-
ence the root-associated microbiota. I used greenhouse and field experiments and profiled the bacte-
rial root-associated microbiota by next-generation sequencing of 16S rRNA gene amplicons. 

The root-associated microbiota showed spatial variation on various scales. On a smaller scale, the rhi-
zosphere effect was observed with distinct community compositions in the rhizosphere and en-
dosphere in all trials. On larger scales, the root-associated bacterial communities of fully grown apple 
trees shifted along a root size gradient and along spatial distances in the field and were furthermore 
subject to seasonal and annual variation. Such heterogeneity should be accounted for in future micro-
biome studies. Foliar pathogen infections induced plant-mediated changes in the root-associated mi-
crobiota upon severe leaf infection. Community changes did not differ between the two inoculated 
pathogens but scaled with disease severity. Naturally occurring root infections in mature trees elic-
ited even stronger community shifts, indicating that infections exert the strongest impact on the asso-
ciated microbiota in the affected region. 

Above ground applications of plant protection products did not elicit consistent, treatment-specific 
plant-mediated responses in the root-associated microbiota. Only systemic products induced mild, 
transient effects that were no longer detectable two weeks after the final application. Nevertheless, 
product applications often increased within-treatment variability in community compositions, con-
sistent with the “Anna Karenina principle” (AKP). Under this principle, changes in the root-associated 
microbiota by a perturbation can be deterministically, but the extent of the alteration is stochastic 
depending on the severity of the stressor. In this context, foliar pathogen infection represented a more 
severe perturbation than product application. Moreover, a curative product application even miti-
gated pathogen-induced stress and helped reestablish the plant’s preferred bacterial community in 
both the rhizosphere and endosphere. No differences in plant morphological and physiological char-
acteristics were observed, suggesting that product application and mild AKP effects had no negative 
impacts on plant health. Thus, besides their direct protective and curative properties, the responsible 
use of plant health protecting products may support microbiome management and therefore poten-
tially contribute to sustainable agriculture. 
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Zusammenfassung 

Die Mikroben, die in und direkt um Pflanzenwurzeln herum leben, unterliegen einer wirtsgesteuerten 
Selektion, die der Pflanze erhebliche Vorteile wie Wachstumsförderung und Stressresistenz bieten 
kann. Die Untersuchung dieser wurzelassoziierten Mikrobiota und der Faktoren, die ihre Zusammen-
setzung beeinflussen, birgt großes Potenzial zur Verbesserung der Pflanzengesundheit und ihres Er-
trags. Gleichzeitig erfordert eine wachsenden Weltbevölkerung und der Klimawandel eine Steigerung 
der landwirtschaftlichen Produktion bei gleichzeitiger Minimierung ihrer Umweltauswirkungen. Patho-
geninfektionen gefährden Erträge, wodurch regelmäßige Pflanzenschutzmittelanwendungen nötig 
sind. Dennoch ist wenig über die Auswirkungen sowohl von Infektionen als auch von Pflanzenschutz-
mittelanwendungen auf die wurzelassoziierte Mikrobiota bekannt. Selbst wenn diese Störungen nur 
oberirdisch auftreten, können sie den Pflanzenstoffwechsel und die Wurzelausscheidung verändern 
und zu nachgelagerten Effekten auf die unterirdische Mikrobiota führen. Die Analyse dieser pflanzen-
vermittelten Effekte wird unser Verständnis der Faktoren verbessern, die die wurzelassoziierte Mikro-
biota beeinflussen, und könnte letztlich zu einer Verbesserung der Pflanzengesundheit führen. 

Deshalb habe ich in dieser Dissertation vier Fragen untersucht: (i) ob die wurzelassoziierte Mikrobiota 
des Apfels eine intrinsische räumliche und zeitliche Variation in Bezug auf Wurzelphänologie und Sai-
sonalität aufweist; (ii) wie sich Blattpilzinfektionen auf die wurzelassoziierte Mikrobiota von Apfeljung-
pflanzen auswirkt; (iii) wie oberirdische Pflanzenschutzmittelanwendungen mit unterschiedlichen 
Wirkmechanismen die wurzelassoziierte Mikrobiota in zwei Anbausystemen beeinflussen; und (iv) wie 
die Kombination von Pathogeninfektion und Produktanwendung die wurzelassoziierte Mikrobiota be-
einflussen. Ich habe Gewächshaus- und Feldexperimente durchgeführt und die bakterielle wurzelas-
soziierte Mikrobiota durch Next-Generation-Sequenzierung von 16S rRNA-Genamplikons analysiert. 

Die wurzelassoziierte Mikrobiota wies räumliche Variation auf verschiedenen Skalen auf. Auf der 
kleinsten Skala wurde der Rhizosphäreneffekt mit individuellen Gemeinschaften in Rhizosphäre und 
Endosphäre in allen Versuchen beobachtet. In größerem Maßstab verschoben sich die wurzelassozi-
ierten Gemeinschaften von ausgewachsenen Apfelbäumen entlang eines Wurzelgrößengradienten 
und entlang räumlicher Distanzen im Feld und unterlagen zudem saisonaler und jährlicher Variation. 
Diese Heterogenität sollte in zukünftigen Mikrobiomstudien berücksichtigt werden. Schwere Blattpilz-
infektionen induzierten pflanzenvermittelte Veränderungen in der wurzelassoziierten Mikrobiota. Die 
Unterschiede in der Gemeinschaftszusammensetzung hingen dabei nicht vom Pathogen ab, sondern 
korrelierte mit Krankheitsintensität. Natürlich vorkommende Wurzelinfektionen in Apfelbäumen führ-
ten zu noch stärkeren Gemeinschaftsveränderungen, was darauf hinweist, dass Infektionen den stärks-
ten Einfluss auf die assoziierte Mikrobiota in der betroffenen Region ausüben. 

Oberirdische Pflanzenschutzmittelanwendungen führten nicht zu konsistenten, behandlungsspezifi-
schen pflanzenvermittelten Reaktionen in der wurzelassoziierten Mikrobiota. Lediglich systemische 
Produkte induzierten milde, vorübergehende Effekte, die zwei Wochen nach der letzten Anwendung 
nicht mehr nachweisbar waren. Dennoch erhöhten Produktanwendungen häufig die Variabilität der 
Gemeinschaftszusammensetzungen innerhalb einer Behandlung, was mit dem „Anna-Karenina-Prin-
zip“ (AKP) übereinstimmt. Nach diesem Prinzip können Veränderungen in der wurzelassoziierten Mik-
robiota durch eine Störung deterministisch sein, aber das Ausmaß der Veränderung ist stochastisch 
und hängt von der Intensität des Stressors ab. In diesem Kontext stellte die Blattpathogeninfektion 
eine schwerere Störung dar als die Produktanwendung. Darüber hinaus hat eine kurative Produktan-
wendung sogar den von Pathogenen induzierten Stress reduziert und half, die bevorzugte bakterielle 
Gemeinschaft der Pflanze sowohl in Rhizosphäre als auch in Endosphäre wiederherzustellen. Es wur-
den keine Unterschiede in den morphologischen und physiologischen Eigenschaften der Pflanze beo-
bachtet, was darauf hindeutet, dass Produktanwendungen und milde AKP-Effekte keine negativen 
Auswirkungen auf die Pflanzengesundheit hatten. Somit könnte die verantwortungsvolle Verwendung 
von Pflanzenschutzmitteln neben ihren direkten protektiven und kurativen Eigenschaften das Mikro-
biomanagement unterstützen und somit potenziell zu einer nachhaltigen Landwirtschaft beitragen.  
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List of Figures  
Fig. II-1: Root-associated bacterial community composition of apple trees as revealed by 16S rRNA gene amplicon sequencing. 

A Relative abundance of bacterial families in samples from three different field trials (Spatial, Temporal and ST: spatio-

temporal) in the loosely associated (L) and tightly associated (T) compartment. Phyla and their families with < 2% relative 

abundance in the respective trial were grouped as “Other”. B Differential abundance analysis of L- and T-communities at 

phylum level using ANCOM-BC. The heatmap shows the coefficients obtained from the ANCOM-BC log-linear model di-

vided by their standard error (called W-value). The color code indicates differential abundances between two compartments 

with red indicating enrichment in the T-compartment. A “*” is shown if ANCOM-BC showed significant differences using the 

adjusted p-value in this comparison. 

Fig. II-2: Spatial variation in the root-associated bacterial community of apple trees linked to root section, tree individual and root 

quadrant. A Variation in alpha diversity presented based on the Shannon index in the L-compartment (left) and T-compart-

ment (right) of four different trees. The different colors in the boxplots indicate different root sections according to their root 

diameter. B Variation in beta diversity presented based on constrained analysis of principal coordinates (CAP; using 

DEICODE distance matrices, constrained by the variables tree, root section and root quadrant) shown for the L-compart-

ment (left) and T-compartment (right). Different colors were used for different root size sections and symbol shapes for the 

four individual trees sampled. C Statistical evaluation of differences in alpha and beta diversity in the L- and T-compartment. 

Effect sizes in beta diversity were assessed by PERMANOVA based on DEICODE distance matrices, whereas differences 

in Shannon diversity were analyzed based on Linear Mixed-Effects Models (LMM). 

Fig. II-3: Differentially abundant ASVs in different root size sections of the L- and T-compartment based on ANCOM-BC. The 

heatmap shows the coefficients obtained from the ANCOM-BC log-linear model divided by their standard error (called W-

value). A “*” is shown if ANCOM-BC showed significant differences using adjusted p-values in this comparison. The color 

code indicates differential abundances between two root size sections with red indicating enrichment in the respective larger 

root section. A grey color indicates that this ASV was not detected in the respective compartment. The mean relative abun-

dance of the ASVs in the entire compartment is shown as % and ASVs with mean abundances ≥ 0.1% in either compartment 

are displayed. Names of ASVs are colored according to phylum. A All phyla but Proteobacteria, which are displayed in (B). 

(See figure on previous pages). 

Fig. II-4: Temporal variation in the root-associated bacterial community of apple trees. A Changes in alpha diversity based on 

the Shannon index in the two root compartments over time. Error bars indicate the standard error. B Constrained analysis 

of principal coordinates (based on DEICODE distance matrices and constrained by the variables tree and timepoint) to 

assess the relevance of time on variation in bacterial community composition in the L-compartment (left) and T-compartment 

(right). A color gradient differentiates the twelve sampling timepoints. The stars are the calculated centroids of the samples 

from each timepoint and are connected with a red line along the timeline. C Statistical evaluation of differences in bacterial 

alpha and beta diversity in the L- and T-compartment. Effect sizes in beta diversity were assessed by PERMANOVA based 

on DEICODE distance matrices, whereas differences in Shannon diversity were analyzed based on linear mixed models. 

Fig. II-5: Differentially abundant ASVs between twelve successive timepoints in the L-compartment (upper) and T-compartment 

(lower panel) according to ANCOM-BC. The dates of the timepoints (TP) are listed in Suppl. Table VII-1. The heatmap 

shows the coefficients obtained from the ANCOM-BC log-linear model divided by their standard error (called W-value). A 

“*” is shown if ANCOM-BC showed significant differences using the adjusted p-value. The color code indicates differential 

abundances between two samples with red indicating enrichment at the later timepoint. The mean relative abundance of 

the ASVs in the entire compartment is shown as % and ASVs with mean abundances ≥ 0.3% are displayed. The ASVs in 

the rows of the heatmap are separated according to phylum. Besides the comparisons between successive timepoints, 

differences between the first and last timepoint are shown.  
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Fig. II-6: Variation in the apple root-associated bacterial community structure due to spatial (root section), temporal and tree-to-

tree effects. A Constrained analysis of principal coordinates (CAP, based on DEICODE distance matrices, constrained by 

the variables tree, root section, and timepoint) shown for the L-compartment (left) and T-compartment (right). A color gradi-

ent differentiates the four sampling timepoints and symbol shapes the root section. B Statistical evaluation of differences in 

bacterial beta diversity in the L- and T-compartment. Effect sizes were assessed by PERMANOVA based on DEICODE 

distance matrices.  

Fig. III-1: Timeline of the temporal (A) and mixed trial (B) with inoculation, fungicide application and sampling dates (TP) of apple 

saplings being indicated. Timelines are labelled with plant age on top and days after infection (DAI) below. The temporal 

trial consisted of V. inaequalis or P. leucotricha infected plants and a control treatment without infection. The mixed trial 

included a treatment with P. leucotricha infection without fungicide treatment (inoculated untreated, IU), a treatment with P. 

leucotricha infection and fungicide treatment (inoculated treated, IT), and a non-inoculated untreated control (NC). 

Fig. III-2: Disease severity of apple saplings infected by V. inaequalis or P. leucotricha. Disease severity was rated per plant at a 

0–5 scale with 0 = healthy and 5 = multiple leaves entirely covered with mycelium and leaves close to senescence. Mean 

values and standard deviation are displayed based on 11–52 replicates. Significant differences in disease severity were 

evaluated between different timepoints based on Dunn’s test with Benjamini–Hochberg correction for multiple testing. Lower 

case letters indicate differences at p = 0.05. DAI = days after inoculation. 

Fig. III-3: Principal Coordinate Analysis (PCoA) calculated from DEICODE distance matrices, showing variation in the root-asso-

ciated bacterial community composition of differently inoculated apple saplings over time. Variation in the L-compartment 

(upper panel) and T-compartment (lower panel) is shown. 

Fig. III-4: Temporal dynamics in the root-associated bacterial community composition of differently inoculated apple saplings. A-C 

Principal Coordinate Analysis (PCoA) based on DEICODE distance matrices, showing variation in the L-compartment (left) 

and T-compartment (right). A Untreated control plants. B P. leucotricha inoculated plants. C V. inaequalis inoculated plants. 

A color code illustrates the different sampling timepoints, point size indicates disease severity based on a 0–5 scale with 

0 = plant with healthy leaves and 5 = plant having multiple leaves entirely covered with mycelium and with leaves close to 

senescence. D–F PERMANOVA results for pairwise comparisons between timepoints in the three treatment groups: D 

untreated control plants, E P. leucotricha inoculated plants. F V. inaequalis inoculated plants. Results for the L-compartment 

(upper right side) and the T-compartment (lower left side) are shown. R2-values are color coded and Benjamini–Hochberg 

adjusted p-values indicated by asterisks, i.e., “*” represents p ≤ 0.01 and “.” represents 0.05 ≥ p > 0.01. The significance 

threshold was set at α = 0.01. 

Fig. III-5: Development of disease severity over three timepoints (TP1–TP3) on P. leucotricha infected apple saplings. One inoc-

ulated group (IT) was treated with a synthetic fungicide at TP2, the other remained untreated (IU). Both treatments were 

compared to an uninoculated control group (NC). Disease severity was rated on a 0–5 scale and the mean values and 

standard deviation of 9–35 replicates are shown. Significant differences in disease severity between the three groups at 

TP2 and TP3 were assessed by Dunn’s test with Benjamini–Hochberg correction for multiple testing. 

Fig. III-6: Variation in the root-associated bacterial community of apple saplings linked to treatment and sampling timepoint (TP). 

The variation in alpha diversity presented based on the Shannon index in the L-compartment (left panel) and T-compartment 

(right panel). Differences in Shannon diversity were analyzed based on linear models (LM). Different letters represent sig-

nificant changes according to Tukey’s HSD post hoc tests performed between all seven groups of samples. 

Fig. III-7: Variation in beta diversity of differently treated apple saplings at three distinct timepoints (TP) in the L-compartment 

(upper panel) and T-compartment (lower panel). Variation is presented based on constrained analysis of principal coordi-

nates (CAP) using DEICODE distance matrices; it is constrained by the variables sampling timepoint, treatment and disease 

severity. Plants were either inoculated with P. leucotricha and left untreated (IU) or were additionally treated with a synthetic 

fungicide (IT), or they underwent a treatment with water as control (NC). The different treatments are shown in different 

colors, and disease severity is illustrated by different symbol sizes, rated on a 0–5 scale with 0 = healthy plants and 5 = plants 

having multiple leaves entirely covered with mycelium and with leaves close to senescence. 
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Fig. III-8: Pairwise PERMANOVA results comparing bacterial community composition in the L- and T-compartment of apple sap-

lings at different timepoints (TP) of three differently treated groups (IU, IT, NC). R2-values are illustrated using a color scale 

with the Benjamini–Hochberg adjusted p-values indicated by asterisks, i.e., “*” represents p ≤ 0.01 and “.” represents 

0.05 ≥ p > 0.01. Results for the L-compartment are shown in the upper right side of the figure and for the T-compartment in 

lower left side. The significance threshold was set at α = 0.01. 

Fig. III-9: Differential abundance analysis performed at genus level by ANCOM-BC of differently treated apple saplings at the last 

sampling timepoint (TP3). Results are shown for the L- and T-associated bacterial communities (upper and lower panel, 

respectively). Plants were inoculated with P. leucotricha and then left untreated (IU) or treated with a synthetic fungicide (IT) 

or remained uninoculated and treated with water as control (NC). The heatmap shows the coefficients obtained from the 

ANCOM-BC log-linear model divided by their standard error (called W-value). The color code indicates differential abun-

dances between two treatments with red indicating enrichment in the last value of the column name. A “*” is shown if 

ANCOM-BC showed significant differences based on adjusted p-values in this comparison. In addition, the mean relative 

abundances of the taxa are displayed and only taxa with a mean relative abundance of > 0.1% are shown. 

Fig. IV-1: Variation in alpha diversity in the root-associated bacterial community of strawberry plants upon application of different 

plant health protecting products (PHPPs). Boxplots show variation in Shannon`s diversity index between treatments and in 

comparison to bulk soil samples. Mean values and standard deviations (SD) are indicated below the figure (A). Differences 

in Shannon`s diversity index between treatments and in interaction with other factors are reported based on linear regression 

analysis (B). Two root compartments were separately analysed, representing bacteria loosely attached to the roots (L-

compartment) and bacteria tightly attached to and inside the roots (T-compartment). Within the root compartments, two 

different root sections were considered: fine and thick roots. PHPPs were applied in two different application modes: Aliette, 

Luna, Movento and Bactiva were either applied at the recommended (r.) or doubled rate (d.). Serenade was applied at the 

recommended rate with either a felt mat (w.Serenade) covering the soil or without (w/o.Serenade). Results with significant 

differences are printed in bold. 

Fig. IV-2: Variation in the root-associated bacterial community of apple plants due to the application of plant health protecting 

products (PHPP) in the concentration trial. (A) Principal Coordinate Analysis (PCoA) based on DEICODE distance matrices. 

(B) Differences in community composition and dispersion assessed by PERMANOVA and PERMDISP, respectively. Re-

sponses were analysed in the two root compartments (L and T). Each PHPP was applied in two different application modes 

(Application). The products Aliette, Luna and Movento were either applied at the recommended rate or twice the rate. Ser-

enade was applied at the recommended rate but in case of the “without felt mat” treatment, the felt mat covering the soil of 

all samples was taken off and the product was thus in direct contact with the soil. 

Fig. IV-3: Principal Coordinate Analysis (PCoA) based on DEICODE distance matrices showing variation in the root-associated 

bacterial community composition of apple plants in the temporal trial upon application of different plant health protecting 

products (PHPP). The individual PCoA plots display the variation in the root-associated bacterial community composition at 

the early and late sampling timepoint (one and two weeks after final PHPP application, respectively) in L- and T-compart-

ments, representing the loosely (L) and tightly (T) root-associated bacteria. 

Fig. IV-4: Principal Coordinate Analysis (PCoA) based on DEICODE distance matrices showing variation in the root-associated 

bacterial community composition of apple plants in the temporal trial upon application of different plant health protecting 

products (PHPP). The individual PCoA plots display the variation in the root-associated bacterial community composition at 

the early and late sampling timepoint (one and two weeks after final PHPP application, respectively) in L- and T-compart-

ments, representing the loosely (L) and tightly (T) root-associated bacteria. 

Suppl. Fig. VII-1: Photographs showing the root system of a fully grown commercial apple tree (top) and two rows of an apple 

orchard (bottom). 
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Suppl. Fig. VII-2: Differential abundance analysis of the loosely (L) and tightly (T) associated bacteria in the three experimental 

field trials using ANCOM-BC. The heatmap shows the coefficients obtained from the ANCOM-BC log-linear model divided 

by their standard error (called W-value) with red indicating enrichment in the T-compartment. A “*” is shown if ANCOM-BC 

showed significant differences using the adjusted p-value in this comparison. The mean abundance of the families in their 

respective trial are shown in the adjacent barplot as % and only families with mean abundances ≥ 0.5% are shown (ST 

refers to the spatio-temporal trial). A greyed-out field means that this family is below the 0.5% threshold in a trial. The 

families in the heatmap rows are separated by the phylum they belong to and displayed in different colors. 

Suppl. Fig. VII-3: Root-associated bacterial community composition of the loosely (L) and tightly (T) associated bacteria in four 

different root size sections and the bulk soil (b) of four apple trees analyzed in the spatial trial. Constrained analysis of 

principal coordinates (CAP; based on DEICODE distance matrices and the variables compartment, tree and root quadrant) 

to assess the relevance of those variables on variation in bacterial community composition. 

Suppl. Fig. VII-4: Root-associated bacterial community composition of bulk soil near the apple trees analyzed in the spatial trial. 

Constrained analysis of principal coordinates (CAP; based on DEICODE distance matrices and the variables tree and root 

quadrant) to assess the relevance of those variables on variation in bacterial community composition. 

Suppl. Fig. VII-5: Differential abundance analysis of the loosely (L) and tightly (T) associated bacteria and the bulk soil (b) in 

four different trees (T1 to T4) of the spatial trial using ANCOM-BC. The heatmap shows the coefficients obtained from the 

ANCOM-BC log-linear model divided by their standard error (called W-value). A “*” is shown if ANCOM-BC showed signifi-

cant differences using the adjusted p-value in this comparison. The color code indicates differential abundances between 

two samples with red indicating enrichment in the larger root sections. A grey color indicates that this ASV was not detected 

in the respective compartment. The mean relative abundance of the ASVs in the entire compartment is shown as % and 

ASVs with mean abundances ≥0.1% in either compartment are displayed. The ASVs in the rows of the heatmap are sepa-

rated according to phylum. 

Suppl. Fig. VII-6: Pairwise PERMANOVA for comparison of timepoints in the temporal trial in the L- and T-compartment in the 

upper (A) and lower (B) panel, respectively. The color codes for the R²-value and `.` indicates a p-value between 0.05 and 

0.1, `*` indicates a p-value between 0.01 and 0.05, `**` a p-value between 0.01 and 0.001. The adjusted p-values using 

Benjamini-Hochberg correction for multiple testing are not displayed as they were all non-significant. 

Suppl. Fig. VII-7: Comparison of the T-compartment of six tree individuals in the temporal trial. Trees 1 to 3 and trees 4 to 6 

were standing adjacently in separate opposite rows. (A) Pairwise PERMANOVA with p-values adjusted using Benjamini-

Hochberg correction for multiple testing. The color codes for the R²-value and `.` indicates a padj -value between 0.05 and 

0.1, `*` indicates a padj -value between 0.01 and 0.05. (B) Differentially abundant ASVs identified by ANCOM-BC. The 

heatmap shows the coefficients obtained from the ANCOM-BC log-linear model divided by their standard error (called W-

value). A “*” is shown if ANCOM-BC showed significant differences using the padj-value in this comparison. The color code 

indicates differential abundances between two samples with red indicating enrichment in the tree with the higher identifier 

number. The mean relative abundance of the ASVs in the T- compartment is shown as % and ASVs with mean abundances 

≥ 0.3% are displayed. The ASVs in the rows of the heatmap are separated according to phylum. 

Suppl. Fig. VII-8: Differentially abundant ASVs in the L- and T-compartment (upper and lower panel, respectively) for two dif-

ferent root size sections at four different timepoints according to ANCOM-BC. Fine roots had a diameter between 1 and 3 

mm and thick roots between 3 and 6 mm. Samples were taken at four timepoints (TP1: 21.03.2019; TP2: 15.04.2019; TP3: 

05.06.2019 and TP4: 20.08.2019). The first four columns compare the fine to the thick roots at each timepoint, the next 

three the different timepoints in the fine roots and the last three columns compare the thick roots at each timepoint. The 

heatmap shows the coefficients obtained from the ANCOM-BC log-linear model divided by their standard error (called W-

value). The colour code indicates differential abundances between two factors with red indicating enrichment in the second 

mentioned factor. A “*” is shown if ANCOM-BC showed significant differences using padj-values in this comparison. The 

mean abundance of the ASVs in the entire compartment is shown as % and only ASVs with mean abundances ≥ 0.3% are 

shown.  
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Suppl. Fig. VIII-1: Composition of the root-associated bacterial community of apple plants as revealed by 16S rRNA gene am-

plicon sequencing in the temporal trial. The relative abundance of bacterial families in samples from three different treat-

ments (P. leucotricha, V. inaequalis and a negative control) sampled at different days after inoculation (DAI) in the loosely 

associated (L, upper panel) and tightly associated (T, lower panel) compartment is shown. Phyla and their families with < 

2% relative abundance in the respective treatment were grouped as “Other”. 

Suppl. Fig. VIII-2: Differential abundance analysis of genera in the L- and T-compartment (panel A and B, respectively) in de-

pendence on pathogen infection 40 days after inoculation (DAI) compared to 0 DAI based on ANCOM-BC. Plants were 

either inoculated with V. inaequalis (V) or P. leucotricha (L) and are shown besides an uninoculated control treatment (C). 

The heatmap shows the coefficients obtained from the ANCOM-BC log-linear model divided by their standard error (called 

W-value). The colour code indicates differential abundances of genera between the two timepoints with red indicating an 

increase in relative abundance at 40 DAI compared to 0 DAI. A “*” is shown if ANCOM-BC showed significant differences 

using the adjusted p-value in this comparison. The mean relative abundances of the taxa are displayed at 40 DAI in percent. 

In the L-compartment, most identified genera of the pathogen inoculated plants belong to the phylum Proteobacteria, e.g., 

unclassified members of the Comamonadaceae, Moraxellaceae, Morganellaceae, Sphingomonadaceae and Xanthomona-

daceae. In the control plants, several Acidobacteriota such as Acidipila, Bryobacter or Bryocella were significantly decreased 

in relative abundance at 40 DAI, though not in the inoculated plants. Only few observations like these were made in the T-

compartment with Edaphobacter, Acidibacter and unclassified members of Methylophilaceae and Micropepsaceae being 

significantly increased in the inoculated plants 40 DAI, but not in the control plants. 

Suppl. Fig. VIII-3: Composition of the root-associated bacterial community of apple plants as revealed by 16S rRNA gene am-

plicon sequencing in the mixed trial. The relative abundance of bacterial families in samples from three different treatments 

(IU: inoculated & untreated, IT: inoculated & treated, and NC: negative control) at three different timepoints (TP) in the 

loosely associated (L, upper panel) and tightly associated (T, lower panel) compartment is shown. Phyla and their families 

with < 2% relative abundance in the respective treatment were grouped as “Other”. 

Suppl. Fig. VIII-4: Variation in beta diversity of differently treated apple saplings at timepoint (TP) 3 in the L-compartment (upper 

panel) and T-compartment (lower panel). Variation is presented based on constrained analysis of principal coordinates 

(CAP) using DEICODE distance matrices; it is constrained by the variables treatment and disease severity. Plants were 

either inoculated with P. leucotricha and left untreated (IU) or were additionally treated with a synthetic fungicide (IT), or 

they underwent a treatment with water as control (NC). The different treatments are shown in different colors, and disease 

severity is illustrated by different symbol sizes, rated on a 0-5 scale with 0 = healthy plants and 5 = plants having multiple 

leaves entirely covered with mycelium and with leaves close to senescence. 

Suppl. Fig. VIII-5: Boxplots showing the differences between two different treatments (IT and IU) to an untreated control group 

(NC group) for the (A) L-compartment and (B) T-compartment at TP3 based on DEICODE distances. Significant differences 

were calculated with pairwise Kruskal-Wallis tests (“***”” = p-value of < 0.001, ns = non significant). 

Suppl. Fig. IX-1: Separation of the strawberry root system into fine (right) and thick (left) roots. 

Suppl. Fig. IX-2: Patterns of the beta Nearest Taxon Index (betaNTI) in the concentration trial. Patterns between different 

treatments (A) in the L-compartment and (B) the T-compartment are shown. Specifically, a betaNTI or betaNRI between –

2 and 2 reveals dominance of stochastic processes, whereas |betaNRI| or |betaNTI| >2 reveals the significant dominance 

of deterministic processes. The products Aliette, Luna and Movento were either applied at the recommended rate (r) or 

twice the rate (double: d). Serenade was applied at the recommended rate but with (w felt) or without a felt mat (w/o felt) to 

cover the soil. 

Suppl. Fig. IX-3: Patterns of beta Nearest Taxon Index (betaNTI) in the bacterial community of the temporal trial upon different 

plant health protecting product (PHPP) treatments in the L-compartment (A and C) and the T-compartment (B and D) at 

two different timepoints (early and late). 
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Suppl. Fig. IX-4: Patterns of the beta Nearest Taxon Index (betaNTI) in the bacterial community of the strawberry trial upon 

different plant health protecting product (PHPP) treatments in the L-compartment (panels A and C) and the T-compartment 

(B and D) in two different root sections (fine and thick roots). The products Aliette, Bactiva, Luna and Movento were either 

applied at the recommended rate (r) or twice the rate (double: d). Serenade was applied at the recommended rate but with 

(w felt) or without a felt mat (w/o felt) to cover the soil. 

Suppl. Fig. IX-5: Community assembly process measurements by taxonomic normalized stochasticity ratios (tNST) based on 

Jaccard’s distance in the concentration trial. Ratios for bacterial communities upon different PHPP treatments in the L-

compartment (A) and the T-compartment (B) are shown. The products Aliette, Luna and Movento were either applied at the 

recommended rate (r) or twice the rate (double: d). Serenade was applied at the recommended rate but with (w felt) or 

without a felt mat (w/o felt) to cover the soil. 

Suppl. Fig. IX-6: Community assembly process measurements by taxonomic normalized stochasticity ratios (tNST) based on 

Jaccard’s distance in the temporal trial. Ratios  for bacterial communities upon different PHPP treatments in the L-compart-

ment (A and C) and the T-compartment (B and D) at two different sampling timepoints (early and late) are shown. 

Suppl. Fig. IX-7: Community assembly process measurements by taxonomic normalized stochasticity ratios (tNST) based on 

Jaccard’s distance in the strawberry trial. Ratios for bacterial communities upon different PHPP treatments in the L-com-

partment (A and C) and the T-compartment (B and D) in two different root sections (fine and thick roots) are shown. The 

products Aliette, Bactiva, Luna and Movento were either applied at the recommended rate (r) or twice the rate (double: d). 

Serenade was applied at the recommended rate but with (w felt) or without a felt mat (w/o felt) to cover the soil. 

Suppl. Fig. IX-8: Differential abundance analysis of bacterial communities in the L- and T-compartment of PHPP treated apple 

plants versus control plants in the concentration trial using ANCOM-BC at genus level resolution. Plants were treated with 

one of four different plant health protecting products with different application modes or water as control. The products 

Aliette, Luna and Movento were either applied at the recommended rate (r.) or twice the rate (d.). Serenade was applied at 

the recommended rate, but in case of the “w/o felt” treatment the felt mat covering the soil of all samples was taken off and 

the product was thus in direct contact with the soil. Individual models were calculated for each compartment (L and T). The 

heatmap shows the coefficients obtained from the ANCOM-BC log-linear model divided by their standard error (called W-

value). The colour code indicates differential abundances between a treatment and control with red indicating enrichment 

in the last value of the column name (i.e. the respective PHPP treatment). A “*” is shown if ANCOM-BC showed significant 

differences using the adjusted p-value in this comparison (padj < 0.05). The mean relative abundances of the taxa across all 

treatments but in their respective compartment are shown in the right horizontal barplot in percent. 

Suppl. Fig. IX-9: Differential abundance analysis of bacterial communities in the L- and T-compartment (A and B, respectively) 

of PHPP treated young apple plants at two different timepoints in the temporal trial using ANCOM-BC at genus level reso-

lution. Plants were treated with one of four different plant health protecting products or water as control and sampled either 

one (early) or two weeks (late) after the last PHPP application. The heatmap shows the coefficients obtained from the 

ANCOM-BC log-linear model divided by their standard error (called W-value). The colour code indicates differential abun-

dances between two compartments with red indicating enrichment as given at the last position in the column name. A “*” is 

shown if ANCOM-BC showed significant differences using the adjusted p-value in this comparison (padj < 0.05). The mean 

relative abundances of the taxa across all treatments is shown in the right horizontal barplot in percent. 
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Suppl. Fig. IX-10: Differential abundance analysis of bacterial communities in the L- and T-compartment of PHPP treated young 

strawberry plants at genus level using ANCOM-BC. The root system was divided into fine and thick roots. Plants were 

treated with one of five different plant health protecting products with different application modes or water as control. The 

products Aliette, Luna Movento and Bactiva were either applied at the recommended rate (r.) or twice the rate (d.). Serenade 

was applied at the recommended rate but in case of the “w/o felt” treatment, the felt mat covering the soil of all samples was 

taken off before product application and the product was thus in direct contact with the soil. Individual models were calcu-

lated for each compartment and root type. The heatmap shows the coefficients obtained from the ANCOM-BC log-linear 

model divided by their standard error (called W-value). The colour code indicates differential abundances between respec-

tive PHPP treatments and control with red indicating enrichment in PHPP treated plants. A “*” is shown if ANCOM-BC 

showed significant differences using the adjusted p-value in this comparison (padj < 0.05). The mean relative abundances 

of the taxa across all treatments is shown in the right horizontal barplot in percent. Scaling of colour code and relative 

abundance is adjusted for each plot independently. 

Suppl. Fig. IX-11: Relative abundance of bacterial orders in samples from three different greenhouse trials (Temporal, Concen-

tration, and Strawberry) in the bulk soil (B), loosely associated (L) and tightly associated (T) compartment. Phyla and their 

orders with < 2 % relative abundance in the respective trial were grouped as “Other”. 

Suppl. Fig. IX-12: Differential abundance analysis of bacterial orders obtained from bulk soil (B) and root compartments with 

loosely (L) and tightly (T) associated bacteria in the three experimental trials (Temporal, Concentration, Strawberry) using 

ANCOM-BC. The heatmap shows the coefficients obtained from the ANCOM-BC log-linear model divided by their standard 

error (called W-value). The colour code indicates differential abundances between two compartments with red indicating 

enrichment in the last value of the column name. A “*” is shown if ANCOM-BC showed significant differences using the 

adjusted p-value in this comparison (padj < 0.05). The mean abundance of the orders over all trials is shown in the adjacent 

barplot in percent and only orders with an overall mean abundance ≥ 0.5 % are shown. The orders in the heatmap rows are 

sorted and separated by the phylum they belong to and are displayed in different colours. 

Suppl. Fig. X-1: Community assembly process measurements by taxonomic normalized stochasticity ratios (tNST) based on 

Jaccard’s distance in the combined trial. Ratios for bacterial communities upon different treatments in the rhizosphere and 

endosphere are shown. The IT group received a preventative treatment with the fungicide Aliette. After two weeks, both the 

IU and IT group received an inoculation with the foliar pathogen P. leucotricha. When disease symptoms became severe, 

the IT group received a curative Aliette application. The NC group was treated with water instead of a fungicide application 

or pathogen suspension. 
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I.  Introduction 

1.  The root-associated microbiome 

Soil harbors one of the most diverse and complex microbiomes on Earth and is a huge 

natural reservoir for numerous microorganisms (Fierer 2017). One gram of soil from 

temperate regions may harbor between 107 and 1010 microbial cells and up to 10,000 

to 50,000 microbial species (Raynaud and Nunan 2014; Blakemore 2018). However, 

microbial activity here is often limited, especially by carbon availability (German et al. 

2011). In contrast to this, the soil in immediate proximity of plant roots is one of the 

most dynamic microbial hotspots (Tian et al. 2020) with reports of up 1011 microbial 

cells per gram of root (Ali et al. 2017) and over 30,000 prokaryotic species (Mendes et 

al. 2011). The stimulation of microbial growth and activity is due to the release of car-

bon-rich deposits by plant roots into the surrounding soil with a roughly estimated 11% 

of the net fixed carbon (or 27% of carbon allocated to roots) being secreted by the plant 

(Jones et al. 2009; Pausch and Kuzyakov 2018). The resulting biological changes in 

the soil caused by rhizodeposition, along with chemical and physical changes, have 

been named the rhizosphere effect, a term first coined in 1904 by the German agron-

omist Lorenz Hiltner (Hiltner 1904). By adjusting the composition of the root exudates, 

plants are capable to actively recruit specific microbes in the rhizosphere as an adap-

tation strategy in cases of biotic or abiotic stresses (Berg and Smalla 2009; Hartmann 

et al. 2009; Berendsen et al. 2012; Rizaludin et al. 2021). Some rhizospheric microbes 

undergo an even closer relationship and attach to the root surface, the rhizoplane, or 

even enter the root and establish an endophytic lifestyle (Frank et al. 2017; Araujo et 

al. 2019; White et al. 2019). This process has been described as a dynamic process 

in which microbes in the rhizosphere are first recruited from the surrounding soil, and 

subject to further selection by the host in order to colonize the central cylinder, where 

they must survive under the vastly different internal conditions (Bulgarelli et al. 2013; 

Bulgarelli et al. 2012; Edwards et al. 2015). This bottleneck results in compartment-

specific microbial communities with decreased microbial diversity and an expected 

higher level of interaction along the soil-endosphere continuum (Beckers et al. 2017; 

Bulgarelli et al. 2013; Deyett and Rolshausen 2020). The collective communities in the 

rhizosphere, rhizoplane and endosphere make up the root-associated microbiota and 
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their collective genomes are referred to the root microbiome, also called the second 

genome of the plant (Berendsen et al. 2012).  

The assembly of the root microbiome does not only depend on the root compartment 

but also on several deterministic factors such as plant species, host genotype, soil 

properties, plant cultivation practices, geographical location, and stochastic factors 

(Bonkowski et al. 2021; Rüger et al. 2021; Garbeva et al. 2008; Micallef et al. 2009). 

Additionally, temporal variation has been shown due to the developmental stage of the 

plant and due to seasonal changes (Bonkowski et al. 2021; Wei et al. 2022; Chaparro 

et al. 2014; Dove et al. 2021). In herbaceous and annual plants, temporal dynamics in 

the structure of the associated microbial community are considered to be closely linked 

to the plant development stage (Bonkowski et al. 2021; Donn et al. 2015; Li et al. 2014; 

Maarastawi et al. 2018; Munoz-Ucros et al. 2021; Shi et al. 2015). The temporal dy-

namics of trees on the other hand likely results from seasonal shifts in carbon allocation 

into the roots and the surrounding soil due to differences in photosynthetic activity 

(Epron et al. 2011). Spatial variation has been shown for annual plants from a larger 

scale such as geographical location to smaller scales such as the location along the 

root axis (Bonkowski et al. 2021; Rüger et al. 2021). The deterministic assembly pro-

cess is mostly driven by the plant via rhizodeposition, which itself depends on various 

factors, including abiotic and biotic influence factors (Haichar et al. 2008; Zhalnina et 

al. 2018). Abiotic factors include light intensity and temperature (Pramanik et al. 2000), 

water supply (Henry et al. 2007), high salt concentrations (Lombardi et al. 2018), the 

mechanistics of carbon and nitrogen flow into the rhizosphere (Jones et al. 2009), or 

the presence of chemical pesticides (Qu et al. 2021), whereas biotic factors include 

the presence of other organisms (reviewed in Dessaux et al. 2016), and root or even 

foliar pathogens (Yuan et al. 2018; Wen et al. 2021). Thus, the plant is able to respond 

to many external stress factors both above and below ground and change the root 

microbiome community composition to evade some of those stress factors. 

Due to the range of biotic and abiotic stresses and the necessity of the wide range of 

resources the plant needs to acquire from soil, the root-soil interface has been shown 

to be a highly complex and dynamic ecosystem (Jones and Hinsinger 2008) in which 

plant roots must compete with various soil organisms for space, water and mineral 

nutrients (Haichar et al. 2014). Besides competition, the interactions between the plant 
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and its root-associated microbiome can also be negative in case of parasitism or path-

ogenesis (Bais et al. 2006). However, they can also be positive, such as the mutualis-

tically beneficial mycorrhizal colonization of roots or the recruitment of so-called plant 

growth-promoting rhizobacteria (PGPR). Positive effects of the root-associated micro-

biome for the plant include effects on seed germination, seedling vigor, plant growth 

and development, nutrition, diseases, and productivity (Ali et al. 2017; Mendes et al. 

2013). The root-associated microbiome can directly affect root architecture and mor-

phology, promote hormone synthesis or metabolism, facilitate nutrient uptake and mo-

bilization, and modulate the plant's defense responses against pathogens and envi-

ronmental stresses (Berendsen et al. 2012; Bulgarelli et al. 2013; Hacquard and 

Schadt 2015). Thus, the root-associated communities have been of special interest in 

recent years due to their potential contribution to sustainable agriculture (Busby et al. 

2017; Santoyo et al. 2016; White et al. 2019).  

2.  The root microbiome in agriculture 

The rapid increase of the human population under challenging conditions has led to an 

urgent need for an increased but sustainable production of food in the near future. 

Climate change, land and resource limitations, along with other abiotic and biotic 

stresses, pose serious threats to crop production (Kumar and Dubey 2020). At the 

same time, environmental and public concerns raise the need to reduce the use of 

agrochemicals. Recently, targeted modifications of the root-associated microbiome 

have been of particular interest as a sustainable alternative to improve crop health and 

yield (reviewed in Vries and Wallenstein 2017). As previously stated, the microbial 

communities are largely influenced by the composition, quality, and quantity of rhizo-

deposits, which on the other hand affect plant growth and productivity (Dessaux et al. 

2016). This phenomenon is called rhizosphere feedback and exploiting or manipulating 

this process allows to improve overall plant growth and health with a reduced use of 

agrochemicals. One approach is the genetic engineering of plants to alter the root ex-

udate composition or root architecture and thereby optimize the functions of the root 

associated microbiota. This was already shown for different genotypes of the same 

host plant (reviewed in Berg and Smalla 2009) and for several transgenic plants (Wei 

et al. 2020; Zhang et al. 2019). However, plant genome editing techniques lack public 

acceptance, especially in Western countries, and thus their application remain low due 
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(Hakim et al. 2021; Ma et al. 2018). Another approach and one frequently exploited is 

the targeted application with artificially reproduced microbes. One of the most intensely 

studied group of microbes with plant beneficial properties are the plant growth promot-

ing rhizobacteria (PGPR). They have been shown to induce their beneficial effects via 

a huge array of different mechanisms. They can increase plant resistance to various 

abiotic stress factors such as high salinity (Schmitz et al. 2022), drought (Vries et al. 

2020), heat (Issa et al. 2018) and improve overall adaptation to changing environments 

(Berendsen et al. 2012; Trivedi et al. 2020). Furthermore, they are able to enhance the 

capacity of plants to obtain nutrients from the soil by solubilization of micro-nutrients or 

increasing phosphorous availability (Backer et al. 2017) and by biological nitrogen fix-

ation (Herridge et al. 2008). Biological nitrogen fixation is the largest single global input 

of reactive nitrogen and its importance will likely increase due to a predicted doubling 

in demand by 2050 (Fowler et al. 2015), thus highlighting the need to include PGPRs 

in crop production systems. Furthermore, PGPRs are able to secrete various organic 

acids, siderophores or enzymes like phytases for an increased uptake of inorganic 

phosphates and metal ions, such as zinc or iron, which are often growth-limiting factors 

(Maitra et al. 2022). A wide range of PGPR can produce phytohormones such as aux-

ins, gibberellins, and cytokinins that are potentially affecting plant growth and develop-

ment (Ali et al. 2017). Those hormones have been shown to have beneficial effects 

such as increasing root growth and overall biomass, enhancement of plant shoots or 

reducing inhibitory growth factors or stress hormones (Ahmed and Hasnain 2014; 

Ruzzi and Aroca 2015; Maitra et al. 2022; Glick 2015). Furthermore, they can reduce 

biotic stresses such as herbivory or pathogenic microorganisms (Bulgarelli et al. 2013). 

PGPR can actively antagonize soil-borne pathogens by competition, predation, and 

parasitism or through the production of antifungal or antibactericidal compounds. Also, 

they can elicit the basal defense response in plants by activating the induced systemic 

resistance responses (Kumar and Dubey 2020; Hacquard and Schadt 2015). Thereby, 

they can precondition the plant’s defense systems and thus lead to faster plant re-

sponses upon pathogen attacks (Compant et al. 2005; Maitra et al. 2022). Thus, 

through the potential increase in yield and plant nutrient content, protection against 

pathogens and abiotic stresses, the management and application of PGPR has been 

shown to be a potential effective and environmentally friendly approach to improve 

sustainable crop production. 
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3.  Plant pathogens and their effects on the root-associated microbiota 

Plant pathogens are a major threat to global food supply as they cause losses between 

20% to 40% of crop production annually with an estimated value of around $220 billion 

(National Institute of Food and Agriculture 2023; Oerke and Dehne 2004). Additionally, 

climate change is predicted to have a progressively negative effect on the yield of food 

crops (Luck et al. 2011) and the number of effective pesticides is decreasing due to 

resistances as well as public concerns about potential environmental and health im-

pacts of agrochemicals (Corkley et al. 2022). Thus, implementing integrated pest man-

agement strategies and developing non-chemical control measures are vital for sus-

taining high crop yields (Birch et al. 2011; Pertot et al. 2017).  

A wide range of organisms can be plant pathogenic, including bacteria, fungi, nema-

todes, viruses and insects (Dangl and Jones 2001). They can attack a large host range 

at numerous developmental stages, organs, and under different environmental condi-

tions. Fungi are considered to be among the most severe pathogens, as they can spor-

ulate prolifically and can thus rapidly infect large populations such as monocultures 

(Strange 2003). Their spores may be spread by water, wind or vectors (such as insects 

or machinery) and can often survive over several growing seasons, thus complicating 

disease control. They can also often produce toxins and/or an array of enzymes that 

can destroy plant cell structures. Furthermore, most fungal pathogens can quickly form 

resistances against chemical fungicides, an increasingly problematic issue as studies 

show (Corkley et al. 2022; Weber and Hahn 2019; Leroch et al. 2011). They often 

infect plants through their stomata, wounds or can penetrate plant structures such as 

leaves, stems or roots (Termorshuizen 2016). Fungal pathogens are often differenti-

ated between soil, air and seed-borne pathogens, though not all pathogens fit into this 

classification. Whereas some of them infect only root or leaf tissues, others become 

systemic pathogens and can infect the entire plant (Termorshuizen 2016). Common 

disease symptoms are necrosis of plant organs, wilting, root rot, wounding, and the 

development of fungal structures that could ultimately lead to cell and plant death. 

Those symptoms usually lead to decreased overall plant health, yield and crop quality 

losses. Besides those direct effects on the plant, it is becoming increasingly clear that 

different root, above ground or systemic pathogens can impact the plant-associated 

microbiota. Examples of pathogens affecting the root-associated microbiome are the 
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soil-borne oomycete Phytophthora spp. causing root rot (Solís-García et al. 2020), or 

the above ground fungal pathogens Botrytis cinerea (Tender et al. 2016) and Podo-

sphaera aphanis (Yang et al. 2020). Exemplary systemic bacterial pathogens are Er-

winia amylovora, causing fireblight in several Rosaceae, or the phloem-limited bacte-

rial Huanglongbing citrus disease (Trivedi et al. 2012). Additionally, the phyllosphere 

microbiome, defined as microbial community in the aerial region of the plant, has been 

shown to shift after infection with the foliar fungal pathogen Diaporthe citri (Li et al. 

2022). Thus, there are first indications that pathogen infections not only affect the plant 

but the holobiont, the plant host and its associated microbiota. However, detailed 

knowledge about this process and the implications for an integrated pest management 

system is limited and there are currently no comparative studies using several host-

pathogen systems under varying environmental conditions (Busby et al. 2017). Fur-

thermore, all studies have investigated either specific root compartments or sampled 

the entire root system at a single timepoint past infection and thus did not account for 

the temporal and spatial variability of the root-associated microbiota. Furthermore, it is 

unknown whether localized pathogen infections can induce changes in the microbiome 

of distant plant parts, such as foliar pathogens on the rhizosphere. Due to the potential 

of PGPR to antagonize pathogens (Finkel et al. 2017; Liu et al. 2021b), understanding 

the effects of pathogen infections onto the feedback system between plants and the 

root-associated microbiota has the potential to be a vital component of biological pest 

control.  

4.  Pest management strategies and their effects on the root-associated mi-
crobiota 

Due to the major threat of plant pests to global food supply, plant protection is of vital 

importance in agricultural systems. There are numerous methods for agricultural crop 

protection such as using resistant cultivars, application of agrochemicals, culture rota-

tion, removal of litter residues (Jeschke et al. 2013; Michalecka et al. 2018). The mod-

ern and universally endorsed paradigm for crop protection is the concept of integrated 

pest management (IPM), which combines different management strategies and prac-

tices to combat plant pests with minimal applications of chemical pesticides (Stenberg 

2017). However, the application of synthetic pesticides and newer biological products 

for disease prevention and reduction is still common practice (Jeschke et al. 2013). 
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Pesticides can be differentiated into different groups, mostly depending on their target 

organisms: herbicides (against weeds und unwanted vegetation), insecticides (against 

insects), fungicides (fungal agents), the relatively new class of biopesticides (defined 

as a natural product either containing microbes or compounds derived from living or-

ganisms including plants, nematodes, and microbes that limit or reduce disease sever-

ity) and others (e.g. acaricides or virucides). They can be further differentiated into 

protectant and penetrant pesticides: whereas protectant pesticides are active on the 

plant surface they are applied on, penetrant pesticides are absorbed into the plant after 

the application. There, they act as protectant pesticide but can also move throughout 

the plant and are also labeled systemic pesticides. Depending on their movement, they 

are further differentiated into locally systemic (only short distances, e.g. within the leaf 

it was absorbed into), translaminar systemic (movement from one surface of a leaf to 

the opposite side), xylem mobile pesticides (move upwards the plant through the xy-

lem) and amphimobile or truly systemic pesticides (move both upward through the xy-

lem and downward through the phloem). Another classification of pesticides is by the 

chemical structure of their active ingredients. They can be differentiated either by the 

physical location within an organism where pesticides act, known as the target site, or 

the biochemical process in which the pesticides interfere, also known as the mode of 

action. The extensive and prolonged use of synthetic pesticides with similar modes of 

action coupled with the over-simplification of cropping systems has led to widespread 

resistance to pesticides (Busi et al. 2013). Furthermore, environmental and public 

health effects and concerns, along with regulatory restrictions, have led to a decrease 

of approved active substances. While there were more than 500 active substances 

registered in the EU in 2017, the number has dropped to 451 in 2023, despite numer-

ous biopesticides and a few chemicals being approved (Marchand 2023). Biopesti-

cides are nowadays often used in combination or rotation with synthetic pesticides to 

reduce the use of synthetic pesticides, while also decreasing the risk of pesticide re-

sistance, and thereby extending the longevity of new and existing chemicals (Dara 

2016; Chandler et al. 2011; Damalas and Koutroubas 2018; Ayer et al. 2021). Syn-

thetic pesticides are generally considered to be more target-specific and pose fewer 

environmental risks and thus have gained an important role in sustainable agriculture 

(Riaz et al. 2021; Samada and Tambunan 2020).  
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Similar to infections with plant pathogens, there are first indications that the application 

of pesticides has a potential impact on the holobiont, especially on the root-associated 

microbiota (reviewed in Ramakrishnan et al. 2021). Most studies have analyzed the 

effects of direct pesticide applications into the soil or as seed treatment (Huang et al. 

2021; Nettles et al. 2016; Kusstatscher et al. 2020; Deng et al. 2019; Qian et al. 2018), 

whereas little is known about possible plant mediated effects on the root-associated 

microbiota when pesticides are applied above ground. However, in commercial horti-

culture most pesticides are applied as foliar sprays and less as drench application or 

seed coating (Dara 2016; Thompson et al. 2023). Also similar to the analyses of path-

ogen effects on the root-associated microbiota, the temporal and spatial variability has 

not been accounted for in the present studies. In addition, the effects of pesticides on 

the root-associated microbiota have been studied on healthy plants, while the com-

bined effects resulting from pathogen infections and pesticides applications remain un-

known. Due to the high prevalence of pathogen infections, coupled with the high usage 

of pesticides, understanding their effects on the holobiont of healthy and diseased 

plants is essential for promoting plant health and growth and has thereby potential to 

contribute to sustainable agriculture (Lynch and Leij 2001; Busby et al. 2017). 

5.  Apple and strawberry cultivation 

Apple (Malus X domestica Borkh.) is one of the most important fruit crops globally in 

terms of production and consumption with around 93 Mt of apples produced in 2021 

and an economic value of around $45 billion (Ritchie and Roser 2020; FAOSTAT 

2022). The cultivated apple is thought to originate in Eurasia as the result of hybridiza-

tion among different Malus species (Khajuria et al. 2018; Spengler 2019). It is nowa-

days grown in all temperate zones in more than a hundred countries with China and 

USA being the largest producers (FAOSTAT 2020). Sustainable apple production is 

challenged by numerous factors such as climate change, high reliance on chemical 

fertilizers and pesticides, as well as the threat by various pathogens (Morales-Quintana 

et al. 2020; Lang 2019). More than 90 fungal pathogens can cause different diseases 

from the field to fruit storage, resulting in inferior quality of fruit and drastic reduction in 

overall yield (Khajuria et al. 2018). Two of the most important and prominent foliar 

diseases worldwide are apple scab and powdery mildew caused by the fungi Venturia 

inaequalis (Cke.) Wint. and Podosphaera leucotricha, respectively (Bowen et al. 2011; 
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Tian et al. 2019). Apple scab is the biggest challenge faced by apple growers globally 

as production losses in highly infected orchards can go up to 70% (MacHardy 1996; 

Khajuria et al. 2018). The most prominent disease symptoms are premature leaf and 

fruit fall, as well as deformations in shape and size of the fruits, making the fruit unac-

ceptable for the market (Jha et al. 2009). In contrast, powdery mildew mainly infects 

young green tissues of the plant, as well as developing blossoms and flower buds 

(Strickland et al. 2020). Infected leaves tend to curl or roll upwards along the edges 

and may drop prematurely during summer. This leads to overall reduced plant vitality 

and lower assimilation rates, thereby resulting in yield losses (Urbanietz and Dune-

mann 2005). For both diseases, the most effective management method is to avoid 

planting highly susceptible varieties. The susceptible varieties and, under extreme 

pathogen favorable conditions, even resistant varieties need to be treated with short 

interval routine fungicide sprays, applied from budburst to harvest and later at storage 

(Eurostat 2007; Berrie and Xu 2003). However, with increasing pest resistance, public 

concern, environmental risks and rising chemical costs, such practices have generally 

become less acceptable (Damos et al. 2015).  

Another major fruit crop, strawberry (Fragaria X ananassa Duch.), covers an important 

place in the horticultural industry with around 9.0 Mt produced annually and an eco-

nomic value of around $25 billion (FAOSTAT 2020). They are widely produced in al-

most all regions of the world with China, USA and Mexico being the main producers 

(Simpson 2018; Husaini and Neri 2016). Similarly to apple, its sustainable production 

is challenged by various pathogens and rising pesticide resistances (Husaini and Neri 

2016; Dara 2016; Weber and Hahn 2019). Grey mold caused by Botrytis spp. is the 

principal fruit disease in most strawberry-growing areas worldwide (Sutton 1998). It is 

a well-known high-risk pathogen with respect to its ability to develop resistance to var-

ious fungicide classes and there are currently no fully resistant strawberry cultivars 

(Weber and Hahn 2019). Thus, high synthetic pesticide use for production and protec-

tion of the crop is needed and lead to the fact that strawberries are the most pesticide 

contaminated fruits (Rahman et al. 2018; El-Sheikh et al. 2023).  

  



 

__________________________________________________________________ 
10 

6.  Aims of the study 

Both apple and strawberry production are threatened by numerous plant pests and 

non-pesticide interventions are often not sufficient for effective plant protection. Thus, 

in modern agricultural systems, frequent applications of pesticides are necessary to 

obtain high yields with high quality fruits (Eurostat 2007, 2022). In recent years, under-

standing and engineering the root-associated microbiota has become a potentially im-

portant and more sustainable approach to improve plant growth and health (Dessaux 

et al. 2016). However, the responses of the root-associated microbiota to specific ag-

ricultural management practices are still largely unknown. Understanding the feedback 

system between the plant and its associated microbiota under various conditions and 

the responses of this microbiota upon plant pathogen infection or pesticide application 

is essential and holds potential to improve plant health by more effective treatment or 

support of beneficial microorganisms.  

The overall aim of this thesis is the evaluation of the impact of foliar pathogen infection 

and above ground pesticide application on the root-associated microbiota and on 

above and below ground plant development. For this, a number of hypotheses arose: 

I. The root-associated microbiota of apple plants has an intrinsic spatial and 
temporal variation related to root phenology and seasonal variation. As a 

prerequisite for evaluating pathogen and pesticide related effects, understand-

ing the intrinsic variation of the root-associated microbiota is vital. Small-scale 

differences within individual orchard-grown tree root systems are likely to be 

related to rhizodeposition and seasonal and annual variation (manuscript 1). I 

hypothesize to observe those distinct differences between the root compart-

ments also in greenhouse-grown apple saplings (manuscript 2 and 3). 
II. The infection of apple saplings with above ground fungal pathogens leads 

to changes in the bacterial community composition in the root-associated 
microbiota. Foliar infections are known to induce significant effects on plant 

physiology. I hypothesize that those infections lead to pathogen species de-

pendent and independent responses on the root-associated microbiota with dis-

tinct response differences between the root compartments (manuscript 2). Fur-

thermore, I hypothesize these plant mediated responses to have a temporal 

dynamic in dependence on disease severity.  



 

__________________________________________________________________ 
11 

III. The application of pesticides leads to application specific responses in 
the root-associated microbiota. These changes depend on the product, the 

application mode and vary between different root compartments (manuscript 2 

and 3). Beyond, I hypothesize that there are universal effects independent of 

conditions such as the used soil or model organism.  

IV. The combined effect of pathogen infection and pesticide application leads 
to distinct changes in the root-associated microbiota (manuscript 2). The 

curative application of pesticides might lead to a new stable community compo-

sition, or it might aid the return of the microbiota to that of a healthy plant after 

a pathogen infection event.  
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II.  Spatio-temporal variation in the root-associated microbiota of 
orchard-grown apple trees 
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Abstract 

The root-associated microbiome has been of keen research interest especially in the 

last decade due to the large potential for increasing overall plant performance in agri-

cultural systems. Studies about spatio-temporal variation of the root-associated micro-

biome focused so far primarily on community-compositional changes of annual plants, 

while little is known about their perennial counterparts. The aim of this work was to get 

deep insight into the spatial patterns and temporal dynamics of the root associated 

microbiota of apple trees.  

The bacterial community structure in rhizospheric soil and endospheric root material 

from orchard-grown apple trees was characterized based on 16S rRNA gene amplicon 

sequencing. At the small scale, the rhizosphere and endosphere bacterial communities 

shifted gradually with increasing root size diameter (PERMANOVA R²-values up to 

0.359). At the larger scale, bulk soil heterogeneity introduced variation between tree 

individuals, especially in the rhizosphere microbiota, while the presence of a root path-

ogen was contributing to tree-to-tree variation in the endosphere microbiota. Moreover, 

the communities of both compartments underwent seasonal changes and displayed 

year-to-year variation (PERMANOVA R²-values of 0.454 and 0.371, respectively).  

The apple tree root-associated microbiota can be spatially heterogeneous at field scale 

due to soil heterogeneities, which particularly influence the microbiota in the rhizo-

sphere soil, resulting in tree-to-tree variation. The presence of pathogens can contrib-

ute to this variation, though primarily in the endosphere microbiota. Smaller-scale spa-

tial heterogeneity is observed in the rhizosphere and endosphere microbiota related to 

root diameter, likely influenced by root traits and processes such as rhizodeposition. 

The microbiota is also subject to temporal variation, including seasonal effects and 

annual variation. As a consequence, responses of the tree root microbiota to further 

environmental cues should be considered in the context of this spatio-temporal varia-

tion. 
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1.  Introduction 

The rhizosphere is defined as the narrow region of soil around plant roots in which the 

roots, the biota and the soil interact with each other (Lynch and Leij 2001). It harbors 

a specific microbiome, which influences plant growth and development and has poten-

tial to contribute to sustainable agriculture (Busby et al. 2017; Santoyo et al. 2016; 

White et al. 2019). Plants enrich microbial taxa from the surrounding soil, which then 

thrive in the root-associated soil and eventually establish a closer relationship by en-

tering the root to pursue an endophytic lifestyle (Bulgarelli et al. 2013; Frank et al. 

2017). This results in compartment-specific microbial communities with decreased mi-

crobial diversity and an expected higher level of interaction of root endophytes com-

pared to the rhizosphere microbiome (Beckers et al. 2017; Bulgarelli et al. 2013). The 

assembly of the plant root-associated microbiome depends on several deterministic 

factors such as plant host genotype and developmental stage, soil properties, plant 

cultivation practices, geographical location, possible presence of root pathogens and 

stochastic factors (Bonkowski et al. 2021). The impact of these factors on the root-

associated microbiome has been studied in different herbaceous and annual plants 

(Bulgarelli et al. 2013; Carrión et al. 2019; Chapelle et al. 2016; Edwards et al. 2015; 

Lundberg et al. 2012; Munoz-Ucros et al. 2021), but less in perennials and in particular 

in tree species (Beckers et al. 2016; Cregger et al. 2018; Mazzola et al. 2015; Padhi 

et al. 2019; Pervaiz et al. 2020).  

In herbaceous and annual plants, temporal dynamics in the structure of the associated 

microbial community are considered to be closely linked to the plant development 

stage (Bonkowski et al. 2021; Donn et al. 2015; Li et al. 2014; Maarastawi et al. 2018; 

Munoz-Ucros et al. 2021; Shi et al. 2015). Previous studies on temporal dynamics of 

the root associated microbiota in trees have either focused on the early assembly or 

on pathogen infection (Blaustein et al. 2017; Dove et al. 2021; Wang and Mazzola 

2019), and it remains unclear to what extent the root associated microbiota of trees is 

subject to seasonal changes and annual (year-to-year) variation.  

Temporal dynamics in the root-associated microbiota of trees may result from seasonal 

shifts in carbon allocation into the roots and the surrounding soil (Epron et al. 2011). 

This release of predominantly photosynthetic assimilates into the rhizosphere soil 

mainly occurs at root tips and in the elongation zone (Epron et al. 2011; Hoffland et al. 
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1989; Zhalnina et al. 2018). Older root sections become suberized and are considered 

to be less relevant compared to fine roots concerning carbon release into the rhizo-

sphere and nutrient uptake. As rhizodeposition provides a major source of nutrients for 

microorganisms in the rhizosphere (Hassan et al. 2019; Jacoby and Kopriva 2019; 

Zhalnina et al. 2018), the assembly of specific microbial communities likely varies be-

tween different root sections along the root axis. Such differences have been reported 

for some herbaceous monocots, e.g. along the root axis of maize (Rüger et al. 2021) 

or between root tips and bases of Brachypodium (Kawasaki et al. 2016), but remain to 

be assessed in the tree rhizosphere microbiota. 

The root-associated microbiota of trees has so far predominantly been studied in pop-

lar and orchard trees, especially in citrus and apple (Beckers et al. 2017; Blaustein et 

al. 2017; Cregger et al. 2018; Padhi et al. 2019; Pervaiz et al. 2020). Most studies with 

apple focused on apple replant disease, a worldwide phenomenon causing growth re-

ductions and losses in fruit yield and quality (Rumberger et al. 2007; Franke-Whittle et 

al. 2015; Jiang et al. 2017; Mahnkopp-Dirks et al. 2021; van Horn et al. 2021). The 

poplar studies mainly addressed the variability of bacterial communities between tree 

individuals and between plant compartments such as root, rhizosphere, leaf or stem 

(Beckers et al. 2017; Cregger et al. 2018). For a detailed study of the spatio-temporal 

variation in the tree-root associated microbiota, we chose mature apple trees (Malus 

X domestica Borkh.) as model organism, because of its high importance as perennial 

fruit crop with a worldwide production of 86 million tonnes in 2018 (FAOSTAT 2019). 

Commercially grown apple trees have a particular root architecture with very compact 

root growth (Suppl. Fig. VII-1), which facilitates a systematic spatial analysis of all parts 

of the root system. 

Aim of this study was to systematically investigate spatio-temporal patterns in the root-

associated microbiota of commercially grown apple trees. We hypothesized that i) 

small-scale differences exist in the structure of the microbiota within individual tree root 

systems, with a successional gradient in relation to root diameter, as rhizodeposition 

is considered to decrease with increasing root size, ii) the root-associated microbiota 

undergoes temporal succession, related to the phenological development of the plant, 

and shows annual variation, iii) spatial patterns and temporal dynamics differ between 

the rhizosphere and endosphere microbiota, resulting from specific impacts of different 
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factors on these microbiotas. To test these hypotheses, we analyzed the root-associ-

ated microbiota of orchard-grown apple trees based on three field trials. Focus of the 

first trial (referred to as “spatial trial”) was the spatial variation within the root system of 

individual trees, while the second “temporal trial” addressed variation over time. In a 

third “spatio-temporal trial”, performed a year later, the small-scale spatial variation 

within the root system and the temporal patterns were further elucidated and directly 

compared. Moreover, larger-scale spatial variation from tree to tree resulting from field 

heterogeneity was assessed for trees between and along two rows, i.e. along an 80-

m longitudinal transect in the field. We studied the spatio-temporal patterns compara-

tively in two compartments according to the concept of Donn et al. (2015) by analysis 

of the loosely associated root microbiota (L-compartment), which primarily represents 

microorganisms residing in the rhizosphere, and the tightly associated microbiota (T-

compartment), which primarily represents endophytes and microorganisms being very 

tightly associated to the root surface. Focus was on the bacterial community composi-

tion, which was analyzed by amplicon sequencing of the 16S rRNA gene. 
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2. Material and methods 

2.1 Study site and root sampling  

Three field trials were conducted at the research facility “DLR Rheinpfalz” in Mecken-

heim, Germany. For the spatial trial, the entire root systems of four healthy adjacently 

grown apple trees (in order from tree 1 to tree 4) of the variety “Welland” were dug out 

and divided into four quadrants around the stem. In each quadrant, roots were divided 

into four sections depending on their root diameter (1: ≤ 1 mm, 2: 1 – 2 mm, 3: 2 – 4 

mm, 4: ≥ 4 mm root diameter) as a proxy for root age and rhizodeposition. Triplicate 

samples were taken from each size category within a quadrant. One bulk soil sample 

was taken for each quadrant of each tree nearby the respective tree root system. For 

the temporal trial, root systems of six healthy trees of the variety “Topaz” were sampled 

at twelve time points over the course of one year from May 2018 to April 2019 (Suppl. 

Table VII-1). Trees were located in two opposing rows and in each row three adjacent 

trees at approximately 1.5 m spacing were sampled, thus all standing in close proximity 

to each other. Root samples were collected at each timepoint from each tree using a 

custom-made metal corer (Ø = 4.5 cm), which was inserted approx. 50 cm into the soil 

at a distance of around 20-30 cm from the tree trunk. Care was taken to sample from 

a new position within the tree root system at each time point. Roots with a size between 

1 to 6 mm were collected from the drill core, primarily from 30 to 40 cm soil depth. In 

the spatio-temporal trial, nine healthy apple trees of the variety “Topaz”, located in the 

same two rows as the trees of the temporal trial were sampled four times between 

March and end of August 2019 (Suppl. Table VII-1). The timepoints reflect phenologi-

cal stages from initial emergence of leaves in spring until shortly before fruit harvest, 

during which we expected to find the strongest temporal dynamics in the community 

composition. Nine trees were analyzed within two opposing tree rows, respectively, 

spanning a distance of roughly 80 m. The rows were divided into three equally large 

clusters and three trees were sampled in each cluster, i.e. every third tree was sampled 

in each cluster. Root samples were collected with a metal corer and separated into two 

different size fractions in this trial: fine roots (FR) with a diameter between 1 to 3 mm 

and thick roots (TR) with 3 to 6 mm diameter.  
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2.2 Sample processing 

All samples were collected in 50-ml falcon tubes, stored on ice and frozen at -80°C 

within six hours of sampling. Upon thawing for further processing, loosely attached soil 

was shaken off and the roots cut into the different root size fractions. Loosely and tightly 

root-associated microorganisms were collected according to the protocol of Donn et 

al. (2015). For the L-compartment, around 45 ml of 0.2 mM sterile CaCl2 solution was 

added to the root samples in 50-ml falcon tubes and vortexed three times for 30 sec-

onds to loosen adhering soil and microorganisms from the roots. After 10 min of sedi-

mentation the root material was transferred into a fresh 15-ml falcon tube, which was 

immediately frozen in liquid nitrogen for analysis of the T-compartment. The suspen-

sion containing the microorganisms of the L-compartment was centrifuged at 4255 x g 

for 15 min at 5 °C in a swing-bucket rotor to pellet all microbial cells. The supernatant 

was discarded up to 15 ml, the pellet resuspended in this remaining liquid by vortexing, 

the suspension transferred to a 15-ml falcon tube and centrifuged again. The superna-

tant was decanted and the pellet immediately frozen in liquid nitrogen. Both L- and T-

samples were stored at -80 °C until further processing. To improve comparability, the 

bulk soil samples were processed in a similar way as the root samples by adding 45 ml 

of 0.2 mM sterile CaCl2 solution to the soil, vortexing three times for 30 s, followed by 

10 min of sedimentation and centrifugation at 4255 x g for 15 min at 5 °C. The super-

natant was discarded and the sample frozen in liquid nitrogen. All samples were freeze 

dried using a Heto PowerDry PL6000 freeze dryer (Thermo Fisher Scientific, Waltham, 

MA) and vortexed afterwards to homogenize the sample material. The frozen root ma-

terial of the T-compartment was ground using a Retsch Mixer Mill MM 400 (Haan, Ger-

many) and Retsch 25-ml grinding jars with 15-mm steel balls for 2 min at 25 Hz. 

2.3 DNA extraction and 16S rRNA gene PCR 

A detailed description of the DNA extraction and subsequent 16S rRNA gene targeted 

PCR is given in the supplement (Suppl. VII). In brief, DNA extractions were performed 

using the NucleoSpin® Soil DNA extraction kit (Macherey Nagel, Düren, Germany) 

and DNA concentrations were quantified using the QuantiFluor®dsDNA System 

(Promega Corporation, Fitchburg, WI). For bacterial community analysis, the 16S 

rRNA gene was amplified using an LNA PCR protocol to suppress the amplification of 

plant organelle derived 16S rRNA genes (Ikenaga and Sakai 2014). The bacterial 
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genes were amplified using the modified primer set 63f-1492r, followed by a nested 

PCR using primer set 799f-1193r (V5 - V7 region) to obtain PCR products of adequate 

length for sequencing. The forward primer in this nested PCR contained an 8-bp sam-

ple-specific barcode (Suppl. Table VII-2), similarly as used in Frindte et al. (Frindte et 

al. 2019). PCR products were pooled at equimolar concentrations and purified with the 

HighPrep™PCR Clean-up System kit (MagBio Genomics, Gaithersburg, MD). Library 

preparation and sequencing on a HiSeq system (Illumina, San Diego, CA) was per-

formed by the Max Planck-Genome-centre Cologne and generated paired-end reads 

(2 × 250 bp).  

2.4 Sequence data analysis 

The raw sequence reads were processed using a custom bash script with Cutadapt 

version 2.10 to demultiplex the samples (Martin 2011). Primer removal and further pro-

cessing was done with QIIME2 version 2021.02 (Bolyen et al. 2019). Denoising was 

performed using DADA2, likewise as forward and reverse read trimming and truncation 

after inspecting the quality profiles according to the developer’s recommendations 

(Callahan et al. 2016). Amplicon sequence variants (ASVs) of each trial were defined 

using a custom classify-sklearn plugin classifier against the SILVA 138 database, 

which was subsetted to the amplicon region and using the last common ancestor 

method (Bokulich et al. 2018; Quast et al. 2013; Yilmaz et al. 2014). For each trial, the 

classified reads were quality filtered separately by removing rare ASVs that appeared 

less than 20 times and in less than 5 samples within a trial. Likewise, samples with 

less than 10.000 reads were excluded. The total number of samples, the hierarchical 

structures of the trials, the read numbers and the number of samples remaining after 

quality filtering are displayed in Suppl. Table VII-3. After quality filtering a minimum of 

28 samples remained in the spatial trial for each root section in each compartment. In 

the temporal trial, between three and six samples were available for each timepoint in 

each compartment and between four and nine samples in the spatio-temporal trial for 

each timepoint in each root section and compartment. 

Statistical analyses were performed in the QIIME2 environment and in R version 4.0.2 

(R Core Team 2021) using the packages “phyloseq” (McMurdie and Holmes 2013), 

“microbiome" (Lahti et al. 2017) and “qiime2R” (Jordan E Bisanz 2018), while figures 

were generated using the “ggplot2” package (Wickham 2016). All further statistical 
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analyses were done separately for the two root compartments and the bulk soil by 

dividing the datasets. Alpha diversity was estimated by Shannon`s diversity index us-

ing a feature table rarefied to 10.000 reads per sample. Linear mixed-effects models 

were constructed to assess differences in alpha diversity using the “lmer” function of 

the lme4 package for the spatial and spatio-temporal trial, while the “lme” function of 

the nlme package was used for the temporal trial. For the spatial trial, the Shannon 

values of the pseudo-replicates were averaged. The variables root section and plant 

individual were used as fixed factors and their interaction was included, while the root 

quadrant was added as random effect. In the temporal trial, tree individual and season 

(season defined as shown in Suppl. Table VII-1) were used as fixed factors, the tree 

individual as random factor and the date of sampling was integrated to adjust the tem-

poral autocorrelation using the “corAR1” constructor. In the spatio-temporal trial, the 

root sections and sampling timepoints were used as fixed factors and their interaction 

included, while the tree individual was added as random factor. Significance was de-

termined using the “anova” function and pairwise comparisons were performed by es-

timated marginal means using the “emmeans” function of the emmeans package. 

Differences in the bacterial community composition were determined based on the 

non-rarefied dataset using the q2-plugin “DEICODE”, a form of Aitchison Distance 

(Martino et al. 2019), and constrained analysis of principal coordinates (CAP) using 

“capscale” in the “vegan” package (Jari Oksanen et al. 2019). Statistical differences 

were calculated using “adonis”, a form of one-way permutational multivariate analysis 

of variance (PERMANOVA), followed by a pairwise PERMANOVA with Benjamini-

Hochberg correction for multiple testing using the “pairwise.adonis” function, resulting 

in adjusted p-values (padj). All explanatory variables were coded as categorical factors. 

In the spatial trial, the effects of tree individual and root section were evaluated and 

permutations constrained by the factor root quadrant due to the nested design. In the 

temporal trial, variation due to sampling timepoint and tree individual were assessed, 

whereby permutations were constrained by the factor tree individual due to the re-

peated sample collection from the same individuals over time. This was also done in 

the spatio-temporal trial, where the effects of timepoint, root section and tree individual 

were analyzed. To assess whether gradual changes between or along tree rows con-

tribute to tree-to-tree variation the factor tree was replaced by row or longitudinal posi-

tion and the results were compared. Pairwise differential abundance analysis at ASV 



 

__________________________________________________________________ 
21 

level was performed for all trials using ANCOM-BC with detection for structural zeros 

turned on (Lin and Peddada 2020). Conservative variance estimates of the test statistic 

were used and p-values were adjusted using Holm’s correction. While ASVs with a 

mean abundance of ≥ 0.1% in either the L- or T-compartment were included in the 

analysis of the spatial trial, a threshold of ≥ 0.3% mean relative abundance was applied 

in the analysis of the second and third trial, because of the slightly lower sample num-

ber and thus an increased false discovery rate (FDR) for low abundant ASVs. Similarly, 

differential abundance analysis was performed at family and phylum level comparing 

the L- and T-compartment in the different trials.  

3. Results 

3.1 Differences in the root microbiota between compartments at phylum and 
family level 

Bacterial community composition was clearly dominated by members of the phylum 

Proteobacteria (mean relative abundance of 59.0%) in all samples, mostly followed by 

Actinobacteriota (12.7%), Bacteroidota (9.5%) and Acidobacteriota (6.9%) (Fig. II-1 A). 

Clear differences were seen in the community composition between L- and T-compart-

ment in all three trials by one-way PERMANOVA on DEICODE distances (spatial trial: 

R2 = 0.483, p = 0.001 | temporal trial: R2 = 0.449, p = 0.001 | spatio-temporal trial: 

R2 = 0.458, p = 0.001). Most consistent was a strong increase in the relative abundance 

of Actinobacteriota and the low-abundant Myxococcota in the T-compartment accord-

ing to a differential abundance analysis by ANCOM-BC (Fig. II-1 B). The correspond-

ing analysis at family level revealed that 13 members of Actinobacteriota were enriched 

in the T-compartment in one or more trials. Phyla with significant enrichment in the L-

compartment included the Acidobacteriota (Fig. II-1 B) with eight responsive families 

in at least one trial (Suppl. Fig. VII-2). Similar patterns were observed for the phyla 

Bacteroidota and Dependentiae. Moreover, individual families within the Desulfobac-

terota, Gemmatimonadota, Firmicutes and Nitrospirota responded in this way. In con-

trast, the proteobacterial families showed differential responses with 13 families being 

enriched and 14 being depleted in the T-compartment, which explains the mostly non-

significant change at phylum level (Fig. II-1 B). Differences between the two compart-

ments were also evident among the ten most abundant genera in each compartment 
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(Suppl. Table VII-4). Due to these profound differences, which were also evident in 

CAP plots of individual trials (exemplarily shown in Suppl. Fig. VII-3) all further anal-

yses were conducted separately for each compartment. 

 

 

Fig. II-1: Root-associated bacterial community composition of apple trees as revealed by 16S rRNA gene amplicon sequencing. 

A Relative abundance of bacterial families in samples from three different field trials (Spatial, Temporal and ST: spatio-

temporal) in the loosely associated (L) and tightly associated (T) compartment. Phyla and their families with < 2% 

relative abundance in the respective trial were grouped as “Other”. B Differential abundance analysis of L- and T-

communities at phylum level using ANCOM-BC. The heatmap shows the coefficients obtained from the ANCOM-BC 

log-linear model divided by their standard error (called W-value). The colour code indicates differential abundances 

between two compartments with red indicating enrichment in the T-compartment. A “*” is shown if ANCOM-BC showed 

significant differences using the adjusted p-value in this comparison. 
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3.2 Analysis of spatial patterns in the root-associated microbiota 

Spatial variation in the bacterial community structure within tree-root systems was as-

sessed based on four adjacently grown apple trees. The root system of each tree was 

divided into four quadrants around the trunk and roots were separated into four size 

sections according to diameter. The mean Shannon diversity index of the bacterial 

community was significantly (p < 0.001) reduced in the T-compartment (7.61 ± 0.39) 

compared to the L-compartment (8.28 ± 0.43), where it was similar to the bulk soil di-

versity (8.22 ± 0.25). In the L-compartment, variation in diversity was observed be-

tween the individual trees (p < 0.001), while neither root section nor its interaction with 

individual trees caused significant changes (Fig. II-2 A, C). Pairwise comparisons 

showed that trees 1 and 2 had a slightly lower diversity estimate than trees 3 and 4 

(p < 0.001). In the T-compartment, no factor showed effects on alpha diversity (p-val-

ues > 0.05) (Fig. II-2 C). Only the factor root section was close to the significance 

threshold (p = 0.058), with roots with the largest diameter tending to have a more di-

verse bacterial community than those of the other three size sections (Fig. II-2 A). 

Analyzing beta diversity by PERMANOVA and CAP (Fig. II-2 B, C) showed that tree-

to-tree variation was the predominant factor explaining variation in bacterial community 

composition in the L-compartment (R2 = 0.354; p < 0.001), reflected by its separation 

along the first CAP axis, which explained 28% of the variation. Similar to alpha diversity 

results, the adjacent trees 1 and 2 as well as the adjacent trees 3 and 4 were more 

similar in their bacterial community composition to each other compared to the other 

two trees. This is supported by pairwise PERMANOVA, where all trees except tree 1 

versus tree 2 were shown to be significantly different from each other (R2-values be-

tween 0.317 and 0.365, padj = 0.006) and with tree 3 versus tree 4 having a neglectable 

small R2-value (0.075, padj = 0.006) (Suppl. Table VII-5). Besides tree individuality, the 

root section had a significant impact on the bacterial community in the L-compartment 

(R2 = 0.200; p = 0.001), resulting in a successive separation of samples in CAP accord-

ing to root size along the second axis with 19.8% explained variation. This gradual shift 

was most clearly seen in trees 3 and 4, which showed in general larger variation in 

community composition compared to trees 1 and 2 (Fig. II-2 B). Pairwise PER-

MANOVA performed over all four trees supported this, with strongest differences 

 



 

__________________________________________________________________ 
24 

 

Fig. II-2: Spatial variation in the root-associated bacterial community of apple trees linked to root section, tree individual and root 

quadrant. A Variation in alpha diversity presented based on the Shannon index in the L-compartment (left) and T-

compartment (right) of four different trees. The different colours in the boxplots indicate different root sections according 

to their root diameter. B Variation in beta diversity presented based on constrained analysis of principal coordinates 

(CAP; using DEICODE distance matrices, constrained by the variables tree, root section and root quadrant) shown for 

the L-compartment (left) and T-compartment (right). Different colours were used for different root size sections and 

symbol shapes for the four individual trees sampled. C Statistical evaluation of differences in alpha and beta diversity 

in the L- and T-compartment. Effect sizes in beta diversity were assessed by PERMANOVA based on DEICODE dis-

tance matrices, while differences in Shannon diversity were analysed based on Linear Mixed-Effects Models (LMM). 
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between the smallest and the two largest root sections (Suppl. Table VII-5). In the T-

compartment, root section was the strongest explanatory factor (R2 = 0.359; p = 0.001), 

and a gradual shift in community composition in relation to root size section was evi-

dent in the CAP plot along the first axis, explaining 29% of the variation (Fig. II-2 B). 

Pairwise PERMANOVA showed that all root sections were indeed significantly different 

from each other (R2-values between 0.096 and 0.318; padj ≤ 0.012, Suppl. Table VII-5). 

ASVs with differential abundance between root size sections were identified based on 

ANCOM-BC. Interestingly, most ASVs with consistent changes across root size sec-

tions in the L-compartment showed a similar trend in the T-compartment (Fig. II-3). 

Overall, the majority of responsive ASVs decreased in relative abundance with increas-

ing root diameter in both compartments, e.g., Actinobacteriota, Bacteroidota, Myxo-

coccota and Patescibacteria. In contrast, no phylum showed consistent increases with 

root size, rather some specific ASVs. In particular ASVs of the Proteobacteria, which 

was the most responsive phylum, showed differential responses. Most of the significant 

differences were observed between the largest and the two smallest root sections. In 

the L-compartment, this was seen for ASVs representing potential nitrogen fixing taxa 

(Azovibrio, Mesorhizobium, Noviherbaspirillum), methylotrophs (Methylibium, 

Methylotenera, unclassified Methylophilaceae), and other unclassified ASVs (e.g. Rhi-

zobiaceae, Sphingomonadaceae, Xanthomonadaceae), which decreased in relative 

abundance in the largest root size fraction. ASVs that were in contrast more abundant 

in the largest size fraction included primarily Acidobacteriota, Nocardia and some Pro-

teobacteria (Acidibacter, Pseudolabrys, one of the ASVs assigned to Methylotenera 

and unclassified Halieaceae and Moraxellaceae). In the T-compartment, the distinction 

of the largest root size fraction was even more prominent than in the L-compartment 

in all major responsive groups. Especially among the Actinobacteriota in the T-com-

partment, most ASVs decreased along the root section gradient towards the largest 

one with only Nocardia, Mycobacterium and one Streptomyces ASV being an excep-

tion, which increased along the size gradient. Furthermore, different Proteobacteria 

such as rhizobia, some methylotrophs, sphingomonads, or ammonium oxidizers 

tended to decrease in relative abundance in the larger root sections, while only few 

Proteobacteria increased (Pseudolabrys, Reyranella, unclassified Halieceae and 

Methyloligellaceae). 
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Seeing substantial tree-to-tree variation especially in the L-compartment, we assessed 

whether the bulk soil samples collected within the root quadrants showed a similar 

pattern. PERMANOVA and CAP (Suppl. Fig. VII-4) revealed indeed a grouping of the 

bulk soil samples according to tree location (R2 = 0.515; p < 0.05). Similar as seen in 

the L-compartment, samples taken nearby trees 1 and 2 tended to cluster more closely 

together compared to trees 3 and 4. Despite a rather low number of bulk soil samples 

being available, differential abundance analysis allowed us to identify 26 responsive 

ASVs with a mean relative abundance of ≥ 0.1% (Suppl. Fig. VII-5). Of these, 42.4% 

showed a similar response pattern in the L-compartment, while only 11.5% responded 

similarly in the T-compartment. Thus, tree-to-tree variation, especially in the L-com-

partment, appears to be influenced by spatial patterns in the bulk soil. 

3.3 Succession of the microbial community composition over time 

The temporal dynamics in the loosely and tightly root-associated bacterial communities 

were studied based on six apple trees that were repeatedly sampled twelve times over 

the course of one year (Suppl. Table VII-1). The alpha diversity estimates of both com-

partments showed comparable fluctuations over time with highest Shannon indices in 

the summer months June until August (Fig. II-4 A). Afterwards, diversity decreased 

with the exception of the December samples until around March/April, when a steep 

increase followed in spring around the time when leaves and first buds emerged. The 

statistical analysis showed significant results between seasons in both compartments 

(both p-values = 0.002) with the winter season having a significantly reduced diversity 

compared to the summer season in both compartments (both p-values = 0.001), even 

though the December timepoint showed an intermediate increase. Regarding beta di-

versity, the factor time showed a significant impact on the bacterial communities in 

both compartments according to PERMANOVA (L: R2 = 0.454; p = 0.001 | T: 

R2 = 0.371; p = 0.001). CAP plots revealed that fluctuations in the L-compartment oc-

curred primarily in summer 2018, followed by a continuous though weaker succession 

in the following months until the end of the experiment in spring 2019 (Fig. II-4 B). In 

the T-compartment successional changes were likewise mostly seen between May 

and September 2018, while less changes occurred in the cold months. In PER-

MANOVA no pairwise comparison remained significant after adjusting for multiple 
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testing considering all sample combinations. However, based on non-adjusted p-val-

ues revealed some trends, i.e. that changes developed primarily between summer 

(23.05.2018 to 16.7.2018) and autumn/winter timepoints (25.10.2018 to 17.4.2019) 

(Suppl. Fig. VII-6). In particular for the L-compartment, the bacterial community com-

position did not (yet) return to its initial pattern after one year, as seen in the CAP plot 

(Fig. II-4 B) and the non-adjusted p-values of the PERMANOVA, where the last 

timepoint (17.04.2019) was different from nearly all earlier timepoints.  

Temporal dynamics of abundant ASVs (mean relative abundance ≥ 0.3%) between 

successive timepoints were evaluated by ANCOM-BC (Fig. II-5). Changes were pri-

marily evident for Proteobacteria, while Actinobacteriota responded primarily in the T-

compartment, where they occurred more abundantly (Fig. II-1). In both compartments, 

we observed several taxa with recurrent fluctuations in relative abundance over one 

season, whereby a significant increase was quite often immediately followed by a sig-

nificant decrease or vice versa (e.g. Burkholderiales TR3-20, Nitrosomadaceae MND1, 

Lysobacter or Pseudoxanthomonas). These changes correspond to the fluctuations 

observed in the CAP plot during summer (Fig. II-4 B, left panel). In the L-compartment, 

less significant changes were detected in autumn/winter (25.10.2018 to 17.04.2019; 

TP8 to TP12) than in spring/summer (Fig. II-5, upper panel). The responsive taxa and 

their patterns in the T-compartment were mostly different from those in the L-compart-

ment and most changes were seen between the first and last sampling timepoint (TP1 

and TP12), where twelve significantly differentially abundant ASVs were identified.  

  

Fig. II-3: Differentially abundant ASVs in different root size sections of the L- and T-compartment based on ANCOM-BC. The 

heatmap shows the coefficients obtained from the ANCOM-BC log-linear model divided by their standard error (called 

W-value). A “*” is shown if ANCOM-BC showed significant differences using adjusted p-values in this comparison. The 

colour code indicates differential abundances between two root size sections with red indicating enrichment in the re-

spective larger root section. A grey colour indicates that this ASV was not detected in the respective compartment. The 

mean relative abundance of the ASVs in the entire compartment is shown as % and ASVs with mean abundances ≥ 

0.1% in either compartment are displayed. Names of ASVs are coloured according to phylum. A All phyla but Proteo-

bacteria, which are displayed in (B). (See figure on previous pages). 
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Fig. II-4: Temporal variation in the root-associated bacterial community of apple trees. A Changes in alpha diversity based on 

the Shannon index in the two root compartments over time. Error bars indicate the standard error. B Constrained 

analysis of principal coordinates (based on DEICODE distance matrices and constrained by the variables tree and 

timepoint) to assess the relevance of time on variation in bacterial community composition in the L-compartment (left) 

and T-compartment (right). A colour gradient differentiates the twelve sampling timepoints. The stars are the calculated 

centroids of the samples from each timepoint and are connected with a red line along the timeline. C Statistical evalu-

ation of differences in bacterial alpha and beta diversity in the L- and T-compartment. Effect sizes in beta diversity were 

assessed by PERMANOVA based on DEICODE distance matrices, while differences in Shannon diversity were ana-

lysed based on linear mixed models. 
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Tree-to-tree variation in beta diversity was mainly seen in the T-compartment 

(R2 = 0.311; p = 0.001) (Fig. II-4 C). Pairwise PERMANOVA as well as ANOM-BC re-

vealed that mainly tree individual 2 and partially tree 1 were distinct from the rest 

(Suppl. Fig. VII-7). Interestingly, the most responsive abundant ASV (mean relative 

abundance in the T-compartment 2.2%, SD: 5.1) belonged to the genus “Candidatus 

Phytoplasma”, a plant pathogen. It was significantly enriched in tree 2 and to a lower 

degree in tree 1 compared to all other trees (Suppl. Fig. VII-7 A) reaching 24.4% rela-

tive abundance in tree 2 at the final sampling timepoint. 

3.4 Comparative analysis of temporal and differently scaled spatial variation 
in the rhizosphere microbiota 

In the spatio-temporal trial we focused on four time points in spring and summer, i. e. 

during the growing season, and on two relevant root size classes to assess small-scale 

spatial variation. In addition, larger-scale tree-to-tree variation was assessed along a 

longitudinal transect following two adjacent tree rows in the orchard (Suppl. Fig. VII-1) 

and evaluated between individual trees, trees between rows and along rows. Alpha 

diversity of the bacterial communities was not changed by any factor in this trial, like-

wise as in the temporal trial. Beta diversity analysis based on a PERMANOVA model 

with root section, timepoint and tree individual as explanatory variables revealed that 

all three factors were significant in both compartments with tree-to-tree variation being 

most relevant (L: R2 = 0.292; p = 0.001 | T: R2 = 0.345; p = 0.002) (Fig. II-6 B). This was 

followed by root size in the L-compartment and time in the T-compartment. To evaluate 

whether tree-to-tree variation was following a spatial pattern between or along rows, 

these factors were used alternatively in the PERMANOVA model instead of tree. In the 

L-compartment, the position of a tree in the row as well as its interaction with the factors 

timepoint and root section was explaining a considerable part of the variation (Suppl. 

Table VII-6), while this was not evident in the T-compartment. To analyze variation 

comparatively in the two root size sections, the data were divided according to root 

section. PERMANOVA showed that time and tree individual explained variation only in 

the thick root section of both, the L- and T-compartment, but not in the fine root fraction 

(Table II-1). 
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Fig. II-5: Differentially abundant ASVs between twelve successive timepoints in the L-compartment (upper) and T-compartment 

(lower panel) according to ANCOM-BC. The dates of the timepoints (TP) are listed in Suppl. Table VII-1. The heatmap 

shows the coefficients obtained from the ANCOM-BC log-linear model divided by their standard error (called W-value). 

A “*” is shown if ANCOM-BC showed significant differences using the adjusted p-value. The colour code indicates 

differential abundances between two samples with red indicating enrichment at the later timepoint. The mean relative 

abundance of the ASVs in the entire compartment is shown as % and ASVs with mean abundances ≥ 0.3% are dis-

played. The ASVs in the rows of the heatmap are separated according to phylum. Besides the comparisons between 

successive timepoints, differences between the first and last timepoint are shown.  
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Fig. II-6: Variation in the apple root-associated bacterial community structure due to spatial (root section), temporal and tree-to-

tree effects. A Constrained analysis of principal coordinates (CAP, based on DEICODE distance matrices, constrained 

by the variables tree, root section, and timepoint) shown for the L-compartment (left) and T-compartment (right). A color 

gradient differentiates the four sampling timepoints and symbol shapes the root section. B Statistical evaluation of 

differences in bacterial beta diversity in the L- and T-compartment. Effect sizes were assessed by PERMANOVA based 

on DEICODE distance matrices.  
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Table II-1: Significant differences in the apple root-associated bacterial community structure due to spatial (longitudinal position 

in field), temporal and tree-to-tree effects. Differences in bacterial diversity in the L- and T-compartment of fine (FR) and thick (TR) 

roots were assessed. Effect sizes were analyzed by PERMANOVA based on DEICODE distance matrices. Significant results are 

printed in bold. 

In ANCOM-BC, we evaluated differences of highly abundant ASVs (mean abun-

dance ≥ 0.3%) in samples of different root diameter or time (Suppl. Fig. VII-8). Signifi-

cant root-section related differences were primarily seen at the first timepoint, with sim-

ilar trends being mostly maintained at all other timepoints. As in the spatial trial (Fig. 

II-3), most responsive ASVs were detected among the Proteobacteria. These included 

in the L-compartment ASVs of Methylotenera, Pseudoxanthomonas, and Xanthomon-

adaceae, which decreased in relative abundance in the thicker roots, while Pseudo-

labrys increased. In the T-compartment, ASVs identified as Methylotenera and several 

members of Steroidobacter and Steroidobacteraceae decreased in the thicker root 

sections consistently in both trials. Lastly, temporal dynamics were assessed inde-

pendently in the two root size sections (Suppl. Fig. VII-8), revealing that temporal dy-

namics were mostly seen in the thick root fraction of the L-compartment. Changes were 

predominantly detected among the Proteobacteria, as in the temporal trial (Fig. II-5). 

This included ASVs such as Dongia, Pseudoxanthomonas, Burkholderiales TRA3-20, 

Nitrosomonadaceae MND1 and unclassified members of Saprospiraceae, Moraxel-

laceae and Comamonadaceae, which were all responsive in both trials, though at dif-

ferent timepoints. 

  

Compartment - Sec-
tion Variable 

    PERMANOVA 

 F.Model R² p 

L-FR Timepoint   1.880 0.148 0.101 
 Tree  2.052 0.431 0.365 

L-TR Timepoint  4.903 0.244 0.001 
 Tree  3.441 0.457 0.001 

T-FR Timepoint  1.385 0.127 0.625 
 Tree  2.311 0.566 0.763 

T-TR Timepoint  2.947 0.279 0.012 
 Tree  1.610 0.406 0.005 
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4. Discussion 

4.1 Compartment-specific differences in the apple tree rhizosphere 

Based on knowledge from annual crops (Donn et al. 2015; Kawasaki et al. 2016), we 

expected clear differences between the loosely and tightly associated bacterial com-

munities. Indeed, consistent differences in relative abundances were observed for the 

dominant families and phyla in all three experimental trials (Fig. II-1 and Suppl. Fig. 

VII-2). This is largely in accordance with differences reported for annual crops including 

maize, rice, wheat or Arabidopsis, where Proteobacteria and Actinobacteriota were 

more prevalent in the T-compartment or endosphere, while Acidobacteriota were more 

prevalent in the L-compartment or rhizosphere (Donn et al. 2015; Bulgarelli et al. 2013; 

Lundberg et al. 2012; Edwards et al. 2015; Fan et al. 2017). Moreover, our findings are 

in agreement with results from citrus and olive trees (Fernández-González et al. 2019; 

Zhang et al. 2017), while they are partially different to the findings reported for poplar 

trees, which showed a significantly higher relative abundance of Actinobacteriota in 

the rhizosphere soil compared to the root endosphere, while Proteobacteria responded 

similarly as in our work (Beckers et al. 2017; Gottel et al. 2011). Overall, it appears that 

trees enrich similar phyla in the endosphere as many of their annual herbaceous coun-

terparts, pointing towards analogous selection mechanisms.  

By far the most abundant taxon (11 – 16%) in the T-compartment in all three trials was 

the genus Steroidobacter (or Steroidobacteraceae in the spatial trial) (Suppl. Table 

VII-4). This genus has been reported to be associated with apple roots in an earlier 

study (Bulgari et al. 2012), but not as the dominant taxon, and has been found abun-

dantly in Marchantia liverworts, indicating a possible long co-evolutionary history with 

plants (Alcaraz et al. 2018). Growth of Steroidobacter agariperforans can be stimulated 

in vitro by diffusible metabolites of Rhizobiales (Sakai et al. 2014), another typical 

group of plant root colonizers that were abundantly present in the apple tree root en-

dosphere (Suppl. Table VII-4). Moreover, the genus is known from Pinus roots growing 

in subsoil or from the subsoil itself, with positive effects on nutrient cycling (Gu et al. 

2017; Marupakula et al. 2017). Most of our sampled root material was located in the 

subsoil, which may promote the dominance of Steroidobacter in the T-compartment. 

Several other dominant taxa in the T-compartment in all three trials (e.g. Acidibacter, 

Flavobacterium, Pseudomonas, Bradyrhizobium, Bacillus, as well as unidentified 
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ASVs in the families Burkholderiaceae, Microtrichales or Rhizobiales incertae sedis) 

have frequently been found in other rhizosphere studies and many of those are known 

to have plant beneficial traits, e.g. stimulation of plant defense, or have been reported 

to reduce the abundance of soil-borne pathogens in apple orchards (e.g. Alternaria 

mali) and may thus play an important role in the apple root microbiome (Caputo et al. 

2015; Deakin et al. 2018; Kolton et al. 2014; Li et al. 2017). 

In contrast, only few of the dominant taxa in the L-compartment have potentially plant 

beneficial traits such as Pseudomonas, Flavobacterium, members of Burkholderiales, 

Comamonadaceae or Saprospiraceae. They have been shown to utilize root metabo-

lites, degrade (lignin-derived) aromatic compounds, produce anti-microbial sub-

stances, partake in sulfonate cycling in the wheat rhizosphere or break down complex 

organic compounds (Coenye and Vandamme 2003; Kawasaki et al. 2016; Li et al. 

2017; McIlroy and Nielsen 2014; Schmalenberger et al. 2008; Vandenkoornhuyse et 

al. 2007; Vacheron et al. 2013). Other dominant ASVs found here were Nitrospira and 

Nitrosomonadaceae MND1, capable of nitrification (Prosser et al. 2014; Deng et al. 

2019; Wang et al. 2020a) and possibly important for nutrient cycling in the rhizosphere.  

To conclude, both compartments harbor specific microbial communities with possible 

abilities to benefit the plant. Predominant taxa in the L-compartment are primarily 

known to be associated with the conversion of plant-derived organic compounds, are 

involved in the nitrogen cycle or may have growth-promoting traits, while several taxa 

in the T-compartment have been shown to harbor strains being involved in biocontrol 

or possess plant-growth promoting abilities. 

4.2 Bacterial community shifts along a root size gradient 

We observed successive changes in beta diversity with increasing root diameter in the 

first and third trial in both compartments (Figs. II-2 and II-6). This indicates that apple 

trees selectively shape their bacterial communities along the root axis. Differences be-

tween root sections were recently also reported for the maize rhizosphere microbiota, 

though the community did not show a gradual transition in beta diversity along the axis 

(Rüger et al. 2021). However, in that work the focus was on very early assembly pro-

cesses and the analyzed root regions were younger. In the apple rhizosphere, several 

ASVs showed similar trends of increasing or decreasing abundance in both 
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compartments along the root size gradient (Fig. II-3), suggesting that similar selection 

processes contribute to these differences along the root axis in both compartments. 

In the L-compartment, the selective process is likely primarily driven by rhizodeposi-

tion, including processes such as organic carbon exudation, which changes and de-

creases with increasing root diameter as larger roots become suberized (Badri and 

Vivanco 2009; Keel et al. 2012; Proctor and He 2017). This is supported by our finding 

that rhizosphere-associated taxa, which are known to be frequent colonizers and rela-

tive abundant at early growth stages in other plants or to profit from root exudates, 

decreased towards the largest root section, e.g. Allorhizobium-Neorhizobium-Pararhi-

zobium-Rhizobium, Pseudoxanthomonas, Methylibium or other unclassified Rhizobi-

aceae (Araujo et al. 2019; Mao et al. 2014; Spaink et al. 1998; Wang et al. 2017).  

That carbon source availability can drive differentiation along the root axis in both com-

partments can also be nicely exemplified by focusing on methylotrophic bacteria. Sev-

eral methylotrophic taxa occurred with higher relative abundance in the smaller root 

size sections in the two trials, such as Methylotenera, Methylibium or members of the 

family Methylophilaceae (Fig. II-3 and Suppl. Fig. VII-8). These organisms can grow 

on methanol, which is a waste metabolic by-product of growing plant tissue (Miliute et 

al. 2016; Macey et al. 2020). Using methanol likely provides a selective advantage for 

methylotrophs during plant colonization, as demonstrated earlier (Sy et al. 2005). Since 

root growth occurs predominantly at the root tips and in the elongation zone, this is 

likely the area with the highest release of methanol and corresponding very well to the 

enrichment of methylotrophs in thinner root sections. Noteworthy, not all ASVs repre-

senting methylotrophs were enriched towards these thinner root sections, few taxa 

showed an opposite pattern (ASVs identified as Methylotenera or Methyloligellaceae), 

which may indicate further niche differentiation within the population of methylotrophs. 

It is likely that other taxa respond to other carbon compounds in the L- and T-compart-

ment in a similar way, but these specific dependencies, which may involve more than 

one carbon compound a taxon is responding to, remain to be identified in future stud-

ies.  
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4.3 Temporal changes in the loosely and tightly bound root microbiota 

The temporal trial, which focused on differences throughout an entire year, showed 

that a succession in community composition took place in both compartments with 

more changes occurring during spring and summer than in winter (Figs. II-4 and II-5). 

This resulted in a higher alpha diversity during the summer months (Fig. II-4 A) and in 

community compositional differences primarily between summer and winter (Suppl. 

Fig. VII-6). It is likely that the changes in the root-associated microbiota were related 

to plant phenological processes. Apple root growth in mature trees has been reported 

to occur unevenly during the year with a possible bimodal pattern with substantial root 

growth (“root flush”) around full bloom and either mid-summer or harvest (Eissenstat 

et al. 2006). This coincides with the increasing Shannon diversity observed during 

spring and early summer in 2018 and 2019 (Fig. II-4 A) (Macey et al. 2020). Likewise, 

changes in community composition were stronger during the growing season, espe-

cially in the L-compartment, i.e. at the time when photosynthesis and rhizodeposition 

were most relevant (Wingate et al. 2010). 

Interestingly, the bacterial communities of the L-compartment at the last analyzed 

timepoint shifted further away from most other timepoints rather than returning to its 

initial state (Fig. II-4 B and Suppl. Fig. VII-6), indicating that the loosely associated 

microbial community does not necessarily return to a highly season-specific state after 

one year. This is underlined by the fact that no taxon that was responsive to season in 

the temporal trial showed a highly reproducible pattern in the spatio-temporal trial, 

though the identity of the responsive taxa was at least partially overlapping in the two 

trials. Microorganisms in the L-compartment are known to be less protected against 

abiotic influences compared to the T-associated microbiota (Lumibao et al. 2020), 

which suggests that further factors besides tree phenology are inducing changes. Var-

iations in weather conditions are likely contributing to these year-to-year alterations. 

We encountered quite unordinary weather conditions in 2018 with high temperatures 

during summer with little precipitation and a warm December with intensive precipita-

tion (Kraska 2019). The latter may have caused the spike in alpha diversity in the L-

compartment in December 2018 (Fig. II-4 A) and perhaps also the intermediately 

higher number of responsive taxa in the T-compartment (Fig. II-5, T8 to T9 and T9 to 

T10). Besides a direct impact of weather conditions on microorganisms, higher 
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temperatures increase the rate of photosynthesis and thus likely the rate of rhizodep-

osition, as shown for perennial plants and trees (Amos and Walters 2006; Uselman et 

al. 2000). An increased carbon flux due to higher temperatures is thus likely contrib-

uting to seasonal dynamics in bacterial communities. Water availability is also strongly 

weather related, but drought was probably not a major limiting factor in this study even 

during the exceptionally warm summer, because the trees were drip-irrigated. It may 

primarily have affected the dynamics in December 2018. Taken together, our results 

suggest that the temporal dynamics in the root-associated microbiota are related to 

plant phenology as well as abiotic factors such as weather conditions, which can act 

directly on the microbiota or indirectly via modulating plant physiological processes. 

In the third trial, we additionally evaluated temporal differences in the root-associated 

microbiota individually for different root size fractions. Seasonal dynamics were de-

tected in both compartments (L and T) (Fig. II-6 B), but largely restricted to the thicker 

root fraction (Table II-1). Likewise, tree-to-tree variation was limited to the thicker root 

fraction. These findings indicate that tree-specific communities may develop with in-

creasing root thickness/age, which are then more responsive to seasonal dynamics 

compared to the microbial communities in finer roots. That no significant differences 

were observed in the fine roots in either compartment indicates that other factors than 

seasonal dynamics influence the microbiota there. 

4.4 Field scale gradients and pathogen infection as underlying causes for 
tree-to-tree variation 

In all three trials we observed a significant impact of the individual trees on the bacterial 

community structure (Figs. II-2, II-4 and II-6), with varying effect sizes on the L- versus 

T-compartment. In the spatial trial, tree-to-tree variation was primarily seen in the bac-

terial community of the L-compartment. This was likely caused by underlying variation 

in the bulk soil microbiota, because the microbiota in the bulk soil samples showed 

similar community patterns as in the L-compartment (Suppl. Fig. VII-4), and because 

the rhizosphere microbiota is known to be drafted from the surrounding bulk soil (Vries 

and Wallenstein 2017). Similarly, the observed variation along rows in the spatio-tem-

poral trial points to field-scale heterogeneity in the bulk soil that causes shifts especially 

in the loosely associated microbiota (Fig. II-6 B and Suppl. Fig. VII-6). A previous study 

analyzing the spatial structuring of soil microbial communities in an apple orchard also 
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found that spatial (1-5 m) variability was present within an orchard, though it did not 

follow a predictable pattern (Deakin et al. 2018). Such variability can be explained ei-

ther by physio-chemical differences in the soil or by the fact that the distribution of soil 

microorganisms relies on passive mechanisms of dispersal in the soil, even in the ab-

sence of environmental gradients (Bahram et al. 2016).  

In all trials, tree-to-tree variation was observed. In the temporal and spatio-temporal 

trial, this variation was more relevant in the T-compartment than in the L-compartment 

(Figs. II-4C and II-6B). Moreover, it was of higher relevance in the thicker than in the 

thinner root size fractions (Table II-1). Similar differences were also seen in the first 

trial (data not shown) and indicate that tree-specific influences may predominantly af-

fect closely associated endophytes in older root regions. We identified pathogen infec-

tion as likely cause for tree-to-tree variation in the temporal trial, as two trees showed 

high relative abundance of an ASV classified as “Candidatus Phytoplasma”. This ge-

nus includes the apple specific root pathogen “Candidatus Phytoplasma mali”, the 

causal agent of apple proliferation and a BLAST search of the sequence resulted in 

100% query cover (Bulgari et al. 2012; Seemüller and Schneider 2004). We did not 

detect any signs of infection when sampling, but infected trees may be asymptomatic. 

Tree-to-tree variation of the tightly associated bacterial community is likely caused by 

restructuring the native community in infected trees, as seen in previous studies (Bul-

gari et al. 2014; Trivedi et al. 2012; Trivedi et al. 2016), and it highlights the impact of 

a pathogen infection in the root system on the root-associated microbiome. This path-

ogen was not found or in marginally small abundances in the other two trials, which 

leads to the conclusion that further tree-specific traits cause tree-to-tree variation. Ob-

serving tree-to-tree variation in a comparable range as seen for the impact of root sec-

tion and temporal variation indicates the need for a sufficiently high number of replicate 

trees in future orchard studies.  
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5. Conclusion 

Our study demonstrates that the root-associated bacterial microbiome of apple trees 

is compartment-specific and shows spatio-temporal patterns. Genera being associated 

with the conversion of organic carbon compounds or being involved in the nitrogen 

cycle were more frequently enriched in the L-compartment, while several genera in the 

T-compartment are known to include strains being involved in biocontrol or with plant-

growth promoting abilities. Spatial patterns were shown to exist at different scales, 

ranging from variation within the root system of an individual tree over tree-to-tree var-

iation between adjacent trees to variation relevant to field scale. We identified root 

diameter, which served as proxy for root age and therewith differences in root physiol-

ogy and rhizodeposition processes, as a relevant factor for variation within the tree root 

system. Factors leading to tree-to-tree variation act compartment specific, with soil 

properties introducing spatial patterns primarily in the loosely associated rhizosphere 

microbiota, while tree-specific traits such as pathogen infection level introduced more 

variation in the tightly associated microbiota. Seasonal variation is also present in the 

microbiota of both compartments of apple trees, most evident between summer and 

winter, likely linked to tree phenology, weather conditions, and climatic differences be-

tween years. This temporal variation may modulate microbiome responses to other 

environmental factors and deserves careful attention in future field studies. Besides, 

the observed tree-to-tree variation, which was often as relevant as the spatio-temporal 

variation, points to the need for sufficiently large sample sizes even within one orchard. 

Variation in microbiome data due to root region or time can be reduced by collecting 

homogenous samples, e.g. with a consistent representation of root regions. Such strat-

egies will help to identify further influence factors of the tree root microbiome in future 

studies. 
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III. Effects of above ground pathogen infection and fungicide ap-
plication on the root-associated microbiota of apple saplings  

 

 

Modified on the basis of 

Maximilian Fernando Becker1, A. Michael Klueken2 and Claudia Knief1, 2023.  

Environmental Microbiome 18, 43.  

DOI: https://doi.org/10.1186/s40793-023-00502-z 

 

 

1 University of Bonn, Institute of Crop Science and Resource Conservation, Molecular Biology 

of the Rhizosphere, Nussallee 13, 53115 Bonn 

2 Bayer AG, Crop Science Division, Disease Control Biology, Alfred-Nobel-Str. 50, 40789 Mon-

heim am Rhein, Germany 

 

 

Author contributions: 

CK and MFB designed the study. MFB performed the field and laboratory work, as well as the bioinfor-

matic and statistical analyses. MFB drafted the manuscript, CK, AMK and MFB further reviewed and 

edited. All authors discussed the results and agreed on the final version. 

 

  



 

__________________________________________________________________ 
43 

Abstract 

The root-associated microbiome has been of keen research interest especially in the 

last decade due to the large potential for increasing overall plant performance in agri-

cultural systems. Knowledge about the impact of above ground plant disturbances on 

the root-associated microbiome remains limited. We addressed this by focusing on two 

potential impacts, foliar pathogen infection alone and in combination with the applica-

tion of a plant health protecting product. We hypothesized that these lead to plant-

mediated responses in the rhizosphere microbiota.  

The effects of an infection of greenhouse grown apple saplings with either Ventu-

ria inaequalis or Podosphaera leucotricha as foliar pathogen, as well as the combined 

effect of P. leucotricha infection and foliar application of the synthetic plant health pro-

tecting product Aliette (active ingredient: fosetyl-aluminum), were studied on the root-

associated microbiota. The bacterial community structure of rhizospheric soil and en-

dospheric root material was characterized post-infection, using 16S rRNA gene am-

plicon sequencing. With increasing disease severity both pathogens led to changes in 

the rhizosphere and endosphere bacterial communities in comparison to uninfected 

plants (explained variance up to 17.7%). While the preventive application of Aliette on 

healthy plants two weeks prior inoculation did not induce changes in the root-associ-

ated microbiota, a second later application on the diseased plants decreased disease 

severity and resulted in differences of the rhizosphere bacterial community between 

infected and several of the cured plants, though differences were overall not statisti-

cally significant. 

Foliar pathogen infections can induce plant-mediated changes in the root-associated 

microbiota, indicating that above ground disturbances are reflected in the below-

ground microbiome, even though these become evident only upon severe leaf infec-

tion. The application of the fungicide Aliette on healthy plants itself did not induce any 

changes, but the application to diseased plants helped the plant to regain the microbi-

ota of a healthy plant. These findings indicate that above ground agronomic manage-

ment practices have implications for the root-associated microbiome, which should be 

considered in the context of microbiome management strategies. 
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1. Introduction 

The term rhizosphere was first coined in 1904 by the German agronomist and plant 

physiologist Lorenz Hiltner and is now defined as the narrow region of soil around plant 

roots, which harbors a specific microbiome with potential benefits for plant health (Hilt-

ner 1904; Ali et al. 2017; Mendes et al. 2013). Some rhizosphere microbes have ca-

pabilities to enter the root and establish an endophytic lifestyle, thereby undergoing an 

even closer association and with further possibilities to influence root health and plant 

growth (Frank et al. 2017; Araujo et al. 2019; White et al. 2019). This root-associated 

microbiome is mostly recruited from the surrounding soil and is considered to be crucial 

for healthy agricultural soils and thus for food production (reviewed in Vries and Wal-

lenstein 2017). Its composition has been shown to depend on various factors such as 

the biophysical and biogeochemical environment, but is also actively shaped by the 

plant (Costa et al. 2006; La Fuente Cantó et al. 2020). The plant species (Garbeva et 

al. 2008; Berg and Smalla 2009), its genotype (Micallef et al. 2009), spatial heteroge-

neity within the root system related to root age and differentiation (Bonkowski et al. 

2021; Becker et al. 2022) and nutrient acquisition strategies (Guyonnet et al. 2018) are 

considered some of the main drivers behind microbiome assembly and dynamics. 

More specifically, its composition is shaped by the plant via rhizodeposition (Haichar 

et al. 2008; Zhalnina et al. 2018), which itself depends on various factors, including 

abiotic and biotic influence factors. Abiotic factors include light intensity and tempera-

ture (Pramanik et al. 2000), the mechanistics of carbon and nitrogen flow into the rhi-

zosphere (Jones et al. 2009), water supply (Henry et al. 2007), or the application of 

plant health protecting products (PHPPs) such as pesticides (Dinelli et al. 2007), while 

biotic factors include the presence of other organisms (reviewed in Dessaux et al. 

2016, and root or even foliar pathogens to which the plant responds (Yuan et al. 2018; 

Wen et al. 2021; Becker et al. 2022). 

The root-associated microbiome is known to be able to protect plants against stresses 

such as pathogen infections (Finkel et al. 2017) and has been shown to be actively 

recruited to suppress soilborne pathogens (Liu et al. 2021b). Various studies in recent 

years have shown that different root, above ground or systemic pathogens can impact 

the root-associated microbiota. Devastating root pathogens such as Phytophthora 

causing root rot (Solís-García et al. 2020), above ground fungal pathogens such as 
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Botrytis cinerea (Tender et al. 2016) or Podosphaera aphanis on strawberry (Yang et 

al. 2020), as well as the phloem-limited bacterial Huanglongbing citrus disease (Trivedi 

et al. 2012) have been shown to induce changes in the microbial rhizosphere commu-

nity to varying degrees. Beyond this, Gu et al. (2022) have recently suggested that 

small changes in the rhizosphere microbiome can be an early indicator for the pres-

ence of a soilborne pathogen. The effects of a pathogen infection can be plant com-

partment specific as a recent study by Kim et al. (2021) shows. Here, the systemic 

bacterial pathogen Erwinia amylovora causing fireblight in several Rosaceae was 

shown to induce significant changes in the apple root endosphere bacterial community 

composition, whereas the rhizosphere communities remained unchanged. Thus, evi-

dence exists that above ground or systemic pathogens can impact the root-associated 

microbiota. However, detailed knowledge about this process remains limited; it is in 

particular unknown how early during the above ground infection process changes be-

come evident in the root-associated microbiota and whether responses are pathogen-

specific. Understanding the composition and responses of the root-associated micro-

bial communities of healthy and diseased plants is essential for promoting plant health 

and growth and has thereby potential to contribute to sustainable agriculture (Lynch 

and Leij 2001; Busby et al. 2017). 

Currently, disease control relies predominantly on repeated PHPP applications and the 

integration of non-pesticidal control measures, such as removing litter residues or us-

ing resistant plant varieties (Carisse and Bernier 2002; Michalecka et al. 2018). The 

application of synthetic and biological products for disease prevention and reduction is 

common practice and has recently been found to influence the root-associated micro-

biota (reviewed in Ramakrishnan et al. 2021). Depending on the product group and 

application mode, different effects on the root-associated microbiota have been ob-

served by pesticide applications. PHPPs with direct contact of the compound with the 

root-associated microbiota have been shown to induce significant effects. For exam-

ple, soil or seed treatments such as seed coatings, as well as systemic PHPPs have 

been shown to affect bacterial and fungal rhizosphere communities in maize, soybean, 

rice, strawberry and sugar cane (Huang et al. 2021; Nettles et al. 2016; Kusstatscher 

et al. 2020; Deng et al. 2019; Qian et al. 2018). Similarly, spray applications of the 

systemic herbicide haloxyfop-R-methyl have been shown to dissipate into the rhizo-

sphere soil upon application and consecutive plant death to influence the soil and 
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rhizosphere bacterial richness and diversity (Liang et al. 2020). However, little is known 

about possible plant mediated effects on the root-associated microbiota when PHPPs 

are applied above ground. The only currently available study about the effects of spray 

application of a mixture of the systemic fungicides fosetyl-aluminum and propamocarb-

hydrochloride has been shown to have a rather weak and only transient impact on the 

root-associated microbiota (Fournier et al. 2020). Thus, effects of PHPPs in direct or 

close contact with the root-associated microbiome in form of seed/soil treatment or as 

systemic products have been shown, whereas the effects of above ground product 

applications and thereby plant mediated responses on the root-associated microbiota 

are currently largely unknown. However, in commercial fruit tree orchards most pesti-

cides are applied as foliar sprays and less as drench application or seed coating 

(Thompson et al. 2023). Moreover, the effects of PHPPs on the root-associated micro-

biome have been studied on healthy plants, while the combined effects resulting from 

pathogen infections and PHPP applications remain unknown. This may have additive 

effects, leading to an even more distinct root-associated microbiota of infected, PHPP 

treated plants, or may to some extent reduce the infection impact, if plants and their 

associated microbiota are cured by PHPP treatment.  

Aim of this study was to investigate the effects of two above ground fungal pathogens 

and the interaction with a synthetic fungicide on the root-associated bacterial microbi-

ota. We chose apple (Malus X domestica Borkh.) as a model organism due to its eco-

nomic relevance, its susceptibility to several severe pathogens, and the current dis-

ease control methods. It is the third most important fruit in terms of production and 

consumption worldwide with around 83 Mt of apples produced annually (Khajuria et al. 

2018; Ritchie and Roser 2020). Sustainable apple production is threatened by both, 

above and below ground pathogens, causing substantial yield and economic losses. 

Two of the most important and prominent foliar diseases worldwide are apple scab and 

powdery mildew caused by the fungi Venturia inaequalis and Podosphaera leucotricha, 

respectively (Bowen et al. 2011; Tian et al. 2019). Infections by these pathogens are 

minimized and plant health is maintained in apple orchards by frequent pesticide ap-

plications with high dosages (Eurostat 2007).  

We hypothesized that i) foliar pathogen infection changes the apple sapling root-asso-

ciated bacterial community structure depending on disease severity and pathogen 
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species and ii) the application of PHPPs promotes the return of the microbiota to that 

of a healthy plant after a pathogen infection event. To test these hypotheses, we ana-

lyzed the root-associated microbiota of young apple plants based on two greenhouse 

trials. Focus of the first trial (referred to as temporal trial) were pathogen-infection in-

duced changes over time in the root-associated bacterial community of plants, either 

inoculated with the apple pathogen V. inaequalis or P. leucotricha in comparison to 

healthy plants. Focus of the second trial (mixed trial) was to analyze the effect of a P. 

leucotricha infection followed by the application of the synthetic fungicide Aliette (con-

taining fosetyl-aluminum). This locally systemic product was chosen as it is effective 

against P. leucotricha (Petré et al. 2015) and because it has been shown to only induce 

weak transient changes in the root-associated microbiota (Fournier et al. 2020). Its 

active ingredient, fosetyl-aluminum, is considered to have a low mammalian toxicity 

and to be rapidly degraded in soil to non-toxic components (Lewis et al. 2016). In both 

trials we divided the root-associated microbiota into the “loosely associated” (L-com-

partment, primarily the rhizosphere) and “tightly associated” (T-compartment, primarily 

the endosphere) microbiota according to the concept of Donn et al. (2015) to study 

responses compartment-specifically. The bacterial community composition was ana-

lyzed by amplicon sequencing of the 16S rRNA marker gene. 

2. Material and Methods 

2.1 Soil substrate preparation 

For both the temporal and mixed trial, soil in proximity of apple trees was taken from a 

commercial apple orchard in Buxtehude, Germany. The soil was air dried and sieved 

through a 2-mm mesh. As growth substrate, 45% of this soil was mixed with 45% sterile 

silica sand and 10% perlite to improve soil texture and therewith seedling growth. The 

soil mixture was remoistened two days before use and the watered soil transferred into 

growing trays or pots.  
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2.2 Plant cultivation 

Commercially available apple seeds (Malus X domestica Borkh., cv. Pink Lady) were 

stored for at least two months at -20 °C for stratification. For use, the seeds were then 

incubated in sterile distilled water (dH2O) for four days at 6 °C. Before the seeds were 

placed into silica sand for germination, the sand was autoclaved, placed into boxes 

and wetted with sterile dH2O overnight. Germination occurred for two weeks at 4 °C 

with the lid of the tray closed. Individual seedlings were further cultivated in the pre-

pared soil mixture in growing trays, slightly covered with soil, and left for 17 days with 

14-hour light phase (> 300 μmol m−2 s−1, Philips SGR 140, Hamburg, Germany) at 

16 °C ± 2 °C and 10-hour dark phase at 14 °C ± 2 °C in a glasshouse with 50-70% 

relative air humidity. Healthy 40-day old seedlings were transferred to 13-cm round 

pots containing pre-moistured soil mixture together with 0.25 g Basacote 6 M con-

trolled-release fertilizer (Compo Expert, Germany). During the following cultivation pe-

riod, pest control was conducted by using commercially available beneficial organisms 

in release sachets (Neoseiulus cucumeris, N. barkeri, Phytoseiulus persimilis, Am-

blyseius cucumeris, Encarsia formosa, Chrysoperla carnea; Sautter & Stepper, Ger-

many) as biocontrol agents and fungal disease control by weekly sulphur fumigation. 

To protect the soil from contamination with sulphur, it was covered with felt maps. The 

pots were drip-irrigated with approximately 10 ml of water per pot per day and their 

position was randomly changed every week. For both trials, plants were grown under 

these conditions for five weeks until further treatment. 

2.3 Pathogen infection 

Prior pathogen inoculation, plant leaves were rinsed with water to remove sulphur res-

idues. V. inaequalis infection of 75-day old apple plants was performed by the method 

of Steiner and Oerke (2007). Briefly, a V. inaequalis spore solution with 106 conidia ml-

1 was prepared from frozen detached apple leaves (cultivar Pink Lady) with sporulating 

lesions of strain HS1, which were taken from the strain collection at the INRES Depart-

ment for Plant Diseases and Plant Protection at the University of Bonn. The spore 

solution was evenly sprayed onto the plant leaf surfaces. For the untreated control, 

sterile dH2O was sprayed onto the plant surface. Powdery mildew infection was 

achieved using fresh P. leucotricha spores from propagation apple plants (cultivar Pink 

Lady), as plant material with spores cannot be processed for storage. Diseased apple 
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plants with sporulating colonies on leaves were evenly shaken over the plants. Plants 

from all three treatments were kept for 48 hours in sealable plastic containers filled 

with roughly 1 cm of water in order to create a humid environment and thus ensure a 

successful infection with V. inaequalis (while maintaining similar conditions between 

treatments). Additionally, a dark panel was put on top of the boxes for 24 hours to 

decrease light intensity. Afterwards, all plants were placed into climate chambers, 

whereby the P. leucotricha inoculated plants were transferred to a separate chamber 

to prevent cross-infections. Cross-infection of the control plants by P. leucotricha could 

be excluded because this pathogen requires wet leaf surfaces to germinate. Water 

supply of the plants was ensured by manually watered mats and both climate cham-

bers were configured to have the same climate conditions (14-hour light / 10-hour dark 

cycle with 18 °C during daytime and 16 °C during night-time for increased pathogen 

infection). V. inaequalis infected plants were inoculated a second time with the patho-

gen at 16 days after inoculation (DAI) as described above to achieve an infection of 

newly developed leaves. To establish the infection, all plants (including P. leucotricha 

treated and control plants without second inoculation) were placed in plastic boxes for 

48 h as described above. Samples were taken at different timepoints: 0, 3, 6, 12, 16, 

28, 40 and 48 DAI (Fig. III-1). At 0 DAI, just before infection, 20 plants were destruc-

tively sampled to have a large baseline of untreated plants. Seven to eight replicate 

plants per treatment were sampled at each timepoint between 3 and 40 DAI with the 

exception of P. leucotricha inoculated plants at 40 DAI. Due to severe disease symp-

toms all remaining 22 plants were sampled at this timepoint. At 48 DAI, the remaining 

15 and 11 replicate plants of the V. inaequalis and control group, respectively, were 

sampled. 

In the mixed trial the effects of a P. leucotricha infection in combination with a plant 

health protecting product application on the root-associated microbiota was studied. 

Therefore, three different treatment groups were sampled at three different timepoints 

(Fig. III-1). The treatment groups consisted of the inoculated treated (IT) group, which 

received a PHPP treatment, followed by pathogen infection with P. leucotricha and a 

second PHPP treatment after infection; the inoculated untreated (IU) group with just a 

P. leucotricha infection and the non-inoculated untreated control (NC) group without 

treatments. The IT group received the PHPP treatment prior inoculation to analyze 
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Fig. III-1: Timeline of the temporal (A) and mixed trial (B) with inoculation, fungicide application and sampling dates (TP) of apple 

saplings being indicated. Timelines are labelled with plant age on top and days after infection (DAI) below. The temporal 

trial consisted of V. inaequalis or P. leucotricha infected plants and a control treatment without infection. The mixed 

trial included a treatment with P. leucotricha infection without fungicide treatment (inoculated untreated, IU), a treatment 

with P. leucotricha infection and fungicide treatment (inoculated treated, IT), and a non-inoculated untreated control 

(NC). 

 

 

 

 

 

 

 

 

 

 

 

whether a treatment only with a PHPP would cause application effects. At timepoint 1 

(TP1), when the apple plants were 75 days old, the systemic product Aliette WG 80H 

(80% fosetyl-aluminum; 3.0 kg ha-1 in 600 l ha-1 water) (Bayer AG, Germany) was ap-

plied to the IT group, while water was applied to the IU and NC group. After two weeks, 

plants of the IU and IT group were inoculated with P. leucotricha as described above, 

while water was applied to plants of the NC group. After an additional 58 days, at 

timepoint 2 (TP2), when disease symptoms were prominent, a second Aliette applica-

tion was given to the IT group, while water was again applied to the IU and NC group. 

Twelve replicate samples of the IT and IU group each were taken at TP1 (75-day old 

plants, 14 days prior inoculation), TP2 (147-day old plants, 58 DAI), and two weeks 

after TP2 at timepoint 3 (TP3; 161-day old plants, 72 DAI), while the NC group was 

only sampled at TP3 (Fig. III-1).  
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2.4 Disease documentation and sample collection 

In both trials, disease severity (DS) was visually assessed over time on a 0-5 scale 

(0 = showing no signs of infection, 1 = having a single leaf with a single lesion, 2 = hav-

ing either two leaves with multiple lesions or multiple leaves having a single lesion, 3 

= having at least two leaves with large scale lesions, 4 = having one leaf entirely cov-

ered with mycelium, 5 = having multiple leaves entirely covered with mycelium and 

with leaves close to senescence). Sampling was performed by loosening the soil, care-

fully pulling out the entire root system and shaking the plant gently until all excess soil 

was removed. The root system was cut above the root crown and collected in 50-ml 

falcon tubes. It was immediately stored on ice and frozen at -80 °C within four hours 

after sampling. The root samples were further processed to obtain the loosely and 

tightly root-associated microorganisms as described by Becker et al. (2022). Briefly, 

excess soil was removed by gently shaking the root, and the root placed in 50-ml falcon 

tubes with 45 ml of 0.2 mM CaCl2 solution. The samples were vortexed 3 x 30 seconds 

and left 10 minutes for sedimentation. The root material (representing the T-compart-

ment) was taken out, freeze dried and ground using a mixer mill. The suspension (rep-

resenting the L-compartment) was centrifuged, and the pellet freeze dried and homog-

enized by vortexing. 

2.5 DNA extraction, 16S rRNA gene targeted amplicon sequencing and se-
quence data analysis 

Soil and root material underwent DNA extraction and 16S rRNA gene targeted PCR 

as described by Becker et al. (2022). In brief, DNA was extracted using the NucleoSpin 

Soil DNA extraction kit (Macherey Nagel, Düren, Germany) and the 16S rRNA gene 

was amplified using a nested LNA PCR protocol with the primer set 799f-1193r 

(V5 - V7 region). Library preparation and sequencing was performed by Novogene 

(Cambridge, UK) on a NovaSeq 6000 system (Illumina, San Diego, CA) and generated 

paired-end reads (2 × 250 bp). All following steps were done separately for the two 

trials. The raw Illumina sequence reads were processed using a custom bash script 

with Cutadapt version 3.2 to demultiplex the samples (Martin 2011). Primer removal 

and further processing was done with QIIME2 version 2021.04 (Bolyen et al. 2019). 

Paired reads were merged with max. 20 allowed differences in the overlapping region 

for the merging step and max. 1 expected error, quality filtered using the default 
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settings and denoised using deblur with reads trimmed to 350 bp length and a minimum 

read number of 50 (Amir et al. 2017). All further data processing steps were performed 

similar as described in Becker et al. (2022). Total read numbers after quality filtering, 

mean number of reads per sample and number of samples remaining after quality fil-

tering are shown in Suppl. Table VIII-1. 

2.6 Statistical analyses 

Statistical analyses were performed within the QIIME2 environment and in R (Bolyen 

et al. 2019; R Core Team 2021). Disease severity based on a 0-5 rating was analyzed 

using Kruskal-Wallis non-parametric tests, followed by Dunn’s post-hoc test. Differ-

ences in alpha diversity were assessed by richness (ACE) and diversity (Shannon and 

Inverse Simpson) using a feature table rarefied to 8,000 reads per sample. In the tem-

poral trial, generalized least squares models were used with each diversity index as 

the dependent variable and treatment and timepoint as explanatory variables. The 

timepoint was used to adjust the temporal autocorrelation. In the mixed trial linear re-

gression was used with the timepoint and treatment grouped and used as explanatory 

variable (e.g., TP1 – IU). This was done because the control was only sampled at the 

third timepoint. Pairwise comparisons were performed using estimated marginal 

means in the “emmeans” package. Differences in the bacterial community composition 

were determined using the q2-plugin “DEICODE” (Martino et al. 2019) and visualized 

either as principal coordinate analysis (PCoA) plot for the temporal trial or as con-

strained analysis of principal coordinates (CAP) plot for the mixed trial, where the anal-

ysis was constrained by the variables treatment, timepoint and disease severity. Sta-

tistical differences were calculated using a form of permutational multivariate analysis 

of variance (PERMANOVA) on the DEICODE distance matrices with 999 permuta-

tions, followed by pairwise comparisons with Benjamini-Hochberg correction for multi-

ple testing, resulting in adjusted p-values (padj) with a strict significance threshold of 

padj ≤ 0.01. As the order of factors entered into the PERMANOVA formula influences 

the outcome in an unbalanced design such as ours, the order of factors in the PER-

MANOVA formula was varied to identify the model explaining variation best. For the 

temporal trial, the factors treatment, timepoint, disease severity, number of leaves, 

plant height and relevant interactions were included in the model to identify factors 

explaining variance. The best fitting models are shown in the results. In addition, 
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analyses of similarities (ANOSIM) were performed to validate PERMANOVA findings. 

In the mixed trial, the treatment and timepoint variables were grouped and used as 

explanatory variable, similar as done for alpha diversity analysis. Homogeneity of dis-

persions between treatments at the individual timepoints was assessed in the temporal 

trial using permutational analysis of multivariate dispersions (PERMDISP) via the “be-

tadisper” function with 999 permutations. Pairwise differential abundance analysis at 

phylum and genus level was performed using ANCOM-BC with detection for structural 

zeros turned off (Lin and Peddada 2020). In both trials, conservative variance esti-

mates of the test statistic were used and p-values were adjusted using Holm’s correc-

tion with alpha = 0.1.  

3. Results 

3.1 Temporal trial 

Disease development caused by both pathogens, V. inaequalis and P. leucotricha, 

advanced similarly over time. Symptoms became evident twelve days after inoculation 

(DAI) and disease severity (DS) rose sharply and significantly during the first 28 DAI 

(Fig. III-2). While the mean DS of V. inaequalis inoculated plants plateaued afterwards 

at a level slightly below three, the DS of P. leucotricha inoculated plants increased 

further and caused most plants to wither at 40 DAI, when all remaining plants had to 

be sampled.  

Community compositional analysis showed a dominance of Proteobacteria and clear 

differences between the microbiota of the L- and T-compartment, with Proteobacteria 

being even more pronounced in the T- than the L-compartment (Suppl. Fig. VIII-1, 

ANCOM-BC W = 13.6; padj < 0.001). Likewise, alpha diversity analysis using Shan-

non’s diversity index showed that the diversity of the bacterial community was signifi-

cantly lower in the T-compartment (4.6 ± 0.3) compared to the L-compartment (5.9 ± 

0.4) (Kruskal-Wallis p-value ≤ 0.001). These differences justify a comparative analysis 

of responses to different pathogen infections over time separately in both fractions. 

However, the evaluation of treatment effects as well as of temporal changes on the 

Shannon index applying a generalized least square model revealed no significant dif-

ferences in either compartment (Table III-1). Likewise, richness (ACE) and Inverse 
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Fig. III-2: Disease severity of apple saplings infected by V. inaequalis or P. leucotricha. Disease severity was rated per plant at 

a 0–5 scale with 0 = healthy and 5 = multiple leaves entirely covered with mycelium and leaves close to senescence. 

Mean values and standard deviation are displayed based on 11–52 replicates. Significant differences in disease se-

verity were evaluated between different timepoints based on Dunn’s test with Benjamini–Hochberg correction for mul-

tiple testing. Lower case letters indicate differences at p = 0.05. DAI = days after inoculation. 

Simpson indices remained unaffected by treatments or over time within the compart-

ments. 

 

 

 

 

 

 

 

 

 

 

Regarding beta diversity, we analyzed the relevance of different factors within the 

PERMANOVA framework. Besides treatment and time, we evaluated plant parameters 

as measures for plant development and disease severity, thus taking better into ac-

count that infected plants developed disease symptoms only at later sampling dates. 

Because some factors were consequently co-correlated (timepoint, number of leaves 

and plant height as well as treatment and disease severity), we evaluated different 

PERMANOVA models comparatively. Both, leaf number and height only explained a 

negligible part of the variation compared to timepoint and were thus left out in the final 

PERMANOVA model (Table III-1). This was confirmed by ANOSIM, where height and 

leaf number were identified to be of minor relevance (Suppl. Table VIII-2). In the final 

PERMANOVA model, timepoint was the strongest explanatory factor for bacterial com-

munity composition in both compartments (L: R2 = 0.273; p = 0.001 | T: R2 = 0.291; p 

= 0.001), whereas the treatment with two different pathogens caused minor differences 

in the T-compartment (R2 = 0.019; p = 0.048) and none in the L-compartment (Table 

III-1). The succession over time can be observed in the PCoA plot, where samples are 
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separated along the second axis (Fig. III-3), whereas treatment-dependent responses 

remain invisible. The interaction of timepoint, treatment and DS were significant in both 

compartments, though only with relatively small R²-values of 0.032 and 0.034  

(Table III-1). As a consequence of those interactive effects, we evaluated the treatment 

effects at the individual timepoints specifically but found only few significant differences 

(Suppl. Table VIII-3). In the L-compartment, the factor treatment was significant at 40 

and 48 DAI (with R2-values of 0.144 and 0.102 and p-values of 0.038 and 0.043, re-

spectively), whereas the factor DS was significant at 48 DAI, explaining a rather large 

part of the variation (R2 = 0.432; p = 0.017). In the T-compartment, PERMANOVA 

 

Table III-1: Variation in the root-associated bacterial community of apple saplings in dependence on pathogen infection, over time 

and by other variables. The differences in alpha and beta diversity are summarized for the L- and T-compartment. Effect sizes in 

beta diversity were assessed by PERMANOVA based on DEICODE distance matrices, while differences in Shannon diversity 

were analyzed based on generalized least square models (GLS). Significant results (p < 0.05) are in bold. 

revealed significant differences related to the factor treatment only at 28 DAI (R2 = 

0.254; p = 0.017). Pairwise PERMANOVA however did not result in significant 

Com- 
partment Variable PERMANOVA  GLS 

df F.Model R² p-value  F.Model p-value 

L 

Timepoint (TP) 1 62.251 0.273 0.001  0.976 0.379 
Treatment 2 1.005 0.009 0.408  0.088 0.768 
Disease severity (DS) 5 0.963 0.021 0.496    

TP * Treatment 2 4.133 0.036 0.002  2.271 0.107 
TP * DS 5 1.22 0.027 0.236    

Treatment * DS 6 2.349 0.062 0.002    

TP * Treatment * DS 3 2.613 0.034 0.006    

T 

Timepoint 1 70.770 0.291 0.001  0.138 0.242 
Treatment 2 2.268 0.019 0.048  2.640 0.075 
Disease severity 5 1.000 0.021 0.441    

TP * Treatment 2 2.453 0.020 0.034  1.649 0.196 
TP * DS 5 0.821 0.017 0.683    

Treatment * DS 6 0.868 0.021 0.624    

TP * Treatment * DS 3 2.581 0.032 0.008    
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differences at either comparison between the respective treatments and the control. 

These weak treatment effects, in addition to the combined explanatory power of 

timepoint * treatment * DS, caused us to also evaluate more closely the temporal dy-

namics of each treatment separately, where treatment specific differences became 

more evident (Fig. III-4). The community composition of the control group did only sig-

nificantly change between 0 DAI and the later timepoints at 28, 40 and 48 DAI in the 

T-compartment with a similar, though insignificant trend in the L-compartment (Figs. 

III-4 A and D). In contrast to that, both the community composition of plants inoculated 

with P. leucotricha or V. inaequalis shifted differently over time. The community com-

position of P. leucotricha inoculated plants did not change significantly during the first 

16 DAI in either compartment, but we observed significant differences at later 

timepoints, when the disease severity was significantly higher. This was slightly less 

pronounced at 40 DAI in the T-compartment than in the L-compartment, where the 

community composition was significantly different to most previous timepoints (Fig. III-

4 E). This shift is also clearly seen in the PCoA plots with samples taken 40 DAI clearly 

Fig. III-3: Principal Coordinate Analysis (PCoA) calculated from DEICODE distance matrices, showing variation in the root-as-

sociated bacterial community composition of differently inoculated apple saplings over time. Variation in the L-compart-

ment (upper panel) and T-compartment (lower panel) is shown. 
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shifting away from the earlier timepoints in both compartments (Fig. III-4 B). The com-

munity composition of V. inaequalis inoculated plants displayed differences primarily 

for samples taken at 40 and 48 DAI compared to samples taken at or prior 16 DAI, 

especially in the T-compartment (Figs. III-4 C and F). Thus, they displayed a more 

similar pattern to plants inoculated with P. leucotricha than the non-inoculated control 

group plants. Again, this trend was also observed in the PCoA plot, where the later 

timepoints shifted further away from the preceding ones than seen in the control. Be-

sides the differences in the PCoA plot and the PERMANOVA padj-values, plants inoc-

ulated with P. leucotricha or V. inaequalis displayed larger R²-values and thereby larger 

differences at the later timepoint comparisons compared to the control, evident from 

the heatmaps summarizing the PERMANOVA results (Fig. III-4 D-F). 

We performed differential abundance analysis using ANCOM-BC for the three individ-

ual treatments between 0 DAI and 40 DAI (Suppl. Fig. VIII-2), as in particular the path-

ogen treated samples shifted significantly away at this timepoint (Fig. III-4). Several 

genera were significantly differentially abundant in one or even both pathogen treat-

ments. However, pathogen-specific enrichments of taxa were not commonly observed, 

and similar trends were mostly seen in the respective pathogen treatment as well as 

in the control treatment, suggesting that the pathogen-infection merely enforced the 

enrichment of these taxa in the rhizosphere.  
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Fig. III-4: Temporal dynamics in the root-associated bacterial community composition of differently inoculated apple saplings. 

A-C Principal Coordinate Analysis (PCoA) based on DEICODE distance matrices, showing variation in the L-compart-

ment (left) and T-compartment (right). A Untreated control plants. B P. leucotricha inoculated plants. C V. inaequalis 

inoculated plants. A color code illustrates the different sampling timepoints, point size indicates disease severity based 

on a 0–5 scale with 0 = plant with healthy leaves and 5 = plant having multiple leaves entirely covered with mycelium 

and with leaves close to senescence. D–F PERMANOVA results for pairwise comparisons between timepoints in the 

three treatment groups: D untreated control plants, E P. leucotricha inoculated plants. F V. inaequalis inoculated plants. 

Results for the L-compartment (upper right side) and the T-compartment (lower left side) are shown. R2-values are 

color coded and Benjamini–Hochberg adjusted p-values indicated by asterisks, i.e., “*” represents p ≤ 0.01 and “.” 

represents 0.05 ≥ p > 0.01. The significance threshold was set at α = 0.01. 
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Fig. III-5: Development of disease severity over three timepoints (TP1–TP3) on P. leucotricha infected apple saplings. One in-

oculated group (IT) was treated with a synthetic fungicide at TP2, the other remained untreated (IU). Both treatments 

were compared to an uninoculated control group (NC). Disease severity was rated on a 0–5 scale and the mean values 

and standard deviation of 9–35 replicates are shown. Significant differences in disease severity between the three 

groups at TP2 and TP3 were assessed by Dunn’s test with Benjamini–Hochberg correction for multiple testing. 

3.2 Mixed trial 

As P. leucotricha showed a stronger disease severity compared to V. inaequalis in the 

first trial, we used P. leucotricha in the mixed trial. Plants in both the inoculated un-

treated (IU) group and inoculated treated (IT) group were similarly infected with P. leu-

cotricha and showed lesions at the second timepoint (TP2) 21 days after infection, 

whereas plants in the non-treated control (NC) group remained healthy (Fig. III-5). At 

TP3, two weeks after the second PHPP application (Fig. III-1), the mean disease se-

verity of the IT group decreased slightly to 2.2 ± 0.7, whereas the mean disease se-

verity of the IU group increased significantly to 4.8 ± 0.5, which resulted in significant 

differences between all three treatment groups (Fig. III-5). This decrease was clearly 

seen as a reduction of the infected leaf area and inhibition of new mycelial growth. 

Similar to the temporal trial, community compositional analysis showed a dominance 

of Proteobacteria and clear differences between the bacterial communities of the 

L- and T-compartment (Suppl. Fig. VIII-3). Because a preliminary CAP and PER-

MANOVA analysis (not shown) revealed that sampling timepoint was the major ex-

planatory variable and because we had an uneven study design, we combined the 

variables sampling timepoint and treatment and defined seven 
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categories (e.g., TP1-IU, TP1-IT, TP2-IU) for both alpha and beta diversity analysis. 

Significant changes in the Shannon diversity index related to the grouped variables 

were seen in both compartments according to linear models (L: p = 0.012 |  

T: p < 0.001) (Fig. III-6).  

Focusing on differences between treatments, diversity tended to be higher in the inoc-

ulated groups in the L-compartment compared to the control, but subsequent post-hoc 

tests revealed no significant differences between the treatments at the individual 

timepoints (Fig. III-6). For variation in beta diversity, PERMANOVA and CAP revealed 

significant differences in the bacterial community composition in both compartments 

by the grouped variables (Tables III-2 and III-3, Fig. III-7 and Suppl. Fig. VIII-4). Sub-

setting the data by time to assess the treatment effects in more detail (Table III-3) as 

well as displaying all pairwise comparisons in a heatmap (Fig. III-8) revealed that the 

different treatments were significantly different only at TP3. Here, the IU group differed 

significantly from the NC group in both compartments (L: R2 = 0.195; padj = 0.004 | T: 

R2 = 0.192; padj = 0.003) (Fig. III-8). The IT group however did not differ significantly 

from the NC group in either compartment, which can also be seen in the CAP plot of 

Fig. III-6: Variation in the root-associated bacterial community of apple saplings linked to treatment and sampling timepoint (TP). 

The variation in alpha diversity presented based on the Shannon index in the L-compartment (left panel) and T-com-

partment (right panel). Differences in Shannon diversity were analyzed based on linear models (LM). Different letters 

represent significant changes according to Tukey’s HSD post hoc tests performed between all seven groups of sam-

ples. 
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the L-compartment, where the IT samples were more similar to those of the NC group 

than to those of the IT group. This was particularly true for samples with a lower DS 

within the IT group, which can be seen when comparing plants from TP2 to TP3 in the 

CAP plot (Fig. III-7). While the community composition of the IU group did not change 

significantly in the two weeks from TP2 to TP3 in either compartment, 

 

Table III-2: Variation in the root-associated bacterial community of apple saplings linked to treatment and sampling timepoint (TP). 

Differences in beta diversity are first shown related to the combined variables treatment and timepoint (Grouped) in the 

L- and T-compartment. Below, treatment effects at the individual timepoints are listed. Effect sizes were assessed by 

PERMANOVA based on DEICODE distance matrices. Significant results (p < 0.05) are in bold. 

Compartment Variable PERMANOVA 
df F.Model R² p-value 

L 
Grouped 6 10.044 0.493 0.001 

TP 1 Treatment 1 1.681 0.081 0.157 

TP 2 Treatment 1 1.355 0.070 0.240 

TP 3 Treatment 2 2.763 0.181 0.016 

T 
Grouped 6 10.085 0.490 0.001 

TP 1 Treatment 1 1.485 0.076 0.202 

TP 2 Treatment 1 1.147 0.071 0.327 

TP 3 Treatment 2 3.238 0.178 0.010 

 

 

Table III-3: Variation in the root-associated bacterial community of apple saplings linked to sampling timepoint (TP). Pairwise 

differences in beta diversity between individual timepoints in the L- and T-compartment are displayed. Effect sizes were 

assessed by PERMANOVA based on DEICODE distance matrices. Significant results (p < 0.05) are in bold. 

Compartment Variable 
PERMANOVA 

F.Model R² p-value 

L 

TP1 – TP2 15.896 0.290 0.001 

TP2 – TP3 4.327 0.086 0.005 

TP1 - TP3 26.054 0.357 0.001 

T 

TP1 – TP2 21.646 0.382 0.001 

TP2 – TP3 6.323 0.116 0.002 

TP1 - TP3 32.377 0.388 0.001 
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the community of the IT group samples changed significantly in the L-compartment 

over time (R2 = 0.223; padj = 0.009), likely caused by samples with a smaller DS. The 

same trend was observed in the T-compartment; however, here the differences were 

not significant. The differences between treatments at TP3 were also clearly visible in 

the L-compartment when analyzing TP3 separately in CAP plots (Suppl. Fig. VIII-4). 

Likewise, the DEICODE distances of the two treatments to the control and the within 

control distances reflected this (Suppl. Fig. VIII-5). No differences were found between 

the IT group and the NC group, but the IU group differed significantly from both the IT 

Fig. III-7: Variation in beta diversity of differently treated apple saplings at three distinct timepoints (TP) in the L-compartment 

(upper panel) and T-compartment (lower panel). Variation is presented based on constrained analysis of principal 

coordinates (CAP) using DEICODE distance matrices; it is constrained by the variables sampling timepoint, treatment 

and disease severity. Plants were either inoculated with P. leucotricha and left untreated (IU) or were additionally 

treated with a synthetic fungicide (IT), or they underwent a treatment with water as control (NC). The different treat-

ments are shown in different colors, and disease severity is illustrated by different symbol sizes, rated on a 0–5 scale 

with 0 = healthy plants and 5 = plants having multiple leaves entirely covered with mycelium and with leaves close to 

senescence. 
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and NC group in the L-compartment. This trend persisted for DEICODE distances in 

the T-compartment; however here, the IT group differed significantly from the NC group 

and not the IU group. 

Considering the differences observed between treatments at TP3, a differential abun-

dance analysis was performed based on ANCOM-BC to identify bacterial genera re-

sponding to the treatments at this last timepoint (Fig. III-9). In both compartments, most 

responsive taxa were identified between the IU and NC treatment, and additionally, IT 

appeared less different to NC than IU in the L-compartment. In the IU group, we ob-

served exclusively taxa with significant increases in relative abundance compared to 

the NC group. In the L-compartment, several Acidobacteriota (Bryobacter, “Candidatus 

Solibacter”, Ocallatibacter, an unclassified member of subgroup 2 in the Acidobacte-

riae), several Firmicutes (Alicyclobacillus, Ammoniphilus, an unclassified taxon of the 

Fig. III-8: Pairwise PERMANOVA results comparing bacterial community composition in the L- and T-compartment of apple sap-

lings at different timepoints (TP) of three differently treated groups (IU, IT, NC). R2-values are illustrated using a color 

scale with the Benjamini–Hochberg adjusted p-values indicated by asterisks, i.e., “*” represents p ≤ 0.01 and “.” repre-

sents 0.05 ≥ p > 0.01. Results for the L-compartment are shown in the upper right side of the figure and for the T-

compartment in lower left side. The significance threshold was set at α = 0.01. 
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Bacilli) and Proteobacteria (Devosia and Mizugakiibacter) showed significant in-

creases in relative abundance. Among these, Devosia and Allicyclobacillus were also 

enriched in the T-compartment, besides two further genera.  

 

  

Fig. III-9: Differential abundance analysis performed at genus level by ANCOM-BC of differently treated apple saplings at the 

last sampling timepoint (TP3). Results are shown for the L- and T-associated bacterial communities (upper and lower 

panel, respectively). Plants were inoculated with P. leucotricha and then left untreated (IU) or treated with a synthetic 

fungicide (IT) or remained uninoculated and treated with water as control (NC). The heatmap shows the coefficients 

obtained from the ANCOM-BC log-linear model divided by their standard error (called W-value). The colour code indi-

cates differential abundances between two treatments with red indicating enrichment in the last value of the column 

name. A “*” is shown if ANCOM-BC showed significant differences based on adjusted p-values in this comparison. In 

addition, the mean relative abundances of the taxa are displayed and only taxa with a mean relative abundance of 

> 0.1% are shown. 
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4. Discussion 

4.1 Above ground pathogen infection causes changes in the root-associated 
bacterial community structure 

In two separate experimental trials, we analyzed potential foliar pathogen infection in-

duced changes over time in the root-associated bacterial community of apple plants. 

First with a focus on temporal dynamics, then by assessing the combined effect of 

pathogen infection and plant health product application. In both trials, we divided the 

root-associated microbiota into the L-compartment (primarily rhizosphere colonizers) 

and T-compartment (primarily endosphere colonizers).  

Based on previous studies (Trivedi et al. 2012; Tender et al. 2016; Yang et al. 2020), 

we expected to observe pathogen related changes in the root-associated bacterial 

community. However, changes were not necessarily consistent in the literature. In this 

study, only small differences in alpha diversity caused by pathogen inoculation were 

seen. No significant changes in Shannon diversity were observed in the temporal trial, 

while diversity in the two pathogen treated groups of the mixed trial tended to be slightly 

higher in the inoculated groups compared to the untreated control group in the L-com-

partment (Fig. III-6). In comparison, existing studies showed no differences in alpha 

diversity upon above (González-Escobedo et al. 2021) or below ground pathogen in-

fection (Kim et al. 2021), whereas one with powdery mildew in strawberry showed 

higher Shannon index values in the rhizosphere of healthy plants (Yang et al. 2020), 

and another one with B. cinerea leaf infection in strawberry showed a higher richness 

in the rhizosphere of diseased plants (Tender et al. 2016), similar to our results. A 

higher diversity has been hypothesized to act as an insurance for maintaining plant 

productivity under changing environmental conditions (Wagg et al. 2011), which was 

possibly also seen here under disease stress, though primarily in the rhizosphere and 

not in the endophytic fraction. Altered rhizodeposition, a main driver of rhizosphere 

assembly selection, might have been cause for this increase in diversity.  

Regarding beta diversity, we observed a rather weak response to pathogen infections, 

whereas temporal dynamics over the observational period turned out to be more pro-

nounced (Tables III-1 and III-2, Figs. III-3 and III-7). Especially in the temporal trial, the 

temporal dynamics contributed interactively with treatment-related responses to 
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observed differences and thus hint towards differences in the bacterial community 

composition (Table III-1). Direct comparisons between the two pathogen treatments 

with the untreated control at the individual timepoints did not result in significant differ-

ences, but the succession over time was treatment dependent. The bacterial commu-

nities of the pathogen infected plants became most distinct at the later sampling times 

compared to earlier timepoints and thus with increasing disease severity, while the 

communities of healthy plants were most distinct at the earliest timepoint (Fig. III-4). 

The different temporal dynamics at later timepoints of diseased plants are probably 

related to disease progression, whereas healthy plants developed and maintained a 

balanced and more stable bacterial community over time. This is supported by our 

findings in the mixed trial, where the differences between the inoculated untreated (IU) 

group and the negative control also hinted to increasing pathogen related effects on 

the bacterial community composition over time (Fig. III-8). Thus, the effects of an above 

ground pathogen infection on the root-associated microbiota are likely to increase over 

time as disease severity increases, especially in the L-compartment. This partially con-

firms our hypothesis that the root-associated bacterial community is affected by above 

ground pathogen infection, even though the responses remained weaker than ex-

pected.  

Several studies have shown a severe impact of root pathogen infections on the rhizo-

bacterial community composition, including changes in density, diversity and function-

ing. When studying systemic bacterial pathogens, one study reported that the phloem-

limited bacterial Huanglongbing citrus disease caused a shift of the rhizosphere bac-

terial community composition towards a bulk soil-like community (Trivedi et al. 2012), 

whereas another with Erwinia amylovora, a systemic bacterial pathogen causing fire-

blight, only induced changes in the endosphere, not the rhizosphere (Kim et al. 2021). 

Our study suggests that similar processes may occur when plants are infected by path-

ogens that cause disease symptoms only locally above ground. This is in line with the 

findings of Yang et al. (2020), who found that a powdery mildew infection of strawberry 

influenced the richness of prokaryotic and fungal communities in rhizosphere soil 

slightly as well as the relative abundance of several taxa. The larger effects of root 

pathogens or systemically infecting pathogens appear likely, caused by the more inti-

mate relation between the pathogens and the root-associated microbiota as part of the 

plant holobiont. Thus, the ability of the plant to alter its associated microbiota and even 
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more so to recruit a beneficial microbiota probably depends on the kind of pathogen 

and the level of infection. 

We performed differential abundance analysis to examine if specific taxa are recruited 

upon pathogen infection. This revealed several taxa that increased in relative abun-

dance at timepoint 3 in the IU group compared to the healthy control group, especially 

in the L-compartment. Almost all identified taxa have been shown to profit from differ-

ent organic carbon compounds in the rhizosphere and are thus likely to respond to 

alterations in rhizodeposition. Bryobacter and “Candidatus Solibacter” have been 

shown to be closely related to soil carbon metabolism, as they are sensitive to labile 

carbon and can be influenced by the addition of straw into the soil (Yu et al. 2016; 

Wang et al. 2019; Li et al. 2020; Zhou et al. 2021). Ammoniphilus, Mizugakiibacter, 

Acidothermus and Alicyclobacillus have also been shown to utilize various plant-de-

rived carbon compounds such as glucose, cellulose or oxalacetate (Sahin 2003; Talia 

et al. 2012; Liao et al. 2019; Li et al. 2020). Lastly, Devosia is positively correlated with 

soil organic carbon compounds (Chen et al. 2019; Chhetri et al. 2022). The increase 

in relative abundance of all these taxa indicates that the above ground pathogen infec-

tion may lead to alterations in root exudation, which then leads to changes in the rhi-

zosphere microbial community composition. Altered root exudation upon foliar infec-

tion has already been shown in vitro for B. cinerea on tomato and cucumber plants, 

which then lead to an increase of the chemoattractive effect on the beneficial soil mi-

crobe Trichoderma harzianum (Lombardi et al. 2018). In our study, the increased rel-

ative abundance of the cellulolytic taxon Acidothermus in the L-compartment at high 

disease severity levels could further indicate that microbes might begin to actively hy-

drolyze root tissue, as the disease-stressed plant may have less capabilities to defend 

itself. However, the roots did not yet display symptoms of decay. The potential under-

lying rhizodeposition processes resulting in the observed changes in the rhizosphere 

microbiota deserve further studies.  

Besides a mere response of the rhizosphere microbiota to altered rhizodeposition, it 

has been shown that plants can selectively recruit beneficial bacteria such as Bacillus 

subtilis as a “cry for help” mechanism against pathogen attack by producing specific 

chemical compounds and releasing them into the rhizosphere (Rudrappa et al. 2008; 

Jousset et al. 2011; Jousset et al. 2014; Dudenhöffer et al. 2016; Schulz-Bohm et al. 
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2018). The “cry for help” mechanism has so far primarily been suggested for plant 

infections with root pathogens such as Phytophthora (Solís-García et al. 2020), Ral-

stonia solanacearum (Wei et al. 2018) or Fusarium pseudograminearum (Liu et al. 

2021b). Additionally, a downy mildew infection in Arabidopsis leaves led to the promo-

tion of a beneficial bacterial consortium in the rhizosphere (Berendsen et al. 2018). In 

this study, we found two genera known to include strains with plant beneficial proper-

ties being increased in relative abundance in the diseased group, an unclassified mem-

ber of Bacilli, as well as Devosia (Akinrinlola et al. 2018; Chhetri et al. 2022). This 

points to an extension of the concept to above ground infection and deserves more 

attention in the future. 

It is remarkable how long the plants in our study maintained their preferred bacterial 

community even after showing clear signs of infection above ground. This is in contrast 

to the claim that alterations in the rhizosphere microbiota can serve as early indicator 

for pathogen infection (Gu et al. 2022), at least for above ground pathogens. In con-

trast, it is in accordance with a recent study, in which authors reported that wheat plants 

are capable of selecting its preferred root-associated microbiota even under stress 

conditions and recruit microbes with potential antagonistic activities (Yin et al. 2021). 

In our study, the community compositional analysis of the untreated control groups in 

both trials revealed high relative abundances of Granulicella, Chujaibacter, Burkhold-

eria-Caballeronia-Paraburkholderia, Acidipila, Bryocella, Occallatibacter and unclassi-

fied members of Burkholderiaceae and Acidobacteriaceae Subgroup 1 in the L-com-

partment (data not shown). Several Granulicella species have been shown to have 

plant growth promoting abilities (Kielak et al. 2016) and Chujaibacter has been asso-

ciated with nitrogen cycling reactions (Cloutier et al. 2021), thus making them typical 

rhizosphere colonizers. In the T-compartment some of the most prominent taxa in both 

trials such as Streptomyces or members of the family of Comamonadaceae have been 

shown to be associated root endophytes of apple before (Mahnkopp-Dirks et al. 2021; 

Becker et al. 2022). Thus, the soil used in this study provided a soil microbial reservoir 

from which the apple saplings could recruit microbes with potential benefits and taxa 

well-known to colonize the apple rhizosphere, as we would have expected. 
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4.2 Fungicide application reverts pathogen induced bacterial community 
compositional shifts  

Aliette is a systemic PHPP with fast degradation in the soil and has likely only a limited 

and transient impact on the soil bacterial community composition (Fournier et al. 2020). 

Whereas it is primarily registered for use against oomycetes, it has been shown to 

decrease the disease severity of P. leucotricha in apples and pears (Petré et al. 2015). 

Even though it is a locally systemic PHPP and can be applied as protective treatment, 

we did not observe a protective effect in comparison to the untreated control plants 

when it was applied two weeks prior to the massive pathogen inoculation that followed 

(Fig. III-5). However, a second PHPP application after plant infection at 58 DAI de-

creased the disease severity of the IT group significantly in comparison to the IU group 

until TP3, demonstrating its curative properties. Its mode of action is still not fully un-

derstood, but it acts by inhibiting the germination process of fungal spores and the 

development of mycelium upon contact (Krämer 2012). Besides this direct effect, an 

indirect mode of action involving the promotion of plant defenses is believed to be in-

volved.  

When comparing the community composition between the different treatments, we did 

not see any changes in the bacterial community composition upon the first PHPP ap-

plication (Table III-2). However, it was striking to observe that the composition of the 

IT group became in part similar to the NC group again after the second PHPP applica-

tion at TP3, especially in the L-compartment, whereas the community of the IU plants 

did not show this development (Figs. III-7, III-8, III-9, Suppl. Figs. VIII-4 and VIII-5). 

Furthermore, the IT group changed significantly from TP2 to TP3, whereas the IU 

group did not, indicating that this change was triggered by the application of Aliette at 

TP2 (Fig. III-8). We consider this to be a response of the bacterial community to plant-

dependent processes rather than a direct effect of Aliette, even though its active ingre-

dient, fosetyl-aluminum, has been shown to impact the soil microbiota (Fournier et al. 

2020). This was primarily observed for the soil protist community, but not for bacterial 

community composition. Alpha diversity was only weakly and very transiently affected, 

and the complexity of a bacterial co-occurrence network was only slightly decreased 

in that study. As we aimed to prevent a direct contact between the fungicide and the 

soil microbiome by covering the soil surface with felt maps, direct effects of Aliette on 

the rhizosphere bacterial community were unlikely to occur in this work. Thus, as 
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hypothesized, the observed return of the rhizosphere bacterial community from a dis-

eased plant to that of a healthy plant was likely due to the plant regaining its ability to 

recruit its “healthy” root-associated microbiota with decreasing disease severity. Our 

observation that this change occurred apparently faster in the rhizosphere than in the 

endosphere could mean that the plant is quicker to readjust its microbiome in the rhi-

zosphere by the process of rhizodeposition than in the endosphere after this kind of 

disturbance. 

5. Conclusions 

Our study demonstrates that the root-associated bacterial community of apple saplings 

is sensitive to plant-mediated effects resulting from above ground pathogen infections. 

With increasing disease severity, the two foliar pathogens V. inaequalis and P. leuco-

tricha induced a continuous shift away from a bacterial community composition of a 

healthy plant. However, changes were rather subtle and without clear evidence for 

highly pathogen-specific responses. Genera associated with the conversion of various 

organic carbon compounds became enriched in the L-compartment of diseased plants 

with increasing disease severity, indicating that rhizodepositional processes may have 

changed, thereby leading to the alterations in the rhizosphere microbiota. Compared 

to studies with root pathogens, these disease related effects resulting from leaf patho-

gens on the bacterial community structure appear to be weaker and were only visible 

after longer inoculation periods with higher disease severity. Disease related effects 

on the rhizosphere microbiota appear thus to depend on both, the kind of pathogen 

and the disease severity. The responses to above ground pathogen infection are also 

likely compartment specific, as they were first noted in the tightly associated microbiota 

but were more pronounced at later timepoints in the loosely associated microbiota. 

Further, our results suggest that the curative effect of our applied PHPP fosetyl-alumi-

num on the root-associated microbiome is due to the plant regaining its ability to 

reestablish the microbiome of a healthy plant. This is apparently achieved faster in the 

loosely associated microbiota than in the endophytic counterpart. Based on our find-

ings, we conclude that the impacts of pathogen infection and PHPP application on the 

root-associated microbiome need to be considered when developing microbiome man-

agement strategies in the context of sustainable agriculture.  
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Abstract 

The root-associated microbiome has been of keen research interest especially in the 

last decade due to the large potential for increasing plant performance. In agricultural 

systems, continuous applications of plant health protecting products (PHPP) are es-

sential for obtaining high yields and quality. However, knowledge about the impact of 

such applications on the root-associated microbiome remains limited, especially when 

applied above ground. We addressed this by applying five different PHPPs from differ-

ent groups, including biological agents, in two model systems, apple and strawberry, 

and different soils. We hypothesized that PHPP application leads to specific plant-me-

diated responses in the rhizosphere microbiota.  

The effects of above ground applications of PHPPs on the root-associated microbiota 

of greenhouse-grown apple saplings and strawberry plants were studied in three ex-

perimental trials. The bacterial community structure of rhizospheric soil and en-

dospheric root material was characterized using 16S rRNA gene amplicon sequencing. 

No consistent effects across trials were observed, but alpha diversity tended to be 

decreased after PHPP application. In some cases, shifts in community composition 

became evident (PERMANOVA R2 = 0.192, p = 0.001) or increases in dispersion were 

observed (PERMDISP padj = 0.040). Movento® treatments caused in part deterministic 

shifts in community assembly, whereas Serenade®ASO treatments caused rather sto-

chastic shifts. Effects were concluded to be probably transient and to disappear without 

continuous product application. These rather heterogenous temporary responses are 

in line with the concept of the ‘Anna Karenina Principle’, under which terms PHPP 

applications can act as mild stress factors and slightly and transiently alter the below 

ground bacterial community. These findings indicate that above ground PHPP appli-

cations can have product specific implications for the root-associated microbiome, 

which should be considered in the context of microbiome management strategies. 
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1. Introduction 

Plant roots are colonized by complex microbial communities that play different roles in 

plant growth and health  (Ali et al. 2017; Brader et al. 2017). Whereas some microbes 

remain in the rhizosphere, others have capabilities to enter the root and establish an 

endophytic lifestyle (Frank et al. 2017; White et al. 2019). In recent years, the overall 

understanding and harnessing of plant-associated microbiomes has been of keen in-

terest to improve plant health and contribute to sustainable agriculture (reviewed in 

Trivedi et al. 2021; Ciancio et al. 2019; Busby et al. 2017). Microorganisms have been 

shown to confer fitness advantages to the plant host, including growth promotion, im-

proved nutrient uptake and resistance to pathogens and they thus offer a possibility to 

reduce the need for synthetic fertilizers and pesticides (Trivedi et al. 2020; Bailly and 

Weisskopf 2017). 

Crop pathogens and pests reduce the yield and quality of agricultural products and 

thus cause substantial economic losses (Michalecka et al. 2018; Carisse and Dewdney 

2002; Savary et al. 2019). As a consequence, regular applications of plant health pro-

tecting products (PHPPs) are currently common practice. For example, around 

350.000 tons of synthetic PHPPs were sold in Europe annually between 2011 and 

2020 (Eurostat 2022). Environmental concerns, regulatory restrictions and rising pest 

resistances have led to an increase of biopesticides as a promising tool to minimize 

crop loss and simultaneously reduce the use of synthetic PHPPs (Fenibo et al. 2021; 

Salimi and Hamedi 2021). Biopesticides are defined as a natural product either con-

taining microorganisms or compounds derived from living organisms including plants, 

nematodes and microbes that limit or reduce disease severity. They often work by 

blocking the attachment, establishment and colonization of other microbial cells via 

parasitism or competition.  

There is growing evidence that the application of PHPPs, including synthetic com-

pounds as well as biopesticides, can influence the root-associated microbiota (re-

viewed in Ramakrishnan et al. 2021). Depending on the product group and application 

mode, different effects on the root-associated microbiota have been observed by 

PHPP applications. When PHPPs were in direct contact with the microbiome, e.g. as 

soil or seed treatments, such as seed coatings, or in cases of systemic PHPPs, they 

have been shown to influence bacterial and fungal rhizosphere communities in maize, 
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soybean, rice, strawberry and sugar cane (Huang et al. 2021; Nettles et al. 2016; Kuss-

tatscher et al. 2020; Deng et al. 2019; Qian et al. 2018; Chen et al. 2017). For example, 

the systemic herbicide haloxyfop-R-methyl, which was applied above ground, has 

been shown to dissipate into the rhizosphere soil upon application, where it affected 

bacterial richness and community structure (Liang et al. 2020; Chen et al. 2017). How-

ever, the level of impact varies according to active materials, with the soil application 

of a mixture of the systemic fungicides fosetyl-aluminum and propamocarb-hydrochlo-

ride having an effect on the soil microbiota, which was weak and transient (Fournier et 

al. 2020). 

Compared with synthetic compounds, biopesticides are considered to have fewer en-

vironmental risks, but little is known about their impact on the root-associated microbi-

ota (Samada and Tambunan 2020). While some studies using live microbial agents 

such as Bacillus amyloliquefaciens SN16-1 or Clonostachys rosea f. catenulata mainly 

reported transient effects on the bacterial rhizosphere communities upon addition to 

soil (Wan et al. 2017; Fournier et al. 2020), another study using a liquid product com-

posed of a broad spectrum of microbes reported significant effects in bacterial com-

munity composition and relative abundance (Deng et al. 2019). In contrast to this, a 

biopesticide containing azadirachtin, a secondary metabolite extracted from neem 

seeds and leaves, exerted a negative impact on the rhizospheric microbial community, 

behaving in a similar way to synthetic PHPPs (Singh et al. 2015). As biopesticides and 

synthetic PHPPs were mostly applied directly to the soil in these studies, effects are 

likely to result from direct or close contact with the root-associated microbiome. How-

ever, the effects of above ground product applications and plant-mediated responses 

on the root-associated microbiota are currently largely unknown. 

Most studies have focused on only one single PHPP, applied to a specific plant species 

or soil. Thus, it is unknown whether there are universal effects caused by the same 

PHPP, product group or application mode under different conditions on the root-asso-

ciated microbiota. Furthermore, effects were mostly studied on the entire rhizosphere 

and/or endosphere of single plant individuals or even pooled plant material without 

differentiating between root compartments (i.e., root interior or exterior), different root 

sizes or age. However, bacterial communities differ between compartments, root sec-

tions or shift along the root axis or with root size, which is likely driven by changes in 
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rhizodeposition (Becker et al. 2022; Rüger et al. 2021; Keel et al. 2012; Zhalnina et al. 

2018). Consequently, possible plant-mediated responses to PHPP application could 

lead to root compartment or section specific reactions.  

Given the central role of microbes in the rhizosphere and endosphere for the plant, 

understanding underlying principles of responses to PHPP application as a potential 

stressor for the microbiome is essential. Plants and their associated microbiome have 

evolved several adaptive strategies to withstand different abiotic and biotic stressors. 

The rhizosphere microbiota shows varying degrees of change to stresses  (Cloutier et 

al. 2021; Ely and Smets 2019; Frindte et al. 2019), including the recruitment of benefi-

cial microbes, the so-called ‘Cry-for-help’- strategy (Rizaludin et al. 2021). Whereas 

this process is considered a deterministic process, it has recently been proposed that 

external plant stressors could lead to stochastic changes in the microbial assembly 

(Arnault et al. 2022). These changes are thought to occur due to a transitory loss of 

the host capacity to regulate its microbiota and have been called the ’Anna Karenina 

Principle’. In a meta-analysis of 606 microbiomes to assess microbial community re-

sponses to various stressors, it has been found that stressor exposure significantly 

decreases alpha diversity and increases community dispersion across a range of en-

vironments and stressor types (Rocca et al. 2018). Zaneveld et al. (2017) have pro-

posed that stochasticity produces contrasting effects depending on the severity of the 

perturbations. At the same time, it has been hypothesized that the more drastic the 

stress, the more deterministic the shift due to highly selective environmental conditions 

(Arnault et al. 2022). In this context, it remains unknown whether and if so, to what 

extent PHPP applications act as an environmental stressor that could lead to either 

stochastic or deterministic changes in the root-associated microbiota. The latter will 

hold more potential for microbiome management. 

The aim of this study was to investigate the effects of above ground application of 

different PHPPs on the root-associated bacterial microbiota under a broad range of 

conditions. We hypothesized that: i) the strength of responses to PHPPs differs in dif-

ferent root compartments and root regions with the endosphere microbiota showing 

stronger responses than the one in the rhizosphere, ii) different products induce differ-

ent effects on the root-associated microbiota based on their mode of action, with sys-

temic and microbe-based products having most pronounced effects. Consequently, iii) 
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the application of PHPPs can lead to either deterministic or stochastic changes in the 

root-associated microbiota under the “cry-for-help” or ‘Anna Karina Principle’, respec-

tively.  

We chose apple (Malus x domestica) and strawberry (Fragaria × ananassa) as model 

plants in our study due to their economic importance and their heavy reliance on con-

tinuous PHPP applications (Damos et al. 2015; FAOSTAT 2019, 2020). For both crops, 

biopesticides are nowadays often used in combination with synthetic products, reduc-

ing the risk of pesticide resistance, which develop against synthetic pesticides in gen-

eral use (Dara 2016; Chandler et al. 2011; Damalas and Koutroubas 2018; Ayer et al. 

2021). We assessed the effects of above ground PHPP application on the bacterial 

communities in the rhizosphere in three different experimental trials, based on two 

model plants, three different soil types and partly different experimental environments 

to cover a broad range of conditions under which responses may occur (Table IV-1). 

Possible effects were analyzed comparatively in two root compartments according to 

the concept of Donn et al. (2015) by dividing the root-associated microbiota into loosely 

(L-compartment) and tightly associated (T-compartment) microorganisms. Loosely as-

sociated microorganisms occur in the rhizosphere soil and wash from root surfaces, 

while tightly associated microorganisms include those that remain adhered to root sur-

faces after washing and root endophytes. The bacterial community composition was 

analyzed by amplicon sequencing of the 16S rRNA marker gene. 

 

Table IV-1: Overview of the three experimental trials and their treatments with different plant health protecting products (PHPPs). 

 Temporal trial Concentration trial Strawberry trial 

Model plant Apple  Apple  Strawberry 

Treatments Four different PHPPs  Four different PHPPs  Five different PHPPs  

Treatment 
concentration Recommended dose Recommended dose 

Twice the r. dose 
Recommended dose 
Twice the r. dose 

Timepoint 
sampled 

Early: one week after final 
application 
Late: two weeks after final 
application 

Two weeks after  
final application 

Two weeks after  
final application 

Root section Pooled root system Pooled root system Fine roots 
Thick roots 
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2. Material and Methods 

2.1 Soil substrate preparation 

For the temporal trial, soil was taken from an apple orchard at the Meckenheim re-

search station, Germany (50°37'19.7"N 6°59'48.7"E), and was collected from close 

proximity to the apple trees. Soil taken from a commercial apple orchard in Buxtehude, 

Germany (53°29'01.6"N 9°41'29.5"E), was used in the concentration trial. Soil for the 

strawberry trial was taken from a strawberry field in Telgte, Germany (51°58'40.1"N 

7°47'56.8"E). All soils were air dried and sieved through a 2-mm mesh. For apple sap-

ling cultivation, a growth substrate was prepared with 45 % of the soil from Mecken-

heim or Buxtehude, 45 % sterile silica sand and 10 % perlite. The soil for strawberry 

cultivation was used without further treatments. Water was added to each type of soil 

two days before use and the watered soil transferred into growing trays or pots. 

2.2 Plant cultivation 

Commercially available apple seeds (Malus x domestica Borkh., cv. Pink Lady) and 

strawberry plants (Fragaria × ananassa, cv. Malling Centenary) were used and culti-

vated according to their specific requirements. Apple seed stratification and cultivation 

was performed as described in Becker et al. (2023). In brief, 40-day old seedlings were 

transferred to 13-cm round pots containing the pre-moistured soil mixture together with 

0.25 g Basacote 6 M controlled-release fertilizer (Compo Expert, Germany). Young 

strawberry plants with a rhizome diameter of roughly 10 mm were planted into the soil 

in 13-cm round pots. To each 25 l of strawberry soil, 4 g of crushed NovaTec Classic 

12-8-16 fertilizer (Compo Expert, Germany) was added. Drip irrigation was used for 

water supply and pot positions were weekly randomized. The soil was covered with a 

felt mat to prevent run-off of the applied plant health protecting products into the soil. 

2.3 Plant health protecting product application 

A broad range of fungicidal products with different active ingredients and modes of 

action were chosen: Aliette® (a systemic fungicide/oomycide), Luna® Privilege (a fun-

gicide with upward systemic movement and translaminar activity), Movento® (a sys-

temic insecticide) and Serenade®ASO (a biological product containing a plant growth 

promoting Bacillus amiloquefaciens strain QST 713) were applied to apple saplings. 
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Additionally, Bactiva® (a biological product containing several plant growth promoting 

bacteria and beneficial fungi; see Suppl. Table IX-1) was used in the strawberry trial. 

The active ingredients and the application rates within each trial are listed in the sup-

plement (Suppl. Table IX-1). Standard recommended spray rates for greenhouse ap-

plications were used in all trials (indicated with the prefix r. in the treatment nomencla-

ture, e.g., r.Aliette). A second set of plants received twice the recommended rate, but 

only in the concentration and strawberry trials (double of the recommended application 

dose, indicated with d., e.g., d.Aliette). An exception to this were the Serenade®ASO-

treated plants in these two trials, which received only the recommended application 

rate. Here, one set of plants was instead covered with a felt mat during application 

(abbreviated w felt), whereas the felt mats were removed during application for the 

other set (w/o felt) to assess whether stronger responses of the rhizosphere bacterial 

community are seen when product penetration into the soil is not fully prevented. Prod-

ucts were applied using a hand-held sprayer except for Bactiva®, which was applied 

as a drench application. For all experiments, plants treated with water served as con-

trols. The products were applied weekly over three successive weeks on ten individual 

plants per treatment and samples collected either two weeks after the final application 

(concentration and strawberry trial) or after one and two weeks upon the final PHPP 

application (temporal trial). The design of each trial with total sample numbers of 190 

to 480 is summarized in Suppl. Table IX-2, all treatments of a trial are specified in 

Suppl. Table IX-1. 

2.4 Sample collection and processing 

Sampling was performed by carefully extracting the entire root system of the plants 

from the soil by loosening the soil and carefully shaking the plant until all excess soil 

was removed. Then, the root system was cut above the root crown. The root system 

of the strawberry plants was furthermore divided into two root sections: the inner thick 

roots (TR) and the outer fine roots (FR) (Suppl. Fig. IX-1). This differentiation was not 

possible for apple saplings and therefore, the entire root system was used. The roots 

were collected in 50-ml falcon tubes, stored on ice and frozen at -80°C within four hours 

after sampling. For apple plants, height and number of leaves were determined at the 

sampling timepoint as proxy for possible product application induced growth re-

sponses. The further sample processing to obtain loosely and tightly root-associated 
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microorganisms according to the concept of Donn et al. (2015) was performed by a 

washing procedure as described by Becker et al. (2022). Bulk soil was also collected 

in all three experiments to compare the different soils to each other. 

2.5 DNA extraction and 16S rRNA gene PCR 

DNA extraction and 16S rRNA gene PCR were performed as described by Becker et 

al. (2022). In brief, DNA was extracted using the NucleoSpin® Soil DNA extraction kit 

(Macherey Nagel, Düren, Germany) and the 16S rRNA gene was amplified using a 

nested LNA PCR protocol to suppress the amplification of plant organelle derived 16S 

rRNA genes. The primer pair 799f-1193r with barcoded forward primer was used in the 

second amplification round to obtain PCR products of adequate length for sequencing. 

Library preparation of the PCR products from the combined and concentration trial 

followed by sequencing on a HiSeq system (Illumina, San Diego, CA) was performed 

by the Max Planck-Genome-Centre Cologne and generated paired-end reads of 

2 × 250 bp. The strawberry samples were sequenced on a Novaseq system (Illumina) 

with 2 x 250 bp reads by Novogene (Cambridge, UK). 

2.6 Sequence data analysis 

The raw sequence reads of each trial were processed independently using a custom 

bash script with Cutadapt version 2.10 to demultiplex the samples (Martin 2011). Pri-

mer removal and further processing was done with QIIME2 version 2021.11 (Bolyen 

et al. 2019). The temporal and concentration trial samples were processed using 

DADA2 as described in Becker et al. (2022). Because Novaseq uses a different Phred 

score system, the strawberry trial samples were processed in a slightly different way. 

Paired reads were merged with max. ten allowed differences in the overlapping region 

for the merging step, max. one expected error and a minimum length of 350 bp. Reads 

were quality filtered using the default settings and denoised using deblur with reads 

trimmed to 370 bp length and a minimum read number of 50 (Amir et al. 2017). All 

further analyses were again performed as described by Becker et. al (2022). Briefly, 

taxonomic assignment was done using a classifier trained for the specific gene region 

on the SILVA 138 database, reads quality filtered and samples with less than 10,000 

reads discarded. The total number of samples, the hierarchical structure of the trials, 

the read numbers and the number of samples remaining after quality filtering are 



 

__________________________________________________________________ 
80 

displayed in Suppl. Table IX-2. For most samples data of seven or more replicates 

were kept per treatment, the lowest was five replicates (one case). 

Unless otherwise specified, statistical analyses were performed in the QIIME2 envi-

ronment and in R version 4.0.2 (R Core Team 2021) using the packages “phyloseq” 

(McMurdie and Holmes 2013) and “microbiome" (Lahti et al. 2017). Figures were gen-

erated using the “ggplot2” package (Wickham 2016). All statistical analyses were done 

separately for the two root compartments. Alpha diversity was estimated by Shannon`s 

diversity index using a feature table rarefied to 10,000 reads per sample. The effects 

of the explanatory variables were assessed by linear regression using the “lm” function 

in the package “stats” with the Shannon index as response variable and with the dif-

ferent explanatory variables of the respective trials, followed by ANOVA. Pairwise com-

parison TukeyHSD contrasts were computed by using the “emmeans” package for the 

estimated marginal means of the linear models. In the temporal trial, the factors PHPP 

application and timepoint and their interaction were used as explanatory variables. In 

the concentration trial, the factors PHPP application and application mode were added 

as explanatory variables. The doubled application dose of the three products and the 

removal of the felt mat in case of Serenade®ASO were considered as analogous mod-

ifications, both leading to a possible increase in response, and were thus implemented 

as one explanatory variable (Application). In the strawberry trial, the factors root sec-

tion and PHPP treatment and their interaction were used as explanatory variables with 

application mode as nested factor within PHPP treatment.  

Differences in bacterial community composition were determined based on the non-

rarefied dataset using the q2-plugin “DEICODE”, a form of Aitchison distance (Martino 

et al. 2019) and visualized in principal coordinate analysis (PCoA) plots. Statistical dif-

ferences were calculated using “adonis”, a form of one-way permutational multivariate 

analysis of variance (PERMANOVA) with 999 permutations, followed by a pairwise 

PERMANOVA with Benjamini-Hochberg correction for multiple testing using the “pair-

wise.adonis” function, resulting in adjusted p-values (padj). Permutational analysis of 

multivariate dispersions (PERMDISP) with 999 permutations was used to test the PER-

MANOVA assumptions of equal variances between groups (e.g. different treatments), 

but also to test whether the dispersion within a group was distinct from other groups 

(Anderson 2006). Pairwise PERMDISP tests were performed with Benjamini-
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Hochberg’s correction for multiple testing. In the temporal trial, the factors PHPP ap-

plication and timepoint and their interaction were used as explanatory variables. In the 

concentration trial, the factor PHPP application and its interaction with the application 

mode were used as explanatory variables, whereas the factors root section, the 

grouped variable of PHPP application and application mode (e.g., r.Aliette®) and their 

interaction were used as explanatory variables in the strawberry trial.  

Phylogenetic beta diversity was estimated with the metric betaNTI weighed by abun-

dance using the “microeco” package (Liu et al. 2021a). The same null model with ran-

dom draws without replacement and 1000 iterations using the same species pool was 

used for each metric. In betaNTI analysis, the mean nearest phylogenetic neighbor 

among the individuals in two communities is calculated (Webb 2000; Stegen et al. 

2012). An individual null model, where all taxa in the phylogeny had equal probability 

of being included in the null communities, was defined for the two root compartments 

separately in all trials. Within those compartments, separate models were likewise de-

fined for the early and late timepoint in the temporal trial, and for the fine and thick 

roots in the strawberry trial. We then compared the observed phylogenetic beta diver-

sities of PHPP treatments to the patterns expected under the null model. Positive 

betaNTI values indicate lower phylogenetic turnover than expected given the taxa turn-

over, meaning that turnover between the two communities occurred between closely 

related individuals; negative values indicate higher than expected phylogenetic turno-

ver, meaning that turnover between the two communities occurred between distantly 

related individuals (Chai et al. 2016). Individual values between –2 and 2 reveal a 

dominance of stochastic processes, and a |β-NTI| >2 reveals the dominance of deter-

ministic processes (Arnault et al. 2022). Furthermore, the taxonomic normalized sto-

chasticity ratio (tNST) based on Jaccard’s dissimilarity index (using the bootstrapping 

method with 999 randomizations) was applied to identify the bacterial community as-

sembly processes using the “NST” package (Ning et al. 2019). Here, an index value of 

0.5 serves as boundary point between more stochastic (>0.5) and more deterministic 

(<0.5) assembly. Like betaNTI, separate calculations were made for the compart-

ments, the different timepoints and root sections as described above. Wilcoxon rank-

sum tests were used to compare ratios of the control to the treatments as proposed by 

the authors (Ning et al. 2019). For both betaNTI and tNST calculations, ASV tables 

with a subset of 10,000 randomly chosen reads were used. Pairwise differential 
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abundance analysis at order and genus level was performed using ANCOM-BC with-

out detection for structural zeros (Lin and Peddada 2020). In all trials, conservative 

variance estimates of the test statistic were used and p-values were adjusted using 

Holm’s correction with alpha = 0.1. Only taxa with a mean relative abundance of >0.1 % 

are shown. 

3. Results 

3.1 Alpha diversity decreased sporadically upon PHPP applications 

In all three trials, the effects of the different PHPP treatments on alpha diversity were 

assessed by linear regression of the Shannon index with ANOVA. In the temporal trial, 

we only observed significant differences caused by PHPPs in the bacterial community 

of the T-compartment, but not the L-compartment (Table IV-2). In the T-compartment, 

detailed pairwise comparisons of each PHPP treatment with the control revealed that 

only Movento® treated plants had a decreased Shannon’s diversity index and only at 

the first timepoint (TukeyHSD p-value = 0.030). In the concentration trial, no significant 

differences in response to the PHPP treatments were found (L-compartment: 

F = 0.538, p = 0.823; T-compartment: F = 0.497, p = 0.853). In the strawberry trial, no 

conclusive trends or significant changes due to PHPP applications were detected in 

the T-compartment, whereas diversity decreased in the L-compartment 

(p-value = 0.005) (Fig. IV-1 B). Especially Luna® and Aliette® treated plants showed 

significant decreases in comparison to the control treatment (TukeyHSD p-values of 

0.006 and 0.021, respectively) when assessed jointly over fine and thick root sections. 

Further, Movento® treated plants showed weak evidence for decreased diversity (Tuk-

eyHSD p-value of 0.064). Resolving PHPP treatment effects within the fine and thick 

root fraction resulted in insignificant p-values upon correction, but besides, we ob-

served that the diversity was in general higher in the thick root section than in the fine 

root fraction (L: p < 0.001; T: p = 0.003) (Fig. IV-1).  
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Table IV-2: Variation in alpha diversity in the root-associated bacterial community of apple saplings due to the application of plant 

health protecting products in the temporal trial. Differences in Shannon`s diversity index between treatments and timepoint are 

reported based on linear regression analysis. Two root compartments were sampled: microbes loosely attached to the roots (L-

compartment) and microbes tightly attached and inside the roots (T-compartment). Samples were taken at two different timepoints 

after the last application and the interaction represents the comparison of all applications at both sampling timepoints. Results 

with significant differences are printed in bold. 

Compartment Variable df F.Model p-value 

L Application 4 0.276 0.893 

 Timepoint 1 1.007 0.319 

 Application * Timepoint 4 0.803 0.527 

T Application 4 5.483 < 0.001 

 Timepoint 1 2.253 0.137 

 Application * Timepoint 4 2.368 0.060 

 

 

3.2 Undirected changes in the bacterial community composition 

To assess possible effects of different PHPP applications on the composition of the 

root-associated bacterial community we analyzed the differences in composition be-

tween samples within each trial based on a form of Aitchison distance. We applied 

PERMANOVA to test for differences between centroids and dispersion in the commu-

nity data related to PHPP treatments. To resolve whether differences in PERMANOVA 

were due to differences in centroids or due to dispersion effects resulting from the 

treatments we performed PERMDISP tests for homogeneity of dispersions. In the con-

centration trial, no significant effects were found for the factor PHPP application or for 

the factor PHPP application mode based on PERMANOVA and PERMDISP (Fig. IV-

2). Only a very weak trend was observed upon pairwise comparisons of the individual 

treatments against the control for Luna® treated plants, which showed a slightly in-

creased dispersion in the T-compartment in the PCoA plot (PERMDISP F = 3.722, 

p = 0.036, padj = 0.144; Fig. IV-2 A). 
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Compartment Variable df F.Model p-value 

L PHPP treatment 5 3.447 0.005 
 

Root section 1 62.248 < 0.001 
 

PHPP treatment * Root section 5 1.846 0.106 
 

PHPP treatment * Application mode  5 0.664 0.651 
 

PHPP treatment * Root section *Application mode  5 0.709 0.618 

T PHPP treatment 5 1.083 0.372 
 

Root section 1 9.659 0.002 
 

PHPP treatment * Root section 5 0.917 0.471 
 

PHPP treatment * Application mode  5 1.245 0.290 
 

PHPP treatment * Root section *Application mode  5 1.435 0.214 

Fig. IV-1: Variation in alpha diversity in the root-associated bacterial community of strawberry plants upon application of different 

plant health protecting products (PHPPs). Boxplots show variation in Shannon`s diversity index between treatments 

and in comparison to bulk soil samples. Mean values and standard deviations (SD) are indicated below the figure (A). 

Differences in Shannon`s diversity index between treatments and in interaction with other factors are reported based 

on linear regression analysis (B). Two root compartments were separately analysed, representing bacteria loosely 

attached to the roots (L-compartment) and bacteria tightly attached to and inside the roots (T-compartment). Within the 

root compartments, two different root sections were considered: fine and thick roots. PHPPs were applied in two dif-

ferent application modes: Aliette, Luna, Movento and Bactiva were either applied at the recommended (r.) or doubled 

rate (d.). Serenade was applied at the recommended rate with either a felt mat (w.Serenade) covering the soil or without 

(w/o.Serenade). Results with significant differences are printed in bold. 

A 

B 



 

__________________________________________________________________ 
85 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Compart-
ment 

 PERMANOVA  PERMDISP 

Variable df F-value R² p-value  F-value p-value 

L PHPP 4 0.840 0.038 0.618  0.631 0.642 

 PHPP * Application 4 1.004 0.046 0.467  0.524 0.834 

T PHPP 4 1.276 0.071 0.207  1.571 0.192 

 PHPP * Application 4 0.935 0.052 0.512  0.856 0.558 

A 

B 

Fig. IV-2: Variation in the root-associated bacterial community of apple plants due to the application of plant health protecting 

products (PHPP) in the concentration trial. (A) Principal Coordinate Analysis (PCoA) based on DEICODE distance 

matrices. (B) Differences in community composition and dispersion assessed by PERMANOVA and PERMDISP, re-

spectively. Responses were analysed in the two root compartments (L and T). Each PHPP was applied in two different 

application modes (Application). The products Aliette, Luna and Movento were either applied at the recommended rate 

or twice the rate. Serenade was applied at the recommended rate but in case of the “without felt mat” treatment, the 

felt mat covering the soil of all samples was taken off and the product was thus in direct contact with the soil. 
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In the temporal trial, we also found no differences due to PHPP applications in the 

bacterial community composition of the L-compartment (Table IV-3), but a significant 

effect in the community of the T-compartment (R2 = 0.192, p = 0.001). Additionally, 

neither timepoint nor the interaction of timepoint with PHPP treatment caused signifi-

cant effects in the L-compartment. Conversely, in the T-compartment, the PHPP treat-

ment caused differences at both timepoints (Table IV-3), which can also be seen in the 

PCoA plot, where samples of Movento® and Serenade®ASO showed the most distinct 

clustering in comparison to the control treatment (Fig. IV-3). However, pairwise PER-

MANOVA revealed that the differences caused by these two treatments only differed 

significantly from the control at the early timepoint (Table IV-4). No significant differ-

ences were maintained between any PHPP treatment and the control at the late 

timepoint. PCoA indicates that the differences observed at the late timepoint were pri-

marily due to variation between individual PHPP treatments, but not in comparison to 

the control (Fig. IV-3 B, lower-right panel). This was confirmed by pairwise PER-

MANOVA (data not shown). PERMDISP revealed similar differences in community dis-

persion in the T-compartment, being specific for the early timepoint (Table IV-3). These 

were seen for the Serenade®ASO treatment in comparison with the control (Table IV-

4; padj = 0.040), but not by the Movento® treatment (padj = 1.000). 

 

Table IV-3: Variation in the root-associated bacterial community of apple saplings due to the application of plant health protecting 

products (PHPP) in the temporal trial. Community compositional differences were assessed in the L- and T-compartment (Comp: 

L and T). PHPP effects were evaluated over both timepoints and individually at each sampling timepoint, followed by a more 

specific analysis in dependence on timepoint in the T-compartment (T-early and T-late). Differences were assessed by PER-

MANOVA and PERMDISP applied on DEICODE distances. Results with significant differences are printed in bold. 

Comp.  
& TP Variable 

 PERMANOVA  PERMDISP 

df F-value R² p-value  F-value p-value 

L PHPP 4 1.080 0.056 0.376  0.402 0.806 

 Timepoint 1 1.187 0.015 0.332  0.0037 0.952 

 PHPP * timepoint 4 0.939 0.049 0.507  0.916 0.517 

T PHPP 4 4.877 0.192 0.001  8.774 < 0.001 
 Timepoint 1 0.195 0.002 0.908  0.878 0.351 
 PHPP * timepoint 4 1.202 0.047 0.280  4.708 < 0.001 

T-early PHPP 4 3.142 0.239 0.001  3.480 0.016 

T-late PHPP 4 2.556 0.216 0.004  2.243 0.083 
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This dispersion effect can also be observed in the PCoA plot, where Serenade®ASO 

treated samples had a higher dispersion compared to the control treatment 

(Fig. IV-3 B, lower-left panel). The absence of significant PERMDISP results for the 

Movento® treatment at the early time point in the T-compartment implies that the PER-

MANOVA validated differences were caused by differences between centroids and not 

due to altered dispersion.  

In the strawberry trial, as expected, the differentiation in fine roots and thick roots was 

a major explanatory variable in beta diversity with PERMANOVA R2-values of 0.341 

and 0.378 in the L- and T-compartment, respectively (p-values = 0.001) (Fig. IV-4 A, 

Suppl. Fig. IX-3). Consequently, we examined a possible impact of the different PHPPs 

Fig. IV-3: Principal Coordinate Analysis (PCoA) based on DEICODE distance matrices showing variation in the root-associated 

bacterial community composition of apple plants in the temporal trial upon application of different plant health protecting 

products (PHPP). The individual PCoA plots display the variation in the root-associated bacterial community composi-

tion at the early and late sampling timepoint (one and two weeks after final PHPP application, respectively) in L- and 

T-compartments, representing the loosely (L) and tightly (T) root-associated bacteria. 
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and application modes (as grouped variable) for the root compartments and sections 

separately (Fig. IV-4 B, Suppl. Table IX-3). Here, we found a significant effect by PHPP 

application only in the fine root section of the L-compartment (R2 = 0.157, p = 0.016). 

However, further pairwise PERMANOVA to compare the specific PHPP applications 

to the untreated control did not reveal significant differences between specific PHPP 

versus control treatments after p-value correction, i.e. the weak effect of d.Luna be-

came insignificant (Table IV-5). PERMDISP applied to the larger datasets did not re-

veal major differences in dispersion (Suppl. Table IX-3), only some individual treat-

ments showed significant differences in dispersion compared to the untreated control, 

especially in the thick root fraction of the tightly root-associated community (Suppl. 

Table IX-4). Almost all of these treatments showed higher dispersion in their commu-

nities than the community of the control treatment, which can be best observed in the 

PCoA plot of the thick roots of the T-compartment (Fig. IV-4 B, lower-right panel). 

Whereas the replicate control samples clustered rather closely together, the replicates 

of the treatments had higher dispersion due to individual outliers.  

 

Table IV-4: Variation in the tightly root-associated bacterial community composition of apple saplings in the temporal trial due to 

the application of plant health protecting products (PHPP) at different sampling timepoints (TP: early and late). Pairwise PER-

MANOVA and PERMDISP results comparing different PHPP applications to the control group are shown. The p-values were 

adjusted (padj) for multiple testing using Benjamini-Hochberg correction. Results with significant differences are printed in bold. 

Comp.  
& TP Comparison 

 PERMANOVA  PERMDISP 

df F-value R² p-value padj  difference padj 

T-Early Control – Aliette 1 1.571 0.095 0.203 0.203  -0.253 0.883 
 Control – Luna 1 2.503 0.143 0.055 0.073  -0.553 0.267 
 Control – Movento 1 4.051 0.213 0.011 0.022  -0.010 1.000 
 Control – Serenade 1 4.363 0.214 0.005 0.020  -0.782 0.040 

T-Late Control – Aliette 1 0.521 0.042 0.706 0.706  0.096 0.998 

 Control – Luna 1 0.948 0.059 0.475 0.633  0.432 0.559 

 Control – Movento 1 1.586 0.090 0.210 0.420  0.193 0.956 

 Control – Serenade 1 2.176 0.127 0.088 0.352  -0.366 0.702 
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Fig. IV-4: Principal Coordinate Analysis (PCoA) based on DEICODE distance matrices showing variation in the root-associated 

bacterial community composition of apple plants in the temporal trial upon application of different plant health protecting 

products (PHPP). The individual PCoA plots display the variation in the root-associated bacterial community composi-

tion at the early and late sampling timepoint (one and two weeks after final PHPP application, respectively) in L- and 

T-compartments, representing the loosely (L) and tightly (T) root-associated bacteria. 
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Table IV-5: Results of a pairwise PERMANOVA, applied to assess differences in bacterial community composition in the L-

compartment of the fine root fraction of strawberry plants upon different plant health protecting product (PHPP) applications in 

comparison to the control treatment. PHPPs were applied at either the recommended application rate (r) or twice the rate (d). In 

case of Serenade both applications were at the recommended rate but with (w) or without (w/o) a felt mat covering the soil surface. 

The p-values were adjusted (padj) for multiple testing using Benjamini-Hochberg correction. Results with significant differences are 

printed in bold. 

Treatment Application mode F-value R2 p-value padj 

Aliette r 2.426 0.132 0.076 0.184 

 d 2.447 0.140 0.071 0.184 

Luna r 1.534 0.093 0.201 0.287 

 d 3.985 0.199 0.012 0.120 

Movento r 2.457 0.126 0.054 0.184 

 d 0.759 0.048 0.541 0.541 

Serenade w 0.928 0.058 0.411 0.457 

 w/o 1.284 0.079 0.278 0.348 

Bactiva r 2.125 0.132 0.092 0.184 

 d 1.968 0.110 0.114 0.190 

3.3 Different PHPPs can cause either deterministic or stochastic changes in 
the microbiota assembly 

To gain deeper insight into possible community responses to PHPP treatments, we 
quantified the relative proportion of deterministic and stochastic processes in commu-
nity assembly. Therefore, we calculated the phylogenetic beta diversity based on the 
commonly used betaNTI metric (Suppl. Figs. IX-2 to IX-4), where a |betaNTI| <2 re-
veals a significant dominance of stochastic processes, whereas a |betaNTI| >2 reveals 
the dominance of deterministic processes. Furthermore, a betaNTI <2 indicates homo-
geneous selection in the community assembly process, whereas values >2 indicate 
variable selection. In the concentration and temporal trial, almost all betaNTI values 
were below the significance threshold of -2, indicating the dominance of deterministic 
processes and homogeneous selection, regardless of the different PHPP treatments 
(Suppl. Figs. IX-2 and IX-3). In the L-compartment of the concentration trial, r.Aliette 
and r.Luna, r.Movento and Serenade®ASO w/o felt displayed slightly lower betaNTI 
values compared to the control. Likewise, d.Aliette and r.Movento displayed this kind 
of response in the T-compartment. In contrast, betaNTI values for the Serenade®ASO 
treatment increased here slightly compared to the control, thus showing mostly sto-
chastic assembly, which was also clearly seen for Serenade®ASO in the T-compart-
ment of the temporal trial at both timepoints. Also showing a similar pattern to the 
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concentration trial, Movento® treated plants showed a slightly lower mean index value 
in the T-compartment, especially at the early timepoint. Otherwise, no changes were 
evident in the PHPP treatments of the temporal trial. In contrast to the concentration 
and temporal trial, communities in the strawberry trial were overall more often gov-
erned by stochastic processes, especially in the L-compartment of the fine roots 
(Suppl. Fig. IX-4). Here as well as in the T-compartment, several PHPP treatments 
resulted in a significant decrease in betaNTI and thus a dominance of deterministic 
processes compared to the control (most evident for Bactiva®, Serenade®ASO and 
Aliette® treatments). Thus, several treatments tended to increase deterministic assem-
bly processes in the strawberry trial (Suppl. Fig. IX-4). 

We further calculated the taxonomic normalized stochasticity ratio (tNST) based on the 
taxonomic turnover to analyze whether treatments caused differences in the estimated 
ecological stochasticity (Suppl. Fig. IX-5 to IX-7). Here, an index value of 0.5 serves 
as the boundary point between more stochastic (>0.5) and more deterministic (<0.5) 
assembly. In the concentration trial, Serenade®ASO w/o felt displayed a slightly higher 
proportion of stochasticity in the assembly process of the L-compartment compared to 
the control (Suppl. Fig. IX-5). In the T-compartment, d.Aliette and both Movento® con-
centrations caused decreased tNST values compared to the control, which fell below 
the boundary point and turned thus deterministic. These changes were in good agree-
ment with the increasing determinism for these treatments seen in betaNTI analysis of 
the two compartments. Most striking in the temporal trial was the increase of stochas-
ticity of the Serenade®ASO treatment and the decrease for the Movento® treatment 
at both timepoints in the T-compartment, likewise as observed with betaNTI. In com-
munities of the L-compartment of the strawberry trial, the application of PHPPs also 
induced a decline in tNST and thus an increasing role of deterministic processes upon 
PHPP application (Suppl. Fig. IX-7). This was less evident in the T-compartment, 
where responses were more heterogenous. In the fine roots, d.Aliette and both Sere-
nade®ASO treatments caused a decrease in stochasticity compared to the control. In 
the thick roots, in contrast, most PHPP treatments caused an increase in stochasticity 
in the communities. Overall, the results obtained for tNST were similar to the results 
shown for betaNTI, although some differences were more pronounced. Some PHPP 
treatments induced deterministic changes in the assembly process, while in most 
cases Serenade®ASO treatments tended to promote stochastic processes in the T-
compartment. 
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3.3 PHPP treatments did not affect the same taxa across different trials 
though plants enriched similar taxa from different soils  

In all three trials we used ANCOM-BC for differential abundance analysis to compare 

PHPP treatments to the control in the L- and T-compartment, respectively, with the aim 

to see whether specific taxa responded to different PHPP applications. Overall, only 

very few genera were significantly differentially abundant, and no genus showed a 

consistent response in at least two trials (Suppl. Fig. IX-8 to IX-10). Also, almost no 

taxa were responsive in both, the recommend and double application rate of either 

PHPP in either the concentration or in the strawberry trial, though similar trends were 

quite common. Focusing on the treatment with the clearest response in comparison to 

the control treatment according to PERMANOVA, i.e. the fine roots of the L-compart-

ment in the strawberry trial, where almost 20 % of the variation was explained by the 

d.Luna treatment, no specific differentially abundant genus was found (Table IV-5 , 

Suppl. Fig. IX-10). Similarly, the Movento® treatment caused significant changes in 

the bacterial community composition of the T-compartment at the early timepoint in the 

temporal trial (R2 = 0.213, padj = 0.022) (Table IV-4), but we only found three taxa which 

differed significantly from the control: Rhizobacter, and each an unclassified Rhodano-

bacteraceae and Steroidobacteraceae (Suppl. Fig. IX-9 B).  

To evaluate whether the lack of consistent responses across trials was attributed to 

the different soils that were used, we analyzed possible soil-specific variation. The 

same major phyla dominated in each of the three soils, with Proteobacteria and Acido-

bacteriota being most prevalent (Suppl. Fig. IX-11). As expected, Proteobacteria in-

creased in relative abundance from bulk soil over the L compartment to the T compart-

ment, while Acidobacteriota decreased. To analyze in more detail whether similar taxa 

were enriched in the rhizo- and endosphere across the different trials we applied dif-

ferential abundance analysis. We observed similar shifts of taxa from bulk soil to the 

loosely and further to the tightly associated root compartment across all trials (Suppl. 

Fig. IX-12). The order Pseudomonadales for example increased significantly in relative 

abundance from the bulk soil to the L-compartment and further to the T-compartment 

across all three trials. The orders Streptomycetales, Burkholderiales, Caulobacterales 

and Sphingomonadales increased in relative abundance from bulk soil to T-compart-

ment, whereas the Bryobacterales, Solibacterales, Gaiellales and Bacillales 
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consistently decreased in relative abundance along this continuum in all trials. Thus, 

despite differences in the bulk soil and the host plant species, plants in all three trials 

recruited similar bacterial communities in their rhizospheres and roots.  

4. Discussion 

4.1 Prerequisites for comparative PHPP effect evaluation between and within 
different trials 

We assessed the effects of above ground applied PHPPs on rhizosphere bacterial 

communities in three different experimental trials, covering a broad range of conditions. 

This likely results in the development of specific responses to PHPP applications in the 

individual set-ups, although we would expect some consistent responses across trials 

in case of strong universal effects. As a prerequisite, we analyzed community consist-

encies and heterogeneities between soils and trials. The three soils used in this study 

harbored bacterial communities with identical dominant orders, in addition to lower-

abundant soil-specific orders (Suppl. Fig. IX-11). Further, a comparative analysis of 

differences between compartments (Suppl. Fig. IX-12) showed the enrichment of sim-

ilar taxa in the root-associated compartments across the three trials. Thus, some con-

sistent PHPP induced alterations in community composition could in principle develop 

across trials.  

Further heterogeneity in our study was related to root regions. In the fine and thick 

roots of the strawberry plants, differences existed in alpha and beta diversity in the 

rhizosphere bacterial communities. As the thick roots had become more suberized and 

had less root hairs (Suppl. Fig. IX-1) they were most likely releasing less root exudates 

and therewith causing differences in the associated rhizosphere microbiota. Such var-

iation between different root size categories was expected as it has likewise been 

shown for bacterial communities in the rhizosphere of Brachypodium (Kawasaki et al. 

2016) and field-grown apple trees (Becker et al. 2022), and in a similar way along the 

root axis of maize (Rüger et al. 2021). Thus, the desired heterogeneity between and 

within trials was met, while maintaining consistency to enable the detection of highly 

universal effects.  
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As the effects of PHPP applications on the root-associated microbiota were our main 

focus, we did not put much emphasis on plant health or plant growth parameters. Nev-

ertheless, we measured some basic parameters including plant height and number of 

leaves and visually assessed plant performance but did not detect differences (data 

not shown). Thus, specific PHPP applications did not have a visible impact on plant 

performance that might come along with or trigger changes in the rhizosphere micro-

biota related to growth. 

4.2 Inconsistent and non-treatment specific responses across different exper-
imental trials  

We expected at least slight and possibly transient effects of PHPP applications on the 

root-associated microbiota, with some differences between the different product 

groups because of the mode of action of these products (Wan et al. 2017; Fournier et 

al. 2020). The fully systemic products (Aliette® and Movento®) were expected to have 

a larger impact especially on the endophytes compared to the locally systemic (Luna® 

Privilege) and biological products (Bactiva® and Serenade®ASO). We also expected 

Serenade®ASO and Bactiva®, the latter applied as drench application, to have a more 

pronounced effect than applying Serenade®ASO as spray application, especially 

when applied with a protective soil cover. However, we did not observe consistent de-

terministic effects of either the type of PHPP or the application mode across the trials. 

This was seen for both alpha and beta diversity as well as in differential abundance 

analyses. Most consistent across trials and treatments was a slight decrease in alpha 

diversity in some PHPP treatments compared to the control, especially for the systemic 

products Movento® (in the concentration trial and with trend in the strawberry trial) and 

Aliette® (strawberry trial), while we never observed a significant increase in diversity 

upon PHPP application. A mostly only transiently lowered alpha diversity has been 

reported before and our findings are thus well in line with previous studies, in which 

products were in direct contact with the soil or rhizosphere microbiome upon soil ap-

plication (Liang et al. 2020; Qu et al. 2021; Deng et al. 2019; Wan et al. 2017; Fournier 

et al. 2020; Onwona-Kwakye et al. 2020). Thus, by having direct contact some PHPPs 

might have a filtering effect on the rhizosphere or endophytic bacterial communities. 

Regarding beta diversity, we only found weak effects from Movento® and Sere-

nade®ASO in the temporal trial at the early timepoint in the T-compartment and by 
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Luna® in the strawberry trial in the L-compartment of fine roots. In the concentration 

trial, when sampling occurred two weeks after the final application, no differences in 

composition or dispersion were seen for application dosage, indicating that the root-

associated microbiota either did not respond or returned to a homeostatic composition 

after a relatively short period of time without continued PHPP application. ANCOM-BC 

showed that no taxa were observed to be changed consistently in at least two trials 

and almost no taxa were responsive in both the recommend and double application 

rate of either PHPP (concentration and strawberry trial). This further indicates that 

above ground PHPP applications have at most a weak and transient impact on the 

bacterial community composition, as in agreement with some previous studies (Wan 

et al. 2017; Fournier et al. 2020). Wan et al. (2017) reported that biopesticide applica-

tions only altered the bacterial community composition for up to ten days after applica-

tion, like our study, where we observed a difference seven days after the last applica-

tion, but not after 14 days, even when applying products at increased dosage in the 

second trial. Similarly, run-off of above ground spray applications of Serenade®ASO 

or drench applications of Bactiva® did not have deterministic or permanent effects on 

bacterial diversity or community composition, even though these contain microorgan-

isms as active ingredient that may interact with the endogenous microbiota. Either 

these products did not induce changes, or alterations were of very transient nature and 

we did not detect them. The latter would be in line with a previous study that reported 

a drift back towards an unaffected microbiota profile in the interim between treatment 

applications in the strawberry rhizosphere (Deng et al. 2019). Thus, we could not find 

universal effects of PHPP applications on alpha or beta diversity across the range of 

conditions tested in this study. However, within specific trials PHPP applications re-

duced decrease alpha diversity in some cases and had in part a slight and transient 

effect on the root-associated microbiota without targeting specific microbes. Consider-

ing field conditions, it must be noted that no single product would be applied continu-

ously in weekly intervals for prolonged times, even though the frequency of PHPP ap-

plications is extremely high also in the field, especially in apple and strawberry or-

chards, comparable to the intervals in this study. However, the number of applications 

of products of the same chemical class is limited in every season. Instead, products 

with different modes of action are used in alternation due to resistance management 

practices. The effects of alternating product applications remain at present unclear. 
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4.2 Application-related undirected changes in bacterial community composi-
tion follow the Anna Karenina Principle 

In many cases a significant shift in community composition was accompanied by a 

significant shift in dispersion, meaning that the observed differences were not neces-

sarily caused by consistent changes in community composition across all replicate 

samples, but rather by specific changes in individual samples that caused the altered 

dispersion within a trial (Fig. IV-3). Such apparently random responses are not well in 

line with the ‘cry-for-help’ principle but are described in the ‘Anna Karenina Principle’. 

Ma (2020) and Zaneveld et al. (2017) applied the AKP to human and animal microbi-

omes, respectively, stating that certain stressors have stochastic rather than determin-

istic effects on community composition, because stressors reduce the ability of the host 

to regulate its microbial community composition. It has also recently been proposed to 

conceptualize plant dysbiosis as a transitory loss of the host’s capacity to regulate its 

microbiota (Arnault et al. 2022). A hallmark of AKP effects is that the microbiological 

changes in dysbiotic or stressed individuals vary more in microbial community compo-

sition than in healthy individuals and that this variation can be compared using 

PERMDISP, which measures dispersion effects (Zaneveld et al. 2017). In our trials, 

such a dispersion effect was observed after product application in the temporal and to 

some extent in the strawberry trial. In the temporal trial we found such differences in 

community composition and dispersion only one week after the last application of 

PHPPs. Other studies investigating PHPP effects on the microbiota have not dis-

cussed a possible AKP effect, but a visual assessment of their data indicates very 

clearly a higher dispersion after PHPP treatment in several ordination plots (Fournier 

et al. 2020; Deng et al. 2019; Kusstatscher et al. 2020). In addition to the dispersion 

effects, we observed a transient decline in alpha diversity. A decreased diversity in 

stressed organisms has also been proposed as being characteristic of an AKP effect, 

but appears less consistent compared to the dispersion effect (Ma 2020). We did ob-

serve similar trends in this study. Thus, our partially detected alterations in the bacterial 

community are well in line with the AKP. That the rhizosphere microbiota may respond 

to above ground stresses according to the AKP is further supported by an increased 

dispersion in bacterial rhizosphere communities that we observed in an earlier study 

with comparable experimental set-up upon foliar pathogen infection of apple seedlings 

(Becker et al. 2023).  



 

__________________________________________________________________ 
97 

Another indicator for an AKP effect and stochastic rather than deterministic changes is 

the discrepancy between PERMANOVA and differential abundance analysis results. 

In case of deterministic changes, PERMANOVA would show significant effects in re-

sponse to a PHPP treatment and differential abundance analysis would indicate taxa 

that show consistent changes in relative abundance across replicates. However, this 

was often not observed in our study, for example in the strawberry trial, where PER-

MANOVA indicated differences between the d.Luna treated and the control plants in 

the fine roots of the L-compartment, but no taxa were found to be differentially abun-

dant between those two treatments. This points to rather stochastic changes in the 

bacterial rhizosphere community of the individual plants. Heterogenic responses be-

tween replicates due to AKP effects have also been proposed by Zaneveld et al. 

(2017). The authors state that even though shifts can happen, they may not rise to the 

level of significance, because they vary between the stressed individuals. They further 

state that this is enforced at more highly resolved taxonomic levels and affected by 

limitations in statistical power due to the need to correct for high numbers of multiple 

comparisons. 

Besides alpha and beta diversity, Arnault et al. (2022) proposed to use betaNTI to 

detect a possible AKP effect. They state that an AKP effect can be detected if the non-

stressed microbiota has a |betaNTI| >2 and the stressed microbiota changes to a 

|betaNTI| <2, therewith indicating an increase of stochasticity. We included in addition 

tNST, which reflects the contribution of stochastic assembly relative to deterministic 

assembly and thus allows for a better quantitative measure of stochasticity compared 

to betaNTI (Ning et al. 2019). Overall, we found that the apple root-associated micro-

biota was predominantly assembled by deterministic processes, identified to be ho-

mogenous according to betaNTI, whereas, the assembly of especially the fine roots of 

strawberries was more stochastic. Upon PHPP treatment, we found few differences 

and surprisingly, according to both betaNTI and tNST, stochasticity was decreased, 

especially in the T-compartment. It appears thus in contrast to the expectation accord-

ing to Arnault et al. (2022), but Zaneveld et al. (2017) proposed different models de-

pending on the severity of the stressor. In one of their models, the perturbation alters 

the microbiota deterministically, but the extent of alteration is stochastic and related to 

the severity of the stressor. In case of a severe stressor, the community compositions 

of stressed hosts would be similar to each other, whereas the community compositions 
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of mildly stressed hosts would display a dispersion increase. This fits with our findings 

and indicates that above ground PHPP applications can sometimes act as a mild stress 

factor. It likewise fits to the findings of a recent study, showing that bacterial communi-

ties in severely unhealthy strawberry farms with soil-borne pathogens display an in-

crease in deterministic processes of assembly and thus properties of a severe stressor 

in the rhizosphere, but rather stochastic assembly of the shoot endophytes (Siegieda 

et al. 2024). Thus, severe stressors with deterministic responses in heavily affected 

plant organs appear to turn into mild stressors, triggering stochastic responses, in plant 

organs being less affected or more remote from locally acting stressors, as in our case. 

Focusing on specific PHPPs, the application of Serenade®ASO caused an increase in 

dispersion and stochastic assemblies, often observed in the T-compartment, therewith 

following the AKP. The active ingredient of Serenade®ASO is a Bacillus strain and 

Bacillus spp. have been shown to form biofilms on leaves that likely play a role in their 

plant protective properties (Fessia et al. 2022) and to upregulate different defense 

mechanisms, including elicitation of induced systemic resistance (reviewed in Kloepper 

et al. 2004). Both biofilm formation and induction of systemic resistance may have led 

to the observed changes in the root-associated microbiota. In contrast, the systemic 

PHPP Movento® caused the most severe deterministic effect in the T-compartment 

shortly after its application in the temporal trial i.e., a significant shift in centroids at the 

early timepoint, without an increase in dispersion, as well as a few significantly differ-

entially abundant ASVs (Suppl. Fig. IX-9 B). This is in line with our hypothesis that 

systemic PHPPs are more likely to cause changes in the root-associated microbiota 

and especially in the endophytic community than in the rhizosphere soil microbiota. 

These findings show that the effect of an PHPP on the root-associated microbiota de-

pends on the compartment and on the applied PHPP, as hypothesized. Further, the 

example of Movento® shows that responses are not in all cases in line with the concept 

of AKP. 

Given the current state of available studies and our results, we conclude that above 

ground PHPP application has only minor and transient effects on the root-associated 

microbiome and can lead to mild AKP effects. During application of PHPPs or at least 

after the first applications, they possibly act as an influencing factor on the plant, which 

could itself react in a way that then affects the root-associated microbial community, 

e.g. by changes in root exudates and thus food sources. According to our results, the 
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plant seems to be able to fully restore its specific root-associated microbiota after a 

relatively short period of time upon the last application of PHPPs. 

5. Conclusions 

Our study demonstrates that above ground PHPP applications can have a mild, yet 

transitory effect on the root-associated bacterial community of apple saplings and 

strawberry plants. Those effects were more likely to be caused by systemic products 

than by locally systemic or contact products and were often more pronounced in the 

endosphere than in the rhizosphere. The possible effects we observed include a low-

ered alpha diversity, small changes in species composition either in the form of a shift 

or increased dispersion in beta diversity and changes in the phylogenetic turnover. 

While the systemic PHPP Movento® caused rather deterministic changes in the en-

dosphere microbiota, the biological product Serenade®ASO caused stochastic 

changes and an increased variability in community composition. Following the concept 

of the AKP, we observed that PHPP applications can act as a mild stress factor, alter-

ing the below ground bacterial community slightly and transiently. Without a continuous 

exposure to PHPPs, the root-associated bacterial community is likely to drift back to-

wards the community composition profile of an untreated plant. It will be interesting to 

see whether fungal communities show similar responses to such PHPP treatments. 

Compared to studies with direct exposure of the root-associated microbiota to PHPPs, 

our above ground application related effects appear to be weaker. Further, effects ap-

pear to be compartment specific and to depend on the product type and its localization 

in the plant, soil or root-soil interface, with products directly applied into the soil having 

more pronounced effects. Compared to other stress factors, such as root pathogen 

infection, the application of PHPPs appears to be a much less severe stress factor on 

the root-associated microbiota. The effects of PHPPs on non-microbe sensitive marker 

organisms have already been thoroughly evaluated and overall, we only observed ra-

ther weak effects on the root-associated microbiome. However, in the context of mi-

crobiome management strategies, further research is required to draw recommenda-

tions for crop management practices, future PHPP development and the use of biolog-

icals.  
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V. Synopsis 

Modern agriculture faces numerous challenges, including plant pests, pesticide re-

sistances, regulatory restrictions, and climate change, affecting crop yield and health. 

At the same time there is a need for an environmentally sustainable approach to in-

crease yields of high quality crops due to limited resources and a continuing population 

growth (Ricroch et al. 2016). Thus, attaining food security while improving environmen-

tal health and resource efficiency has become one of the major challenges in the 21st 

century (Wang et al. 2022; United Nations 2023). Engineering the root-associated mi-

crobiome has been shown to confer fitness advantages to the plant host, including 

growth promotion, nutrient uptake and resistance to pathogens and thus possibly re-

duce the need for synthetic fertilizers and pesticides (Trivedi et al. 2020; Bailly and 

Weisskopf 2017). Tapping into the potential of the root-associated microbiome to im-

prove crop health and yield through a better understanding of the processes in the 

root-soil interface is thus thought to be one of the most important scientific frontiers of 

the forthcoming decades (Wang et al. 2020b; Busby et al. 2017; Santoyo et al. 2016; 

White et al. 2019). 

Pathogen infections, especially by fungi, remain one of the major threats to crop pro-

duction and modern agriculture is currently still requiring repeated pesticide and ferti-

lizer applications to ensure high yields and quality of agricultural products (Eurostat 

2022). Due to its potential to provide a disruptive approach towards a more sustainable 

pest management, having a holistic understanding of the root-soil interface is crucial 

for its successful integration in pest management strategies. However, knowledge 

about the impact of both pathogen infections and pesticide applications on the root-

associated microbiota, remains limited. Thus, the impact of foliar pathogen infection 

and above ground plant health protecting product application on the root-associated 

microbiota as well as above and below ground plant development was evaluated in 

this thesis. For this, greenhouse-grown apple saplings and fully grown orchard trees 

were used as model organisms. As a prerequisite, the intrinsic spatial and temporal 

variation of the root-associated microbiota related to root phenology and seasonal var-

iation was assessed in fully grown trees (manuscript 1, section V.1). The tree root-

associated microbiota showed spatial variation on various scales. On a smaller scale, 

the rhizosphere effect was observed with distinct community compositions in the 
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rhizosphere and endosphere. Additionally, both endosphere and rhizosphere commu-

nities shifted gradually with an increasing root size diameter. Differences at field scale 

were observed due to soil heterogeneities and the presence of localized soil pathogen 

occurrences. Both endosphere and rhizosphere communities underwent seasonal 

changes and displayed year-to-year variation. Similarly, spatial differences were as-

sessed in the rhizosphere of greenhouse-grown apple saplings, as well as the temporal 

dynamics at early stages of apple plant development (manuscript 2 and 3). Like their 

fully grown counterparts, apple saplings had distinct bacterial communities in the rhi-

zosphere and endosphere. Due to the uniformity of the root systems of apple saplings, 

no differentiation into root diameter categories was made for apple saplings. Significant 

temporal dynamics were observed only when comparing the community compositions 

of saplings with at least a four-week difference. Overall, this thesis contains the most 

comprehensive experimental comparison of spatial differences and temporal dynamics 

of the bacterial community composition of fully-grown trees to date. 

It is known that foliar infections can induce significant effects on plant physiology, how-

ever, knowledge about their effects on the root-associated microbiota is scarce. There-

fore, two economically important foliar pathogens were used to infect apple saplings 

and the impact on the bacterial root-associated community composition analyzed 

(manuscript 2, section V.2). Similarly, the effects of foliar PHPP applications on the 

bacterial root-associated community composition are largely unknown and therefore, 

PHPPs from different product classes were applied as foliar applications to apple sap-

lings and young strawberry plants (manuscript 3, sections V.3 and V.4). Foliar patho-

gen infections were found to induce plant-mediated changes upon severe leaf infection 

in the root-associated microbiota, while foliar PHPP applications only caused minor 

and transient effects. Thus, above ground disturbances are reflected in the below-

ground microbiome. To simulate field conditions, under which foliar pathogen infec-

tions are usually treated with foliar pesticide applications, the combined effects and 

temporal dynamics of both pathogen infection and product application were evaluated 

in different root compartments of apple saplings (manuscript 2, section V.5). A curative 

fungicide treatment decreased disease severity and helped diseased plants regain the 

plant the microbiota of a healthy plant. Overall, this thesis sheds first light on the effects 

of agronomically extremely relevant above ground factors on the root-associated 
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microbiota with immense impact on microbiome management strategies in the context 

of sustainable agriculture. 

1. Spatial and temporal variation within the root-associated microbiota 

The root-soil interface is considered to be one of the most dynamic microbial hotspots 

with considerable impact on plant growth and health (Ali et al. 2017; Brader et al. 2017). 

Plants are capable of actively recruiting specific microbes from their surrounding soil, 

which then thrive in the rhizosphere, a process mostly driven by the plant via rhizodep-

osition (Beckers et al. 2017; Bulgarelli et al. 2013; Deyett and Rolshausen 2020; 

Zhalnina et al. 2018). Due to physiological changes of the roots with increasing age 

and root diameter, the composition and amount of rhizodeposits changes, potentially 

creating spatial variation in community composition along a root size gradient (Rüger 

et al. 2021; Keel et al. 2012; Zhalnina et al. 2018). Besides this spatial variation, tem-

poral dynamics closely linked to the plant developmental stage have been shown to 

influence the structure of the associated microbial community of herbaceous and an-

nual plants but not for perennials and trees. Shifts in the root-associated communities 

are likely to occur due to seasonal shifts in carbon allocation into the roots and the 

surrounding soil and due to plant litter input during autumn and winter (Bonkowski et 

al. 2021; Donn et al. 2015; Li et al. 2014; Maarastawi et al. 2018; Munoz-Ucros et al. 

2021; Shi et al. 2015). Overall, knowledge about the spatio-temporal variation of the 

root-associated microbiota is currently limited, but crucial for several reasons: a holistic 

understanding of the complexity of the plant soil interface would allow for microbiome 

targeting management practices, e.g. plant defense induction. Thus, to improve the 

holistic understanding of plant-microbe interactions and as a prerequisite to elucidate 

potential above ground pathogen or PHPP application effects on the root-associated 

microbiota, the spatio-temporal variation of communities of both greenhouse-grown 

and orchard-grown apple plants was studied (manuscripts 1,2 and 3).  

1.1 Bacterial communities shift between root compartments and along a root 
size gradient 

The spatial variation was observed at two major scales: between the rhizosphere 

(L-compartment) and endosphere (T-compartment) and for both along a root size gra-

dient. In field grown orchard trees, as well as greenhouse grown apple saplings and 
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young strawberry plants, hallmarks of the rhizosphere effect were observed, as ex-

pected. Its bottleneck effect can exemplary be seen in the decrease in alpha diversity 

in the endosphere compared to the rhizosphere (Figs. II-2, III-6, and IV-1). This bottle-

neck effect is caused by the specific selection of various dominant phyla and families. 

A large overlap across all trials was observed in which the same phyla and families 

have been either enriched or depleted in the endosphere compared to the rhizosphere. 

For example, in both the orchard and greenhouse trials, the Acidobacteriota were more 

prevalent in the rhizosphere compared to the endosphere, while the Actinobacteriota 

were enriched in the endosphere compared to the rhizosphere, thus pointing to a com-

partment specific selection process (Figs. II-1, Suppl. Fig. VII-1). Similar observations 

were made before for the annual crops maize, rice and wheat or Arabidopsis (Donn et 

al. 2015; Bulgarelli et al. 2013; Lundberg et al. 2012; Edwards et al. 2015; Fan et al. 

2017), as well as the perennial citrus and olive trees (Fernández-González et al. 2019; 

Zhang et al. 2017). Overall, there is strong evidence that both apple saplings and trees, 

as well as strawberry plants enrich similar phyla in the endosphere, similar to previ-

ously studied model plants, further pointing towards analogous selection mechanisms. 

Furthermore, phylogenetic beta diversity analyses in apple saplings revealed that the 

deterministic assembly process is governed by homogenous selection (Suppl. Fig. IX-

3 and IX-4), undermining that only selected bacterial taxa are enriched in both rhizo-

sphere and endosphere. Taken together, the results confirm the universality of the rhi-

zosphere effect across different plant species and any effects of above ground disturb-

ances on the root-associated microbiota later discussed in this thesis might therefore 

be transferable to other plant species. 

Besides the differences in root compartments, the spatial differences along a root size 

gradient in both compartments were analyzed and used as a proxy for root age. For 

fully grown orchard trees, the spatial differences were shown along a gradient with the 

smallest section being ≤ 1 mm and the largest ≥ 4 mm root diameter. Along this gradi-

ent, successive changes in community composition were found in both root compart-

ments, indicating that apple trees selectively shape their bacterial communities along 

the root axis (Figs. II-2 and II-6). This successive change alongside this gradient was 

observed in the community composition but also in the enrichment of certain taxa in 

the root-soil interface (Fig. II-3). In the rhizosphere, the changes in the composition 

and quantity of rhizodeposits such as organic carbons are likely the responsible 
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selective driver. This can exemplary be seen by the enrichment of methylotrophs, 

which are associated with the conversion of organic carbon compounds in the smaller 

root sections. Here, especially at the root tips and in the elongation zone, the largest 

amount of rhizodeposits including methanol are released into the rhizosphere soil 

(Epron et al. 2011; Hoffland et al. 1989; Zhalnina et al. 2018; Galindo-Castañeda et al. 

2024). Older root sections become suberized and are therefore less relevant compared 

to finer roots concerning organic carbon exudation, thus explaining the succession 

along the root size gradient. However, as no analysis of the composition and quantity 

of the rhizodeposits was done in this thesis, this direct link between rhizodeposits and 

changes in bacterial community composition remains speculative. In the endosphere, 

several genera known to contain strains being involved in biocontrol or with plant-

growth promoting abilities were enriched in the root sections with a smaller diameter. 

Thus, apple trees specifically enrich specific taxa with certain functional characteristics 

in different parts of their root system depending on the root phenology. These results 

are particularly interesting when comparing them to the analysis of root endophytes in 

annuals such as maize. Here, the whole endophytic plant root system showed a ho-

mogenic bacterial community composition, which may be attributed to the young age 

of the maize plants and the early colonization of the endosphere by the seed microbiota 

(Wendel et al. 2025). The differentiation of the apple tree endosphere community by 

root diameter and its heterogeneity is thus likely due to the successive colonization of 

the endosphere by soil microbes and a root diameter dependent selection by the plant. 

Confirmation of the orchard study results was not possible in greenhouse grown apple 

saplings, as no differentiation into root size categories was possible for saplings grown 

in pots due to the uniformity and inextricable complexity of their root systems. However, 

the root system of strawberry plants could be divided into two root sections: inner thick 

roots and outer fine roots (Suppl. Fig. IX-1). Similar to the apple orchard trees, the 

communities in these root sections differed significantly from each other, although 

analysis of the enriched or depleted genera between those root sections regarding 

taxa that can be associated with specific functions in the root-soil interface is still pend-

ing (Fig. IV-4 A). Nevertheless, these findings show that root diameter has a significant 

impact on the bacterial community composition and can be used as an indicator for 

differences in root physiology. In addition, due to those differences in physiological 

activity of different root types, the subsequent potential differences in their root-
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associated microbiota would likely have an impact on the recommended granularity of 

sampling methods. Currently, root samples are mostly taken either by sampling the 

entire root system, or by taking an undefined core with roots of unknown root size. 

Potential differences caused by factors only observable in specific root types or devel-

opment stages would go unnoticed with those current sampling methods.  

1.2 Field scale gradients and seasonal changes add to spatio-temporal variabil-
ity within the root-associated microbiota 

Surprisingly, in the orchard trials, there was a significantly large impact of the individual 

trees on the bacterial root-associated community structure (Figs. II-2, II-4 and II-6). 

Further spatial variability was found between and within rows, and even between ad-

jacent trees. The variability in the L-compartment can be explained by physio-chemical 

differences in the soil or by the passive bacterial dispersal mechanisms in the soil 

(Bahram et al. 2016). Stochastic factors are also likely to play a role in the heteroge-

neous assembly of root-associated bacteria. A previous study has already shown that 

spatial variability (1-5 m) of soil microbiota was present within an apple orchard (Deakin 

et al. 2018), which then likely leads to differences in the assembly of root-associated 

bacteria. The endosphere communities also showed huge variability between tree in-

dividuals. Additionally, in single cases, high levels of the root pathogen “Candidatus 

Phytoplasma” were detected, even though no disease symptoms were visible. These 

observed variabilities indicate that both soil heterogeneity and symptomless pathogen 

infections can have an impact on the root-associated microbiota, which raises the need 

for sufficiently large sample sizes in future studies, even when sampling apparently 

uniform looking trees within the same orchard or neighboring trees is considered. 

Further variation of the bacterial community composition of the orchard trees was ob-

served over the growing season and between years. This temporal variability in both 

rhizosphere and endosphere was studied in detail by sampling the same orchard trees 

over an entire growing season. Most strikingly, sequential changes in community com-

position took place in both compartments with more changes occurring during spring 

and summer than in winter (Figs. II-4 and II-5). This was expected as the seasonal 

increase in photosynthetic activity results in increased rhizodeposition rates and root 

growth, impacting the root-associated microbiota. This has been observed in the olive 

tree associated microbiota as well (Epron et al. 2011; Thenappan et al. 2024). Apple 
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root growth in mature trees has been reported to occur unevenly during the year with 

a possible bimodal pattern with substantial root growth (“root flush”) around full bloom 

and either mid-summer or harvest (Eissenstat et al. 2006). The resulting shifts in rhi-

zodeposit composition and quantity likely facilitated the proliferation of diverse bacterial 

taxa, explaining the observed rise in alpha diversity during spring and early summer 

across the sampled years (Fig. II-4 A). Likewise, the same processes may be the cause 

of the significant differences in community composition between summer and winter 

(Suppl. Fig. VII-6). Interestingly and in addition, annual variation was observed for the 

loosely associated microbial community (Fig. II-4 B and Suppl. Fig. VII-6), indicating 

that it does not necessarily per se return to a highly season-specific state after one 

year; an observation that was also seen in annual plants such as Avena fatua (Shi et 

al. 2015). In conclusion, both spatial and temporal variation exists within apple or-

chards and between individuals and needs to be considered when designing orchard 

trials with repeated sampling. The drivers of this variation are likely spatial and tem-

poral changes in rhizodeposition, caused by soil and field heterogeneity, seasonal 

changes in photosynthetic activity, as well as root pathogen infections. Many observa-

tions found in this perennial model were also found in annual plants, pointing to anal-

ogous mechanisms between the two. Overall, this intrinsic spatio-temporal variation of 

orchard-grown tree root systems is in line with the first part of the first hypothesis of 

this thesis, stating that differences within individual orchard-grown tree root systems 

are likely to be related to rhizodeposition and seasonal and annual variation. 

The second part of this hypothesis states that this spatio-temporal variation can also 

be observed in greenhouse-grown apple saplings. As mentioned above, no differenti-

ation into different root size categories was possible for greenhouse grown apple sap-

lings. However, when using the entire root system as a proxy for overall plant and root 

development, only a slow succession over several weeks was observed, mostly within 

the rhizosphere (Fig. III-3). It must be noted that the plants did not grow much during 

this period and thus the lack of more pronounced differences over time may be asso-

ciated with rather small changes in plant morphology. Due to these rather small 

changes in the root-associated microbiota over time, effects superimposed by above 

ground pathogen infections or PHPP applications are more likely to be identified, even 

over time. 
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2. Above ground pathogen infection causes changes in the root-associated 
bacterial community structure 

Pathogen infections remain one of the most significant obstacles to maintaining regular 

and reliable food systems, as they cause an estimated loss of around 20% to 40% of 

crop production (Savary et al. 2019). They decrease the yield and quality of crops by 

infecting various parts of the plant, including fruits, leaves, stems, and roots. The re-

sulting changes in morphology and metabolism lead to direct and indirect effects on 

plant fitness and growth, thereby affecting the yield. Direct effects of e.g., leaf or root 

pathogens include the necrosis of infected tissue, resulting in reduced photoassimilia-

tion or nutrient uptake rates. Indirect effects include changes in plant metabolism, in-

duction of plant defense mechanisms, and the recruitment of beneficial bacteria (Gao 

et al. 2021). Whether through direct or indirect effects, pathogen infections can induce 

local effects on the associated microbiota at the infection site, as demonstrated for e.g. 

root pathogens in the rhizosphere (Solís-García et al. 2020), or leaf pathogens in the 

phyllosphere (Li et al. 2022). In addition, there is evidence that especially root and 

systemic pathogens can impact the plant-associated microbiota through the modula-

tion of plant-microbiome signaling pathways in their hosts (Liu et al. 2023). However, 

little is known about the interference of above ground pathogen infections with plant-

microbiome signaling pathways and their effect on the root-associated microbiota. Po-

tential factors that induce changes in plant-microbiome signaling pathways are altera-

tions in root exudation or a stress-induced loss of control over the plant-associated 

microbiome. Thus, to analyze changes induced by foliar pathogen infection, the root-

associated bacterial community of greenhouse-grown apple saplings was assessed 

over time after infection with two different pathogens (manuscript 2). Two of the most 

economically important foliar pathogens were used: the ascomycete fungi Venturia 

inaequalis and Podosphaera leucotricha, which cause apple scab and powdery mildew 

of apple, respectively. Infection, especially with P. leucotricha, led to significant dis-

ease symptoms such as mycelium cover of the entire leaf area, which ultimately in-

duced leaf senescence. The resulting changes in plant metabolism are likely to lead to 

changes in the root-associated microbiota. Due to the results in the spatial analysis, 

the root-associated microbiota was again divided into the loosely and tightly associated 

microbiota.  
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Overall, foliar pathogen infections induced fewer changes in the root-associated mi-

crobiota than anticipated, even under strong disease pressure. Alpha diversity was 

slightly increased in the rhizosphere in some samples after pathogen infection. A 

higher diversity has been hypothesized to maintain plant productivity under changing 

environmental conditions (Wagg et al. 2011), which was possibly also seen here under 

disease stress. Alternatively, high disease pressure could lead to stress-induced loss 

of control over the plant-associated microbiome, resulting in the growth of opportunistic 

pathogenic bacteria. Changes in alpha diversity are not consistently reported in the 

literature with some studies (i) showing no changes in diversity upon above (González-

Escobedo et al. 2021) or below ground pathogen infection (Kim et al. 2021), (ii) lower 

diversity upon infection (Yang et al. 2020), or (iii) an increased richness in the rhizo-

sphere of diseased plants (Tender et al. 2016), similar to our results. In contrast, a 

study with symptomatic apple orchard trees has shown that using amplicon sequenc-

ing no significant differences in alpha diversity were detectable whereas a decrease 

was observed when using a shotgun metagenomic approach (Muñoz-Ramírez et al. 

2024). Similarly, pathogen infection led to fewer differences in community composition 

than anticipated. In the present study, even with progressing severe disease symp-

toms, no significant differences were found between healthy and diseased plants when 

comparing them directly at individual sampling timepoints (Fig. III-3). Only when taking 

the temporal dynamics into account, a pathogen dependent difference in succession 

over time was observed. The bacterial communities of the pathogen infected plants 

became most distinct at the later sampling times compared to earlier timepoints and 

thus with increasing disease severity, whereas healthy plants developed and main-

tained a balanced and more stable bacterial community over time. (Fig. III-4). The 

same observation was made in a subsequent, similar greenhouse trial (Fig. III-8). 

Thus, the effects on the community of the root-associated microbiota of an above 

ground pathogen infection are likely to increase over time as the infection progresses. 

This partially confirms the hypothesis that the root-associated bacterial community is 

affected by above ground pathogen infection, even though the responses remained 

weaker than expected. When taking previous studies into account, pathogen infections 

appear to cause most changes locally in the infection site associated microbiota, i.e., 

root pathogens in the rhizosphere and foliar pathogens in the endosphere. Further, 

these previously reported locally induced changes by root or systemic pathogens were 
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more pronounced compared to remote (i.e. foliar) infection sites described in this study. 

This larger effect is likely caused by the proximity and a more intimate relation between 

the pathogens and locally associated microbiota as part of the plant holobiont. Thus, 

the ability of the plant to alter its associated microbiota and even more so to recruit a 

beneficial microbiota likely does depend on the kind of pathogen and the level of infec-

tion and does not come along with prominent changes in the root microbiota. However, 

though the kind of pathogen had a pronounced effect, this is likely more related to 

disease severity, as P. leucotricha caused more damage to the plants than 

V. inaequalis. Overall, these results support the initial hypothesis that the plant medi-

ated responses have a temporal dynamic in dependence on disease severity.  

Differential abundance analysis was used to determine whether specific taxa, espe-

cially potential plant beneficial taxa, were recruited upon pathogen infection. Indeed, 

several taxa were increased in relative abundance between severely infected and 

healthy plants, especially in the rhizosphere (Fig. III-9). Two genera known to include 

strains with plant beneficial properties showed an increased relative abundance in the 

diseased group, an unclassified member of Bacilli, as well as Devosia (Akinrinlola et 

al. 2018; Chhetri et al. 2022). However, most of the identified taxa have been shown 

to benefit from different organic carbon compounds in the rhizosphere and are thus 

likely to respond to alterations in rhizodeposition. For example, Bryobacter and “Can-

didatus Solibacter” have been shown to be closely related to soil carbon metabolism 

(Yu et al. 2016; Wang et al. 2019; Li et al. 2020; Zhou et al. 2021), while Ammoniphilus, 

Mizugakiibacter, Acidothermus and Alicyclobacillus have been shown to utilize various 

plant-derived carbon compounds such as glucose, cellulose or oxalacetate (Sahin 

2003; Talia et al. 2012; Liao et al. 2019; Li et al. 2020). In addition, the cellulolytic taxon 

Acidothermus was increased in relative abundance in the rhizosphere at high disease 

severity levels, indicating that microbes might begin to actively hydrolyze root tissue. 

The increase in alpha diversity, succession in community composition and increase in 

relative abundance of taxa associated with the conversion of plant-derived carbon 

compounds in the rhizosphere is likely due to differences in plant defense levels and 

root exudation, caused by changes in plant metabolism. With progressing disease se-

verity, the plant likely loses its ability to maintain its preferred microbiome in the rhizo-

sphere, potentially leading to an increase of opportunistic pathogenic or even 
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cellulolytic bacteria from the surrounding soil. These findings deserve further attention 

in future studies.  

A field trial with consistent pathogen inoculations was technically not feasible and thus, 

naturally occurring infection events were monitored over two years. Unfortunately, the 

two sampling years (2018 and 2019) provided unfavorable weather conditions for foliar 

pathogens and thus disease levels were relatively low. However, single incidences with 

high levels of below ground pathogen infection were observed in the spatio-temporal 

variation orchard trial (manuscript 1). Here, the root pathogen “Candidatus Phyto-

plasma” could reach up to 24.4% in relative abundance, yet no above ground signs of 

infection were visible at the sampling date. Due to the dominance of this pathogen 

according to its relative abundance, the infected trees had a significantly different com-

munity composition compared to healthy trees. Furthermore, it is conceivable that the 

pathogen infection led to a restructuring of the native community in infected trees, as 

seen in previous studies (Bulgari et al. 2014; Trivedi et al. 2012; Trivedi et al. 2016). 

Taken together, this suggests that the impact on the root-associated microbiota 

through the infection with a root pathogen was much larger than the impact of a foliar 

infection, leading to the conclusion that pathogen infections cause most changes in the 

local infection site associated microbiota, as outlined above. 

3. Above ground plant health protecting product applications lead to incon-
sistent and non-treatment specific responses in the root-associated microbiota  

The use of plant health protecting products is essential in agriculture as they help con-

trol pests, diseases, and weeds that can significantly reduce crop yields and quality. 

By effectively managing these threats, PHPPs contribute to increased agricultural 

productivity and food security, ensuring a stable supply of food for a growing popula-

tion. The effects of PHPP application on biodiversity, soil health and the plant-associ-

ated microbiome have become of increasing interest over the last few decades (Zhou 

et al. 2025). Two recent comprehensive reviews have highlighted that PHPP applica-

tions can potentially have hugely varying effects on the plant associated microbial com-

munities (Ramakrishnan et al. 2021; Yu et al. 2023). The effects on the root-associated 

microbiota largely depend on numerous factors, for example on the kind of product 

(e.g., whether it is a fungicide, herbicide, insecticide, biological product, etc.), the mode 

of action and the chemical properties of the active ingredient, or whether it is applied 
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directly into the soil. While some applications led to no significant effects in the com-

munity composition in a previous study (Fournier et al. 2020), some products caused 

minor and transient effects on the microbial abundance and community structure. 

Some applications, however, caused significant alterations in the composition of the 

root-associated microbiota, also with varying effect degrees (Huang et al. 2021; Nettles 

et al. 2016; Kusstatscher et al. 2020; Deng et al. 2019; Qian et al. 2018; Chen et al. 

2017). In some cases, the induction of organic acid secretion and other root responses 

have also been observed, which is considered a major mechanism by which the plant 

modulates its associated microbiota (Wen et al. 2020; Qu et al. 2021). Overall, PHPP 

application can lead to varying effects without being consistent and predictable. It is 

imperative to note that almost all current studies have analyzed the effects of direct 

PHPP amendment into the soil or as seed treatment, disregarding potential plant me-

diated effects on the root-associated microbiome upon remote, i.e. above ground 

PHPP application. In addition, previous studies have mostly investigated single prod-

ucts under a defined single set of conditions, disregarding variation by external factors 

such as host, sampling time or soil and root type. Thus, the effects of above ground 

applications of various plant health protecting products were studied with the two 

model systems apple and strawberry in trials with varying experimental conditions. 

Soils from two apple orchards and a strawberry farm were used for the apple and 

strawberry pot trials, respectively. Additionally, the root system of strawberry plants 

was divided into fine and thick roots and analyzed separately to account for differences 

in root exudation between root types. Different concentrations of up to five products 

with different modes of action were used. They included two fully systemic (Aliette and 

Movento) and a locally systemic product (Luna Privilege) from different chemical 

groups that can target either phytopathogenic fungi, nematodes or insect pests, as well 

as products containing living microbes (Bactiva and Serenade). Based on the previous 

literature, the fully systemic products were expected to have a larger impact especially 

on the endophytes compared to the locally systemic or biological products.  

Overall, no consistent deterministic effect of either PHPP application or application 

mode was observed across the different trials. The same product applied to different 

soils did not change the root-associated microbiota in a deterministic way, neither did 

the various products applied to the same soil. Additionally, no similar trends were ob-

served after application in both apple saplings and strawberries, as well as between 
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the two root types of strawberry plants. Alpha and beta diversity indices, as well as 

differential abundance analyses were used to compare the different treatments, result-

ing in only few treatments showing significant changes compared to the untreated con-

trol (Figs. III-7, IV-1 A, IV-2 A, IV-3, IV-4). No increase in alpha diversity was observed 

after any application. In contrast, diversity decreased in the rhizosphere of the straw-

berry plants after application with the systemic products Movento and Aliette, confirm-

ing previous studies that reported a transiently lowered diversity when PHPPs were in 

direct contact with the soil or rhizosphere microbiome (Liang et al. 2020; Qu et al. 2021; 

Deng et al. 2019; Wan et al. 2017; Fournier et al. 2020; Onwona-Kwakye et al. 2020). 

It also gives evidence to the hypothesis that different products have different effects 

on the root-associated microbiota with the systemic products having a more pro-

nounced effect. Similarly to the alpha diversity results, only a few comparisons be-

tween treatments and the control showed significant differences in community compo-

sition using PERMANOVA and PCA on the beta diversity: a weak impact on the endo-

phytic bacterial community composition was observed after application with the sys-

temic product Movento and the biological product Serenade. Those effects were only 

observed one week after the final of three weekly applications but not anymore after 

two weeks after the final application. It is thus likely that without a continuous applica-

tion of products, the composition of the root-associated microbiota returns quickly to 

that of an untreated profile. This kind of transient effect, even upon direct exposure of 

the microbiota to PHPPs, has been shown before (Wan et al. 2017; Fournier et al. 

2020). Wan et al. (2017) reported that biopesticide applications altered the bacterial 

community composition only up to ten days after application, similar to our study, where 

we observed a difference up to seven days after the last application, but not after 14 

days, even when applying products at increased dosage. Differential abundance anal-

ysis also showed that no taxa were consistently enriched or depleted in (i) at least two 

trials, (ii) at different dose concentrations tested or (iii) in the different strawberry root 

types sampled. These results further indicate that above ground PHPP applications, 

even at twice the recommended concentration rate, have no significant persistent de-

terministic impact on the bacterial community composition, corroborating previous 

studies (Fournier et al. 2020; Wan et al. 2017). As outlined above, this thesis is the first 

study that analysed plant mediated effects of PHPP application with respect to external 

factors such as host, sampling time as well as soil and root type. Though effects were 
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overall weaker than anticipated, they are in line with the initial hypothesis, that those 

weak and transient effects were indeed product and compartment specific and should 

be considered in the context of microbiome management strategies. In this context, 

the results from this thesis justify further research to draw recommendations for crop 

management practices, future PHPP development and the use of biologicals. 

4. Application-related undirected changes in bacterial community composi-
tion follow the Anna Karenina Principle 

Though PHPP applications did not result in deterministic changes in bacterial commu-

nity composition, they often led to an increase in dispersion of the community compo-

sition. This increase in dispersion was caused by specific changes of the individual 

replicates, resulting in more diverse compositions within each treatment group. These 

findings are well in line with the ‘Anna Karenina Principle’ (AKP). This principle states 

that certain stressors have stochastic rather than deterministic effects on community 

composition because these stressors reduce the ability of the host to regulate its mi-

crobial community composition (Zaneveld et al. 2017). It has already been applied in 

human and animal microbiomes and has recently been proposed to conceptualize 

plant dysbiosis as a transitory loss of host capacity to regulate its microbiota (Ma 2020; 

Zaneveld et al. 2017; Arnault et al. 2022). It is possible that the repeated application of 

certain PHPPs to young plants can induce a minor stress that led to those rather undi-

rected and stochastic changes in the root-associated microbiota. There are various 

indications that these application-related changes were indeed within the AKP frame-

work: (i) the increase in dispersion can be measured using PERMDISP, which showed 

significantly increased dispersions after applications in both strawberry and apple as-

sociated communities. An increase in dispersion was also be observed in other studies 

investigating potential PHPP effects (Fournier et al. 2020; Deng et al. 2019; 

Kusstatscher et al. 2020). While those did not investigate potential AKP effects, a vis-

ual assessment of ordination plots indicates a higher dispersion of replicate samples 

after PHPP applications. (ii) Another proposed characteristic of the AKP effect is a 

decreased alpha diversity, which was also observed in numerous cases after product 

application e.g. in the strawberry trial. (iii) The discrepancy between the PERMANOVA 

results and the differential abundance analyses are another indication that PHPP 

causes stochastic rather than deterministic changes. The lack of significantly enriched 
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or depleted taxa, even under significantly different community compositions between 

treatments and control, further points to AKP effects (Zaneveld et al. 2017). (iv) In ad-

dition to the already mentioned indicators, Arnault et al. (2022) also proposed to use 

betaNTI to detect a possible AKP effect. The betaNTI is an index used to measure the 

phylogenetic turnover between pairs of communities and can be used to indicate 

whether communities assemblies occurred more stochastically or deterministically 

(Chai et al. 2016). Besides betaNTI, the indices betaNRI and tNST have been used to 

examine the full phylogenetic turnover and to estimate the ecological stochasticity, re-

spectively (Stegen et al. 2012; Ning et al. 2019). Though only a few comparisons 

showed minor but statistically significant differences in those indices, stochasticity was 

surprisingly decreased after PHPP applications in those comparisons. However, these 

results would still be in line with one of the three different AKP models proposed by 

Zaneveld et al. (2017). Under this proposed model, the perturbation (the PHPP appli-

cation) alters the microbiome deterministically, but the extent of the alteration is sto-

chastic, depending on the severity of the stressor. In the case of a severe stressor, the 

community compositions of stressed hosts would be similar to each other, whereas the 

community compositions of mildly stressed hosts would display a dispersion increase. 

The increase in dispersion (shown by PERMDISP) with deterministic changes (shown 

by betaNTI and tNST) suggests that above ground PHPP application can sometimes 

act as a mild stress factor under the concept of AKP. Within this study and out of the 

products tested, the two systemic products Aliette and Movento displayed the highest 

impact on the root-associated microbiota, specifically in the endosphere. These results 

further support the hypothesis that the systemic products have a more pronounced 

effect on the root-associated microbiota. However, it remains unclear whether this im-

pact was due to a plant mediated signal or whether this impact was due to the direct 

contact of the product with the local microbiota due to the systemic distribution of the 

products from shoot system to the roots. The observation that the endosphere showed 

more pronounced effects compared to the rhizosphere would support this. In contrast 

to the potential effect caused by its systemic distribution, Aliette has also been shown 

to induce plant defenses, which might be another driver of the deterministic changes 

in the endosphere (Petré et al. 2015). Thus, further research is needed to answer this 

question. Nevertheless, these results are in line with previous studies that have pro-

vided evidence for deterministic changes in community composition due to direct 
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effects of pesticide applications into the soil or onto seeds (Nettles et al. 2016; Huang 

et al. 2021). In conclusion, above ground PHPP applications can have a minor but 

transient effect on the root-associated microbiome and lead to mild AKP effects. During 

their application, they can potentially act as an influence factor on the plant, which can 

in some cases mildly and transiently affect the plant’s ability to maintain a stable root-

associated microbiome community. Without continuous application the plant is quickly 

able to fully restore its homeostatic root-associated microbiome. Furthermore, no dif-

ferences in plant morphological and physiological characteristics were observed, sug-

gesting that PHPP application and the observed mild AKP effects have no negative 

impacts on plant health. 

5. Fungicide application reverts pathogen induced bacterial community 
compositional shifts  

In agricultural systems, plant health protecting products are either applied preventa-

tively or as a curative measurement after pathogen infection. So far within this thesis, 

only the individual effects, i.e. presence of PHPPs or pathogens, have been analyzed, 

discounting their potential combined effect when both affect the plant simultaneously, 

as would be expected under field conditions. Thus, the last part of this thesis combines 

the experiences and results from the previous trials and focusses on the combined 

effect of both on the root-associated microbiota. As previously described, above 

ground pathogen infections have been shown to lead to increasing plant mediated ef-

fects in the rhizosphere with progressing disease severity, likely resulting in the plant 

losing its ability to maintain its preferred microbiome. PHPP applications on the other 

hand have been shown to lead to small and undirected changes in the root-associated 

bacterial community. A combined occurrence of pathogen pressure and product stress 

might increase the overall stress on the plant, leading to an even more distinct root-

associated microbiota of infected, PHPP treated plants. In contrast, the curative appli-

cation of a PHPP application might reduce the infection impact to some extent, result-

ing in a microbiota profile more similar to that of a healthy plant. To test this hypothesis, 

greenhouse-grown apple saplings were first treated with a preventative fungicide treat-

ment, as often done under field conditions, later inoculated with P. leucotricha and 

treated again curatively with a fungicide when disease symptoms were moderately se-

vere and expected to cause changes in the root-associated microbiota. The systemic 
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fungicide Aliette was used here, as it has been shown to decrease the disease severity 

of P. leucotricha in apples (Petré et al. 2015) while inducing weak transient changes in 

the root-associated microbiota, as outlined above (Fournier et al. 2020). The microbial 

communities of treated plants were compared to those of healthy control plants and to 

those of infected plants which did not receive any product application.  

As expected, a single preventative application did not cause any significant changes 

in the root-associated microbiota. However, and most strikingly, the curative applica-

tion caused a shift in the root-associated microbiota of diseased plants towards a pro-

file similar to the one of healthy and untreated plants, as hypothesized. This shift was 

pronounced more in the rhizosphere than in the endosphere. This is particularly inter-

esting, as the rhizosphere microbiota was more affected by the external stress factor 

compared to that of the endosphere in the first pathogen inoculation trial as well. 

Though those changes occurred more easily after the external stress, the plant is also 

quick to readjust its microbiome, likely by the process of rhizodeposition. However, as 

outlined above, the quantity and composition of rhizodeposits were not analyzed in this 

thesis, and thus this remains speculative but deserves further attention. Interestingly, 

the reversion to the profile of a healthy plant was possible with the dead fungal myce-

lium still being present on and inside the leaf tissue, suggesting that not the presence 

of a pathogen per se is the stressor leading to changes in the microbiota, but rather 

suggests that unfavorable physiological sink-source relationship and/or plant immune 

responses triggered at distal infection sites by a living pathogen are the major driving 

force for changes of the root-associated microbiota  Alleviating the disease pressure 

and thereby reducing the stress from pathogen infection likely helps the plant regain 

its ability to modulate the rhizospheric bacterial community and return it to a more pref-

erable profile. This is supported by tNST analysis, which shows that the curative Aliette 

treatment caused an increase in the deterministic assembly process (Suppl. Fig. X-1).  

Overall, it is well conceivable that infections with foliar pathogens are a larger stress 

factor compared to the application of PHPPs, especially in the context of the AKP. 

While the largest differences were found to be between the infected but untreated sam-

ples to the healthy samples (thus infection being a severe stressor), a single PHPP 

application led to a significant decrease in disease severity and subsequently caused 

the microbiota to return to a healthy state. Considering the AKP effect to be transitory 
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loss of the host capacity to regulate its microbiota, relieving the disease stress had a 

larger effect than the mild stress from the PHPP application itself. Overall, these results 

support the model of AKP effects instead of the ‘cry-for-help’ principle, in which the 

plant specifically recruits beneficial microbes to overcome certain stress effects, which 

would then lead to deterministic changes in the root-associated microbiome. Under 

this principle, deterministic changes in community composition would be displayed in 

significant changes in community composition (using PERMANOVA), significant 

changes in relative abundance of specific taxa (using differential abundance analysis), 

as well a shift towards a deterministic community assembly (using tNST, Suppl. Fig. 

X-1) . 

These results are particularly interesting in the context of good agricultural practice. 

The use of PHPPs has been a subject of ongoing discussion due to its extensive use 

in industrial agriculture and due to environmental concerns. Concerns include unde-

sired effects on soil health, leaching of products into groundwater and long-lasting con-

tamination of agricultural soils with pesticide residues (Larramendy and Soloneski 

2019; Walder et al. 2022). In contrast, crop protection through the means of PHPP 

applications significantly increases yield and thus leads to various environmental ben-

efits. Through the increased yield, less agricultural area, labor and energy is needed 

for the same amount of calories (La Cruz et al. 2023). The development of new PHPPs 

with high curative potential and their correct use under disease stress and within the 

context of an integrated pest management is thereby likely helping the plant to maintain 

its preferred bacterial community in both the rhizo- and endosphere, therewith possibly 

contributing to yield stability and minimizing certain environmental detrimental effects. 

However, neither yield nor crop quality were determined in this thesis and thus the 

observation that a curative PHPP application helped the plant regain an unimpaired 

root-associated microbiota profile is not yet directly linked to increased yield and crop 

quality. To fill this knowledge gap, further research is needed and justified. 
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VII. Appendix A 

Supporting information to chapter II 

DNA extraction and 16S rRNA gene PCR 

DNA extractions were performed using the NucleoSpin® Soil DNA extraction kit (Ma-

cherey Nagel, Düren, Germany). For the L-compartment and bulk soil samples 400 mg 

of dry soil were weighed into kit-supplied 2-ml MN Bead Tubes Type A and extraction 

was done according to the manufacturer´s instructions. For the T-samples two 2-ml 

MN Bead Tubes Type A were filled up to the 1-ml mark with grounded root material 

per sample and processed according to instructions until step 7 in the protocol 

(03/2019, Rev. 08 version). At step 7, the solution of two parallel tubes per sample 

were successively loaded onto the NucleoSpin® Soil Column and therewith pooled. 

The following steps were again performed according to manufacturer´s instructions 

with a final elution in 50 µl of PCR-grade water. The DNA concentrations were quanti-

fied using the QuantiFluor®dsDNA System (Promega Corporation, Fitchburg, WI) ac-

cording to the manufacturer´s instructions and bulk soil or L-samples were subse-

quently diluted to 10 ng/µl, whereas T-samples were diluted to 30 ng/µl using PCR-

grade water. For bacterial community analysis, the 16S rRNA gene was amplified us-

ing an LNA PCR protocol to suppress the amplification of plant organelle derived 16S 

rRNA genes (Ikenaga and Sakai 2014). The bacterial genes were amplified using the 

modified primer set 63f-1492r, followed by a nested PCR using primer set 799f-1193r 

(V5 - V7 region) to obtain PCR products of adequate length for sequencing. The first 

PCR was performed in triplicate assays per sample. Each 11-μl reaction contained 2 

µl of 5x Herculase II reaction buffer (Agilent Technologies, Santa Clara, CA), 0.91 mM 

MgCl2, 0.73 mg/ml BSA, 0.23 mM of dNTPs, 0.14 µM of each bacterial primer (BioTez, 

Berlin, Germany), 0.55 µM of each LNA primer (Qiagen, Hilden, Germany), 0.5 U of 

Herculase II DNA polymerase and 1 µl of DNA template. Thermal cycling conditions 

were: an initial denaturation at 95 °C for 2 min followed by 25 cycles of 95 °C for 20 

sec, 70 °C for 20 sec (LNA primer annealing), 56 °C for 20 sec (bacterial 16S rRNA 

gene primer annealing), 72 °C for 45 sec and a final elongation step at 72 °C for 3 min. 

The obtained triplicate PCR products per sample were pooled, 10-fold diluted with PCR 

grade water and used as template in the second, nested PCR for sample-specific 



 

__________________________________________________________________ 
137 

barcoding. Each 30-μl nested PCR assay contained 6 µl of 5x Herculase II reaction 

buffer, 1 mM MgCl2, 0.6 mg/ml BSA, 0.25 mM dNTPs, 0.25 µM of each primer, 1.5 U 

of Herculase II DNA polymerase and 3 µl template DNA. The forward primer in this 

nested PCR contained an 8-bp sample-specific barcode (Suppl. Table VII-2), similarly 

as used in Frindte et al. (2019). Thermal cycling conditions were: an initial denaturation 

at 95 °C for 1 min followed by 10 cycles of 95 °C for 20 sec, 56 °C for 20 sec, 72 °C 

for 30 sec and a final elongation step at 72 °C for 2:30 min. Successful amplification 

was validated by agarose gel-electrophoresis. PCR products were quantified using the 

QuantiFluor dsDNA System on an Infinite 200 Pro plate reader (Tecan, Männedorf, 

Switzerland) at 490 nm excitation and 530 nm emission wavelength. Afterwards, PCR 

products were pooled at equimolar concentrations and purified with the 

HighPrep™PCR Clean-up System kit (MagBio Genomics, Gaithersburg, MD). Library 

preparation and sequencing on a HiSeq system (Illumina, San Diego, CA) was per-

formed by the Max Planck-Genome-centre Cologne and generated paired-end reads 

(2 × 250 bp). 
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Suppl. Fig. VII-1: Photographs showing the root system of a fully grown commercial apple tree (top) and two rows of an apple 

orchard (bottom). 
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Suppl. Fig. VII-2: Differential abundance analysis of the loosely (L) and tightly (T) associated bacteria in the three experimental 

field trials using ANCOM-BC. The heatmap shows the coefficients obtained from the ANCOM-BC log-linear model 

divided by their standard error (called W-value) with red indicating enrichment in the T-compartment. A “*” is shown 

if ANCOM-BC showed significant differences using the adjusted p-value in this comparison. The mean abundance 

of the families in their respective trial are shown in the adjacent barplot as % and only families with mean abun-

dances ≥ 0.5% are shown (ST refers to the spatio-temporal trial). A greyed-out field means that this family is below 

the 0.5% threshold in a trial. The families in the heatmap rows are separated by the phylum they belong to and 

displayed in different colors. 
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Suppl. Fig. VII-3: Root-associated bacterial community composition of the loosely (L) and tightly (T) associated bacteria in 

four different root size sections and the bulk soil (b) of four apple trees analyzed in the spatial trial. Constrained 

analysis of principal coordinates (CAP; based on DEICODE distance matrices and the variables compartment, 

tree and root quadrant) to assess the relevance of those variables on variation in bacterial community composition. 

Suppl. Fig. VII-4: Root-associated bacterial community composition of bulk soil near the apple trees analyzed in the spatial 

trial. Constrained analysis of principal coordinates (CAP; based on DEICODE distance matrices and the variables 

tree and root quadrant) to assess the relevance of those variables on variation in bacterial community composition. 
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Suppl. Fig. VII-5: Part 1/4.  
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Suppl. Fig. VII-5: Part 2/4.  
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Suppl. Fig. VII-5: Part 3/4.  
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Suppl. Fig. VII-5: Part 4/4. Differential abundance analysis of the loosely (L) and tightly (T) associated bacteria and the bulk 

soil (b) in four different trees (T1 to T4) of the spatial trial using ANCOM-BC. The heatmap shows the coefficients 

obtained from the ANCOM-BC log-linear model divided by their standard error (called W-value). A “*” is shown if 

ANCOM-BC showed significant differences using the adjusted p-value in this comparison. The colour code indi-

cates differential abundances between two samples with red indicating enrichment in the larger root sections. A 

grey colour indicates that this ASV was not detected in the respective compartment. The mean relative abundance 

of the ASVs in the entire compartment is shown as % and ASVs with mean abundances ≥0.1% in either compart-

ment are displayed. The ASVs in the rows of the heatmap are separated according to phylum. 
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A 

B 

Suppl. Fig. VII-6: Pairwise PERMANOVA for comparison of timepoints in the temporal trial in the L- and T-compartment in the 

upper (A) and lower (B) panel, respectively. The colour codes for the R²-value and `.` indicates a p-value between 

0.05 and 0.1, `*` indicates a p-value between 0.01 and 0.05, `**` a p-value between 0.01 and 0.001. The adjusted 

p-values using Benjamini-Hochberg correction for multiple testing are not displayed as they were all non-signifi-

cant. 
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Suppl. Fig. VII-7: Comparison of the T-compartment of six tree individuals in the temporal trial. Trees 1 to 3 and trees 4 to 6 

were standing adjacently in separate opposite rows. (A) Pairwise PERMANOVA with p-values adjusted using 

Benjamini-Hochberg correction for multiple testing. The colour codes for the R²-value and `.` indicates a padj -value 

between 0.05 and 0.1, ̀ *` indicates a padj -value between 0.01 and 0.05. (B) Differentially abundant ASVs identified 

by ANCOM-BC. The heatmap shows the coefficients obtained from the ANCOM-BC log-linear model divided by 

their standard error (called W-value). A “*” is shown if ANCOM-BC showed significant differences using the padj-

value in this comparison. The colour code indicates differential abundances between two samples with red indi-

cating enrichment in the tree with the higher identifier number. The mean relative abundance of the ASVs in the 

T- compartment is shown as % and ASVs with mean abundances ≥ 0.3% are displayed. The ASVs in the rows of 

the heatmap are separated according to phylum. 

 

A 
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Suppl. Fig. VII-8: Differentially abundant ASVs in the L- and T-compartment (upper and lower panel, respectively) for two 

different root size sections at four different timepoints according to ANCOM-BC. Fine roots had a diameter be-

tween 1 and 3 mm and thick roots between 3 and 6 mm. Samples were taken at four timepoints (TP1: 21.03.2019; 

TP2: 15.04.2019; TP3: 05.06.2019 and TP4: 20.08.2019). The first four columns compare the fine to the thick 

roots at each timepoint, the next three the different timepoints in the fine roots and the last three columns compare 

the thick roots at each timepoint. The heatmap shows the coefficients obtained from the ANCOM-BC log-linear 

model divided by their standard error (called W-value). The colour code indicates differential abundances between 

two factors with red indicating enrichment in the second mentioned factor. A “*” is shown if ANCOM-BC showed 

significant differences using padj-values in this comparison. The mean abundance of the ASVs in the entire com-

partment is shown as % and only ASVs with mean abundances ≥ 0.3% are shown.  
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Suppl. Table VII-1: The sampling timepoints of the temporal trial (left) and the spatio-temporal (ST) trial (right). 
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Suppl. Table VII-2: Sequences of barcoded forward primers targeting the 16S rRNA gene. Primers include a barcode (8 bp) and 

the primer sequence itself. The reverse primer was not modified.  



 __________________________________________________________________ 
150 

 



 

__________________________________________________________________ 
151 

Suppl. Table VII-4: The ten most prominent genera in each trial with their mean relative abundance and standard deviation (SD).  
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Suppl. Table VII-5: Differences in bacterial beta diversity in dependence on tree individual and root size section in the loosely (L) 

and tightly (T) associated root microbiota in the spatial trial. Effect sizes in beta diversity were assessed by pairwise PERMANOVA 

based on DEICODE distance matrices and padj-values calculated using Bonferroni’s algorithm. 
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Suppl. Table VII-6: Significant differences in the apple root-associated bacterial community structure due to temporal, root size 

and spatial effects. The spatial effects in terms of tree-to-tree variation, longitudinal position of the tree and row of the tree were 

analyzed separately. Effect sizes were analyzed by PERMANOVA based on DEICODE distance matrices. Significant results are 

printed in bold. 
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VIII. Appendix B 

Supporting information to chapter III 

Suppl. Table VIII-1: The hierarchies in each of the trials with the number of samples. Total read number after quality filtering, 

mean number of reads per sample and the number of samples remaining after quality filtering. 

 

 

Suppl. Table VIII-2: Differences in beta diversity of the root-associated bacterial community of apple saplings in the L- and T-

compartment inoculated with two different pathogens (V. inaequalis or P.leucotricha, additionally a negative control) and sampled 

at different timepoints. The disease severity, the height of the plant and the number of leaves was measured at each timepoint. 

Effect sizes were assessed by ANOSIM based on DEICODE distance matrices. Significant results (p < 0.05) are printed in bold. 
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Suppl. Table VIII-3: Differences in beta diversity of the root-associated bacterial community of apple saplings in the L- and T-

compartment treated with two different pathogens and sampled at different timepoints (TP). Effect sizes were assessed by PER-

MANOVA based on DEICODE distance matrices. Significant results (p < 0.05) are printed in bold. 

 

Suppl. Table VIII-4: Dispersion of the root-associated bacterial community of young apple plants between different treatments at 

different timepoints (DAI) in the L- and T-compartment. The different treatments included inoculations with either V. inaequalis (V) 

or P. leucotricha (L) and an uninoculated control (C). Effect sizes were assessed by PERMDISP and Tukey’s test based on 

DEICODE distance matrices and p-values adjusted after multiple comparison. Significant results are printed in bold. 
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Suppl. Fig. VIII-1: Composition of the root-associated bacterial community of apple plants as revealed by 16S rRNA gene am-

plicon sequencing in the temporal trial. The relative abundance of bacterial families in samples from three different 

treatments (P. leucotricha, V. inaequalis and a negative control) sampled at different days after inoculation (DAI) in 

the loosely associated (L, upper panel) and tightly associated (T, lower panel) compartment is shown. Phyla and 

their families with < 2% relative abundance in the respective treatment were grouped as “Other”. 
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Suppl. Fig. VIII-2: Differential abundance analysis of genera in the L- and T-compartment (panel A and B, respectively) in de-

pendence on pathogen infection 40 days after inoculation (DAI) compared to 0 DAI based on ANCOM-BC. Plants 

were either inoculated with V. inaequalis (V) or P. leucotricha (L) and are shown besides an uninoculated control 

treatment (C). The heatmap shows the coefficients obtained from the ANCOM-BC log-linear model divided by their 

standard error (called W-value). The colour code indicates differential abundances of genera between the two 

timepoints with red indicating an increase in relative abundance at 40 DAI compared to 0 DAI. A “*” is shown if 

ANCOM-BC showed significant differences using the adjusted p-value in this comparison. The mean relative abun-

dances of the taxa are displayed at 40 DAI in percent. In the L-compartment, most identified genera of the pathogen 

inoculated plants belong to the phylum Proteobacteria, e.g., unclassified members of the Comamonadaceae, 

Moraxellaceae, Morganellaceae, Sphingomonadaceae and Xanthomonadaceae. In the control plants, several Ac-

idobacteriota such as Acidipila, Bryobacter or Bryocella were significantly decreased in relative abundance at 40 

DAI, though not in the inoculated plants. Only few observations like these were made in the T-compartment with 

Edaphobacter, Acidibacter and unclassified members of Methylophilaceae and Micropepsaceae being significantly 

increased in the inoculated plants 40 DAI, but not in the control plants. 
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Suppl. Fig. VIII-3: Composition of the root-associated bacterial community of apple plants as revealed by 16S rRNA gene am-

plicon sequencing in the mixed trial. The relative abundance of bacterial families in samples from three different 

treatments (IU: inoculated & untreated, IT: inoculated & treated, and NC: negative control) at three different 

timepoints (TP) in the loosely associated (L, upper panel) and tightly associated (T, lower panel) compartment is 

shown. Phyla and their families with < 2% relative abundance in the respective treatment were grouped as “Other”. 
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Suppl. Fig. VIII-4: Variation in beta diversity of differently treated apple saplings at timepoint (TP) 3 in the L-compartment (A) 

and T-compartment (B). Variation is presented based on constrained analysis of principal coordinates (CAP) using 

DEICODE distance matrices; it is constrained by the variables treatment and disease severity. Plants were either 

inoculated with P. leucotricha and left untreated (IU) or were additionally treated with a synthetic fungicide (IT), or 

they underwent a treatment with water as control (NC). The different treatments are shown in different colours, and 

disease severity is illustrated by different symbol sizes, rated on a 0-5 scale with 0 = healthy plants and 5 = plants 

having multiple leaves entirely covered with mycelium and with leaves close to senescence. 
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Suppl. Fig. VIII-5: Boxplots showing the differences between two different treatments (IT and IU) to an untreated control group 

(NC group) for the (A) L-compartment and (B) T-compartment at TP3 based on DEICODE distances. Significant 

differences were calculated with pairwise Kruskal-Wallis tests (“***”” = p-value of < 0.001, ns = non-significant). 

B A 
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IX. Appendix C 

Supporting information to chapter IV 

Suppl. Table IX-1: Table of the used plant health protecting products with their active ingredients, the standard field application 

rate and applied concentrations.  
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Suppl. Fig. IX-1: Separation into fine (right) and thick (left) roots of the strawberry root system. 
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Suppl. Table IX-3: Compositional variation in the root associated bacterial communities in the strawberry trial due to the applica-

tion of different plant health protecting products (PHPP) and their different modes of application. The evaluation was performed 

independently for both root compartments (Comp.: loosely (L) and tightly (T) fraction). The significant influence of the different 

root sections (fine and thick roots) resulted in further data subsetting. Five different products were applied, each with two different 

application modes, and those treatments were grouped as “PHPP Application”. Differences in composition and dispersion were 

assessed by PERMANOVA and PERMDISP, respectively, applied to DEICODE distance matrices. Results with significant differ-

ences are printed in bold. 

 

 

Suppl. Table IX-4: Table of pairwise PERMDISP results comparing different product applications in the strawberry trial. PHPP 

application occurred at the recommended application rate (r) and twice the rate (d) in comparison to a control group in the L- and 

T-compartment (Comp.) in different root sections (RS): fine roots (FR) or thick roots (TR). In case of Serenade both applications 

were at the recommended rate but with (w) or without (w/o) a felt mat covering the soil surface. Results with significant differences 

are printed in bold. 
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Suppl. Fig. IX - 2: Patterns of the beta Nearest Taxon Index (betaNTI) in the concentration trial. Patterns between different 

treatments (A) in the L-compartment and (B) the T-compartment are shown. Specifically, a betaNTI or betaNRI 

between –2 and 2 reveals dominance of stochastic processes, whereas |betaNRI| or |betaNTI| >2 reveals the 

significant dominance of deterministic processes. The products Aliette, Luna and Movento were either applied at 

the recommended rate (r) or twice the rate (double: d). Serenade was applied at the recommended rate but with 

(w felt) or without a felt mat (w/o felt) to cover the soil. 
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Suppl. Fig. IX - 3: Patterns of beta Nearest Taxon Index (betaNTI) in the bacterial community of the temporal trial upon different 

plant health protecting product (PHPP) treatments in the L-compartment (A and C) and the T-compartment (B and 

D) at two different timepoints (early and late). 
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Suppl. Fig. IX - 4: Patterns of beta Nearest Taxon Index (betaNTI a,b) and beta Net Relatedness Index (betaNRI c,d) in the 

concentration trial. Patterns between different treatments in the L-compartment (a and c) and the T-compartment 

(b and d) are shown. Specifically, a betaNTI/betaNRI between –2 and 2 reveals a dominance of stochastic pro-

cesses whereas |betaNRI| / |betaNTI| >2 reveals the significant dominance of deterministic processes. The products 

Aliette, Luna and Movento were either applied at the recommended rate (r) or twice the rate (double: d). Serenade 

was applied at the recommended rate but with (w felt) or without a felt map (w/o felt) to cover the soil. 
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Suppl. Fig. IX - 5: Community assembly process measurements by taxonomic normalized stochasticity ratios (tNST) based on 

Jaccard’s distance in the concentration trial. Ratios for bacterial communities upon different PHPP treatments in the 

L-compartment (A) and the T-compartment (B) are shown. The products Aliette, Luna and Movento were either 

applied at the recommended rate (r) or twice the rate (double: d). Serenade was applied at the recommended rate 

but with (w felt) or without a felt mat (w/o felt) to cover the soil. 
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Suppl. Fig. IX - 6: Community assembly process measurements by taxonomic normalized stochasticity ratios (tNST) based on 

Jaccard’s distance in the temporal trial. Ratios  for bacterial communities upon different PHPP treatments in the L-

compartment (A and C) and the T-compartment (B and D) at two different sampling timepoints (early and late) are 

shown. 
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Suppl. Fig. IX - 7: Community assembly process measurements by taxonomic normalized stochasticity ratios (tNST) based on 

Jaccard’s distance in the strawberry trial. Ratios for bacterial communities upon different PHPP treatments in the L-

compartment (A and C) and the T-compartment (B and D) in two different root sections (fine and thick roots) are 

shown. The products Aliette, Bactiva, Luna and Movento were either applied at the recommended rate (r) or twice 

the rate (double: d). Serenade was applied at the recommended rate but with (w felt) or without a felt mat (w/o felt) 

to cover the soil. 
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Suppl. Fig. IX - 8: Differential abundance analysis of bacterial communities in the L- and T-compartment of PHPP treated apple 

plants versus control plants in the concentration trial using ANCOM-BC at genus level resolution. Plants were 

treated with one of four different plant health protecting products with different application modes or water as control. 

The products Aliette, Luna and Movento were either applied at the recommended rate (r.) or twice the rate (d.). 

Serenade was applied at the recommended rate, but in case of the “w/o felt” treatment the felt mat covering the soil 

of all samples was taken off and the product was thus in direct contact with the soil. Individual models were calcu-

lated for each compartment (L and T). The heatmap shows the coefficients obtained from the ANCOM-BC log-linear 

model divided by their standard error (called W-value). The colour code indicates differential abundances between 

a treatment and control with red indicating enrichment in the last value of the column name (i.e. the respective 

PHPP treatment). A “*” is shown if ANCOM-BC showed significant differences using the adjusted p-value in this 

comparison (padj < 0.05). The mean relative abundances of the taxa across all treatments but in their respective 

compartment are shown in the right horizontal barplot in percent. linear model divided by their standard error (called 

W-value). The colour code indicates differential abundances between a treatment and control with red indicating 

enrichment in the last value of the column name (i.e. the respective PHPP treatment). A “*” is shown if ANCOM-BC 

showed significant differences using the adjusted p-value in this comparison (padj < 0.05). The mean relative abun-

dances of the taxa across all treatments but in their respective compartment are shown in the right horizontal barplot 

in percent. 
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Suppl. Fig. IX - 9: Differential abundance analysis of bacterial communities in the L- and T-compartment (A and B, respectively) 

of PHPP treated young apple plants at two different timepoints in the temporal trial using ANCOM-BC at genus level 

resolution. Plants were treated with one of four different plant health protecting products or water as control and 

sampled either one (early) or two weeks (late) after the last PHPP application. The heatmap shows the coefficients 

obtained from the ANCOM-BC log-linear model divided by their standard error (called W-value). The colour code 

indicates differential abundances between two compartments with red indicating enrichment as given at the last 

position in the column name. A “*” is shown if ANCOM-BC showed significant differences using the adjusted p-value 

in this comparison (padj < 0.05). The mean relative abundances of the taxa across all treatments is shown in the 

right horizontal barplot in percent. 
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Suppl. Fig. IX - 10: Differential abundance analysis of bacterial communities in the L- and T-compartment of PHPP treated young 

strawberry plants at genus level using ANCOM-BC. The root system was divided into fine and thick roots. Plants 

were treated with one of five different plant health protecting products with different application modes or water as 

control. The products Aliette, Luna Movento and Bactiva were either applied at the recommended rate (r.) or twice 

the rate (d.). Serenade was applied at the recommended rate but in case of the “w/o felt” treatment, the felt mat 

covering the soil of all samples was taken off before product application and the product was thus in direct contact 

with the soil. Individual models were calculated for each compartment and root type. The heatmap shows the coef-

ficients obtained from the ANCOM-BC log-linear model divided by their standard error (called W-value). The colour 

code indicates differential abundances between respective PHPP treatments and control with red indicating enrich-

ment in PHPP treated plants. A “*” is shown if ANCOM-BC showed significant differences using the adjusted p-

value in this comparison (padj < 0.05). The mean relative abundances of the taxa across all treatments is shown in 

the right horizontal barplot in percent. Scaling of colour code and relative abundance is adjusted for each plot inde-

pendently. 
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Suppl. Fig. IX - 11: Relative abundance of bacterial orders in samples from three different greenhouse trials (Temporal, Concen-

tration, and Strawberry) in the bulk soil (B), loosely associated (L) and tightly associated (T) compartment. Phyla 

and their orders with < 2 % relative abundance in the respective trial were grouped as “Other”. 
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Suppl. Fig. IX - 12: Differential abundance analysis of bacterial orders obtained from bulk soil (B) and root compartments with 

loosely (L) and tightly (T) associated bacteria in the three experimental trials (Temporal, Concentration, Strawberry) 

using ANCOM-BC. The heatmap shows the coefficients obtained from the ANCOM-BC log-linear model divided by 

their standard error (called W-value). The colour code indicates differential abundances between two compartments 

with red indicating enrichment in the last value of the column name. A “*” is shown if ANCOM-BC showed significant 

differences using the adjusted p-value in this comparison (padj < 0.05). The mean abundance of the orders over all 

trials is shown in the adjacent barplot in percent and only orders with an overall mean abundance ≥ 0.5 % are 

shown. The orders in the heatmap rows are sorted and separated by the phylum they belong to and are displayed 

in different colours. 
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X. Appendix D 

Supporting information to the synopsis 

 

 

  

Suppl. Fig. X - 1: Community assembly process measurements by taxonomic normalized stochasticity ratios (tNST) based on 

Jaccard’s distance in the combined trial. Ratios for bacterial communities upon different treatments in the rhizo-

sphere and endosphere are shown. The IT group received a preventative treatment with the fungicide Aliette. After 

two weeks, both the IU and IT group received an inoculation with the foliar pathogen P. leucotricha. When disease 

symptoms became severe, the IT group received a curative Aliette application. The NC group was treated with 

water instead of a fungicide application or pathogen suspension. 
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