AW N

63

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

Plant-associated microbiome dynamics
in a strip-cropped field

Enoch Narh Kudjordjie!, Mette Vestergard?, Mesfin T Gebremikael?, Otto Nielsen3, Mogens
Nicolaisen!*

!Department of Agroecology, Faculty of Technical Sciences, Aarhus University, Slagelse 4200,
Denmark.

’Department of Food Science - Plant, Food & Sustainability, Department of Food Science -
Food Technology. Agro Food Park 48, 8200 Aarhus N, Denmark

3Nordic beet Research (NBR), Sofiehgj, Hpjbygardvej 14, Denmark

*Correspondence: Mogens Nicolaisen (mn@agro.au.dk)
Abstract

Background

Diversified cropping systems including intercropping and strip cropping have generally been
shown to be highly productive and resilient compared to monocropped systems. Enhanced
agronomic and environmental benefits that characterize these systems minimize
agrochemical use while maintaining high crop yields and production. While these benefits
could be driven by higher microbial diversity sculpted by the distinct crop types, we still have
limited insight into how plant microbiomes are assembled in these cropping systems at the
field scale. Here, we examined the dynamics and site-specific assembly of soil and
phyllosphere microbiomes in a rotational faba bean (FB) (Vicia faba) and spring barley (SB)
(Hordeum vulgare) strip field during two cropping seasons. FB and SB were grown in
neighbouring 6 m wide strips. Using bacterial 16S and fungal ITS amplicon sequencing, we
analysed the microbial communities across gradients from the centre of strips towards the

edge of strips, where FB and SB strips met.
Results

We found highly dynamic microbial communities that were distinct between the FB and SB
strips and that varied across time. Within the strips, we observed a gradient-specific microbial

distribution including some fungal pathogens. For instance, the genus Puccinia was
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consistently enriched in the centre of the SB strips and gradually declined towards the edge
of the strips. Neighbour strips affected the microbial richness in the adjacent strips with the
strongest effects on the edge plants. Moreover, we observed distinct site-specific microbial
interactions and bacterial and fungal co-occurrence networks within strip fields. Inter-phylum
co-occurrence networks exhibited more dissimilar network configurations on the shoots than
in the soil, primarily due to higher dynamic patterns of the phyllosphere microbiota in SB.
Network tolerance to disturbance suggested that networks at the edge of the strips were

more resilient to disturbances than networks in the center of the strips in the SB strips.
Conclusion

This study provides comprehensive insights into host associated microbiome assembly in
strip fields with contrasting crops, disclosing the above and belowground dynamics within
and across FB and SB strips. Our findings reveal considerable knowledge that will facilitate
the thorough unravelling of crop field-level microbiome assembly, and harnessing
microbiome-mediated benefits via optimal cropping systems design for sustainable crop

production.

Keywords: diverse cropping system, barley microbiome, faba bean microbiome, plant

neighbour effect, fungal pathogen dynamics, soil microbiome, phyllosphere microbiome
Introduction

Diversified cropping systems including intercropping and strip cropping, where two or more
crops are co-cultivated on a parcel of land have generally been shown to be highly productive
and resilient to biotic and abiotic stresses compared to monocropped systems [1-3].
Enhanced agronomic and environmental benefits characterizing diversified cropping systems
minimizes agrochemical use [4] while maintaining high crop yields and production [5,6].
Accumulating evidence suggests that these diversified cropping-derived benefits could be
driven by distinct microbial communities associating with the plants (collectively referred to
as the plant-associated microbiome) [7-9]. The plant-associated microbiota plays a vital role
in promoting plant growth via aiding in nutrient acquisition [10,11], disease suppression
[12,13] and improving overall soil health [14]. While technological advancements and high-

throughput omics techniques are enhancing our understanding of plant-associated
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microbiota, the detailed mechanisms underlying plant-microbiota interactions for sustainable

crop production remain to be fully uncovered.

Agricultural fields are highly heterogenous with uneven distribution of microorganisms, that
are continuously affected by both host plants and environmental factors. Crop genotypes
harbour distinct associated microbiomes at differing microhabitats and strongly affect
microbiome dynamics and assembly. Belowground, soil physicochemical properties including
pH, organic matter, soil aggregate and nutrient status [15], and plant factors such as exudates
are the main factors driving the assembly of the host associated microbiomes [16—19]. The
phyllosphere microbiome is highly dynamic and is strongly influenced by environmental
factors, in this case wind, rain, ultraviolet radiation and temperature, as well as the
phenotypic characteristics of the host plant [20—-24]. While environmental factors may drive
plant microbiomes at macroscale, host phenotypic characteristics have the strongest effects
at the microscale [20,23,25,26]. Morella et al., (2020) [27] reported a strong habitat and host
genotype-dependent selection of plant-associated microbiomes using successive passaging
experimental setups. Comparatively, the soil microbiota is relatively stable, with soil bacteria
displaying lesser mobility than fungi, which are able to spread through hyphal networks in the
soil [28,29]. However, detailed empirical studies are still needed to establish microbiome

patterns and biogeography at the microscale in diverse cropping systems.

In mixed vegetations, plant microbiome assembly and their functions are affected by the
neighbouring plants, both below and above ground [30,31]. Plant neighbour effects on
microbiomes becomes stronger with increasing biomass than the reference host effects on
the host phyllosphere bacterial communities in the long term [31]. Different plant genotypes
host ecologically distinct microbiomes with potentially distinct functions. Thus, the effects of
plant neighbour could underline the amplified benefits derived from host-associated
microbiota, including enhancing nutrients acquisition, diseases suppression, and soil
biodiversity in diversified cropping systems compared to monocrop systems [32,33]. For
example, maize-peanut intercropping was reported to increase the nitrogen content of the
intercropped maize and alter the composition and diversity of the microbial communities in
the rhizosphere soil, including enrichment of beneficial microbes [34]. Plant neighbours have
also been reported to modulate microbial pathogen dynamics for example, by either reducing

or increasing fungal root pathogen Rhizoctonia solani attack of the focal plant [35]. Similarly,
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this work also found that older plant neighbours reduced Rhizoctonia solani infection through
delayed onset of transmission [35]. Additionally, heterospecific neighbor plants in
intercropping systems (two or more crops grown together) or strip intercropping systems
(where crops are sown in narrow strips for ecological interaction) [36,37], may serve as an
additional source of microbiota for the plant. Locally dispersed microbiomes from
neighbouring plants is an important source affecting phyllosphere assembly, and similarly,
neighbouring plant genotype, biomass or age could strongly affect microbiomes of the host

[31].

Studies investigating plant-associated microbiomes are mostly performed in pure stands.
Thus, we have limited insights of plant microbiome composition, diversity and potential
functions in diversified cropping systems. Also, effects of plant neighbours on the dynamics of
the host microbiome are rarely investigated. Hence, empirical studies of plant microbiomes
including the effects of plant neighbour on community structuring and diversity in strip
cropping fields could disclose microbiota signatures and patterns that promote crop health,

soil biodiversity, and ecosystem stability.

The aim of this study was to investigate the effects of strip cropping on microbial dynamics,
including pathogens, below- and above-ground. We hypothesize that microbial community
structure patterns and dynamics are spatially distinct within stripcrop fields and are strongly
affected by contrasting crop type in the adjacent strips. The specific objectives include i)
characterizing microbial diversity and composition of soil and leaf-associated microbiomes
within specific locations within strips across different time points ii) assessing how specific
microbial pathogens are distributed within the strip cropped-field and to iii) examine microbial

co-occurrence network dynamics within the strip gradients.

Materials and methods

Experimental field design and management

A strip cropping fieldwas established in 2021 at the Sofieh@j experimental station, Denmark
(Coordinates: 54.703353558133315°, 11.445337737133025°), with soils consisting of
approximately 16% clay, 13% loam, 69% sand. Faba bean, spring barley, spring wheat, sugar
beet, quinoa, rye, xx, xx and xx were grown in strips, and the position of each crop type in the

field was rotated annually. In this study, we focus exclusively on faba bean and spring barley
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strips. These strips were located adjacent to each other and replicated four times 60 m apart.
The strips were 96-180 m long and 6 m wide (Figure 1A; Supplementary Table S1). The strip
fields were cultivated with spring wheat and sugar beet in Month, 2021, and rotated with SB
and FB, respectively in Month, 2022 and Month, 2023 (Supplementary Table S1). The
experimental field layout is outlined in Figure 1B. Sowing was done in rows within each strips
at X cm and X cm distance, respectively for SB and FB. Strips were maintained with manual
weeding, watering and organic slurry applied to the SB plots seasonally, and additionally
supplemented with an organic fertilizer, @gro 10-3-1 in 2022 and 2023 (Supplementary Table
S1). Pgro 10-3-1 is a 100% recycled organic fertilizer (10% total N, of which approximately
10% is NH4*-N) and soil conditioner for grains and other crops
(https://www.oegro.dk/produkter/produktoversigt/oegro-10-3-1/).

Soil and shoot sampling

Soil and shoot samples were taken from the FB and SB strips in 2022 (at 2 weeks interval on
18 May, 02 June and 21 June) and in 2023 (at 3 weeks interval on 23 May, 14 June, and 06
July) (Figure 1B). Shoot samples were taken in every second row (designated E, C and A)
starting from the edge and moving into the center of the strip, along a 10 m range in the row
by randomly collecting leaves (5 and 3 leaves respectively for SB and FB, just below the flag
leaf f/plant) from 10 plants (Figure 1B). Similarly, 5 soil samples (each consisting of a pool of
10 samples) were taken between the rows in a gradient from the edge of the strip and inwards
to the center (E, D, C, B, A). Soil samples were collected at a depth of approximately 20 cm
using a soil auger (2 cm diameter).

In 2022, we collected a total of 48 shoot samples (i.e. 2 crop species x 3 gradient positions x
2 sampling times x 4 replicates) and 120 soil samples (i.e. 2 crop species x 5 gradient positions
x 3 sampling times x 4 replicates). In 2023, we collected samples at 5 sampling gradient
positions each for soils and shoots, thus resulting in a total of 120 shoot samples (i.e. 2
genotypes x 5 gradient positions x 3 sampling times x 4 replicates) and a total of 120 soil
samples (i.e. 2 genotypes x 5 gradient positions x 3 sampling times x 4 replicates). The
collected samples were placed in labeled plastic bags and immediately kept in cold containers
until later storage at -20 °C prior to DNA extraction.

DNA extraction

Shoot and soil samples were homogenized, followed by lyophilization for 72 h and ground

using sterile steel beads (5 mm, Qiagen, Hilden, Germany) in a Geno/Grinder2000 at 1500


https://www.oegro.dk/produkter/produktoversigt/oegro-10-3-1/

152
153
154
155
156
157
158

159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176

177

178

179
180
181

182

rpm for 3 x 30 s. We used 250 mg of each sample for DNA extraction. Shoot DNA was
extracted using the DNeasy Plant Mini kit (Qiagen, Hilden, Germany) while soil DNA was
extracted using the Powerlyzer™ PowerSoil® DNA Isolation Kit (Mo Bio Laboratories,
Carlsbad, CA, USA), according to the manufacturer’s instructions. DNA concentration was
confirmed with Qubit dsDNA HS (High Sensitivity) Assay Kit (Invitrogen, Thermo Fisher
Scientific). DNA samples were stored at — 20 °C until used for amplicon library preparation.

Library preparation and amplicon sequencing

The bacterial amplicon library were generated by amplifying 16S rRNA V5-V7 with 799F/1193R
primer pairs [38—40]. The PCR reaction was performed in a 25 pl reaction mix consisting of
12.5 pl Invitrogen Platinum SuperFi PCR master mix (Thermo Fisher Scientific, Waltham,
Massachusetts), 2 pl of each primer (10 uM stock), and 6.5 pl nuclease free water, and 2 pl of
the template DNA. PCR amplification was performed in a GeneAmp PCR System 9700 thermal
cycler (Thermo Fisher Scientific) using the following conditions: 94.0°C for 3 min, 35 cycles at
94°C 1 min, 55°C 1 min, 72°C 1 min, and a final extension step at 72 °C for 10 min. The fungal
amplicon library was prepared using the fITS7 and ITS4 [41,42] fungal primer pair that amplify
the internal transcribed spacer 2 (ITS2) region of the fungal rRNA gene [41]. The amplification
was done in a reaction mixture of 25 ul as described for bacteria reactions. The PCR thermal
cycling conditions for the fungal PCR was 94.0°C for 5 min, 35 cycles at 94°C 30s, 57°C 30s, and
a final extension step at 72°C for 30s. For both bacteria and fungal libraries, we used dual
indexing in combination with internal barcodes to pool samples. The bacterial and fungal
forward primers were tagged with varying bases of multiplex identifiers [43,44]. For indexing,
primers including indexing tags were used in a PCR with 10 cycles, with the thermal cycler
programs as described above. PCR amplicon sizes of both bacteria and fungi libraries were
confirmed on 1.5% agarose gel and expected band sizes excised and extracted using QlAquick
Gel Extraction Kit (Qiagen). The libraries were sequenced on an lllumina MiSeq sequencer

with PE300 at Eurofins MWG (Ebersberg, Germany).
Sequence data processing and statistical analysis

Bacterial and fungal sequences were analyzed using the DADA2 (v. 1.12) [45] in the R statistical
package (R Core Team, Vienna, Austria). Briefly, the raw reads were quality filtered and
trimmed (filterAndTrim - maxN = 0, maxEE = 2, truncQ = 2), followed by error learning

(learnErrors), dereplication (derepFastq) and merging of forward and reverse reads
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(mergePairs) prior to the construction of the sequence table (makeSequenceTable) and
chimera removal (removeBimeraDenovo). Taxonomic assignment was done using the
reference databases SILVA version 128 [46] and the UNITE database [47] train sets
(https://benjjneb.github.io/dada2/training.html), for bacterial 16S rRNA and fungal ITS,
respectively, using the implementation of the naive Bayesian classifier in dada2 R package.
Unassigned ASVs at kingdom level and ASVs assigned to chloroplast or mitochondrial

sequences were excluded from all the datasets.

Statistical analyses and visualizations were performed in R v3.3.0 [48] using vegan (v2.5.7)
[49], phyloseq (v1.34.0.) [50], and ggplot2 (v3.3.2) [51] packages. The filtered data were
normalized and used for visualizing microbial relative abundances in the samples. We
examined significant differences in the relative abundances of specific pathogenic fungi using
a two-group White’s nonparametric t-test in the STAMP software v2.1.3 [52,53], with the
Benjamini-Hochberg FDR to control for multiple testing [54]. We assessed alpha diversity
(observed richness and Shannon diversity) and statistically significant differences using the
non-parametric Kruskal-Wallis test followed by Bonferroni—Dunn multiple comparison test
between groups. The ASV tables were transformed into relative abundances prior to beta
diversity analysis. We visualized the Bray-Curtis dissimilarity matrices using unconstrained
principal coordinates analysis (PCoA). Following, we perfoemd Permutation analysis of
variance (PERMANOVA) statistical tests to determine the effects of experimental factors on
the community dissimilarity using “adonis” in the vegan package, with 1000 permutations.
Pairwise comparison was performed to assess differences between microbial communities
across the sampling gradients using the pairwiseAdonis function

(https://github.com/pmartinezarbizu/pairwiseAdonis).

We quantified soil edaphic parameters in the strips and test for significant differences using
the cal_diff (method = anova) and plot_diff functions within the trans_env function in the R
package “microeco” [55]. Additionally, we performed redundancy analysis (RDA) and Pearson
correlation analysis to evaluate the relationships between microbial communities and soil

physicochemical properties, using the microeco package.

In addition, indicator species analysis [56] was performed to identify microbial ASVs which
were significantly associating with specific sampling gradient positions using the indval

function in the labdsv package [57]. We used splitted shoot and soil data for SB and FB samples
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for this analysis. Significant bacterial ASVs (bASVs) and fungal ASVs (fASVs) were defined as
those with p < 0.01 and an indicator value of at least 0.4. We further assessed the functional
potential associated with the identified indicators. Bacterial and fungal functional profile were
predicted with the functional annotation of prokaryotic taxa (FAPROTAX) [58] and FungalTraits

[59], respectively, using the microeco’ package [55].
Correlation analysis and microbial co-occurrence networks

We constructed gradient specific microbial co-occurrence networks as described previously
[12], to explore interactions between specific microbial taxa at specific gradient positions in
shoot and soil of FB and SB. Briefly, we combined bacterial and fungal datasets and normalized
it using the trimmed mean of M values (TMM) method using the package EdgeR [60].
Correlation analysis was performed using ASVs that were present in at least 10 samples with
Spearman’s rank correlations > 0.4 for positive correlations and <-0.4 for negative correlations,
with p < 0.05, and correction using Benjamini-Hochberg FDR. Significant correlations were
visualized at the genus level using heatmaps. Next, we constructed microbial co-occurrence
networks at the phyla level with ASVs set as nodes and correlations as edges. Network metrics
such as transitivity or clustering coefficient (the probability that the adjacent nodes of a node
are connected), mean degree (the average number of edges across all nodes in a network),
density (fraction of all possible edges actually realized), average path length (APL) (average
number of steps which would be required to reach from one node to another in the network)
and modularity (measures how well the network is organized into distinct modules) were
computed, using the “igraph” package [61]”. Furthermore, we computed the hub or keystone
taxa representing the top 5% of the ASVs with the most correlations in each of the constructed
networks. Highly connected ASVs were identified and their relative abundances across were

visualized.

To examine whether community resilience differ between sampling sites within strips, we
assess the robustness of each co-occurrence network based on network attack tolerance
strategies using the NetSwan package for R [https:// cran.r-
project.org/web/packages/NetSwan/index.html]. Each location specific network was
assessed using four attack to vulnerability strategies involving systematic node removal using
four strategies. These strategies included (i) random removal, (ii) direct removal, where nodes

were removed in descending order of their BNC (betweenness centrality) value (i.e., number
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of times a node is found on the shortest path between other nodes), (iii) targeted on nodes
with the highest impact closeness (degree), and (iv) cascading removal, involving the
recalculation of BNC values after each node was removed. The effect of each attack metric on
network stability was visualized using connectivity loss as a function of fraction of nodes

removed.
Results

Sequence data summary

For characterizing the effects on microbial diversity of strip cropping, we sampled soil and
shoot samples of SB and FB across spatial gradients from the edge of the strip (close to the
neighbouring crop) towards the centre of the strips at three different timepoints in 2022 and
2023. Sequence reads from the soil and shoot bacterial and fungal samples, with read
numbers and sequences read statistics in both 2022 and 2023 are summarized in
supplementary file Table S2,3. We did not analyse the bacterial reads from the shoot samples

collected in 2022 due to poor quality and they were thus removed from the dataset.

Microbiome composition, diversity and indicators in strip fields in 2022

Shoot bacterial relative abundance were highly distinct across the gradients of the strips of FB
and SB (Figure 2A). For example, the bacterial genus Rosenbergiella was highly enriched in
the centre of the strips in FB, while the bacterial family Enterobacterales was significantly
enriched in the center (A and C) compared with the edge (E) (Supplementary Figure S1A,B).
In contrast, Afipia, Mesorhizobium, Siccibacter and Pantoea were highly enriched in the edges
of the strips (E) (Figure 2A, Supplementary Figure S1A,B). In the SB shoots, Pseudomonas and
Burkholderia were decreasing from the center towards the edge, while Staphylococcus had a
contrasting trend (Figure 2A, Supplementary Figure S1C). We observed contrasting shoot
bacterial alpha diversity trends in the two crops with a decreasing richness from the centre
towards the edge in FB, whereas the highest alpha diversity was at the edge in SB and
decreasing towards the centre (Figure 2B). However, the bacterial richness in SB shoot was
only significantly (p<0.05) higher in the centre location (A) compared with the edge (E)
(Supplementary Table S4).

Shoot bacterial community composition was clearly distinct along the gradients in both FB

and SB (Figure 2C,D) as also confirmed by PERMANOVA (FB: Adonis, R? = 0.48; SB: Adonis, R?
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= 0.49, P<0.01; Supplementary Table S5). Pairwise PERMANOVA comparisons revealed

significant differences within the gradients (Supplementary Table S5).

In soil, bacterial relative abundances were similar across gradients and time in both FB and SB
(Supplementary Figure S2), while alpha and beta diversities were distinct across gradients

(Supplementary results, Figure S3-4 and Table S5).

Indicator species analysis revealed unique clustering of specific bacterial taxa in the individual
gradient positions within the strips of both shoot of FB and SB (Figure 2E,F). Specifically,
bacterial genera Afipia, Pantoea, Sphingomonas and Bradyrhizobium were distinct indicators
for the edge of the strips in FB (Figure 2E). The genera Pseudomonas and Sphingomonas
strongly associated with the centre of the strips (A,C) while Staphylococcus and
Exiguobacterium were main indicators of the strip edges of SB (Figure 2F). Unlike the shoot
gradients, indicator bacterial taxa were fewer and rarely distinct across the gradients of the

strips (Supplementary Table S4B).

Relative abundances of fungi in shoots were distinct across the gradients (Figure 3A). Most
remarkably, in SB, the fungal genus Puccinia, containing the pathogen Puccinia hordei, was
steeply decreasing from the centre towards the edge of the strips at sampling time 2 while
this gradient had disappeared at sampling time 3 (Figure 3A,B). Similarly, at the earliest
sampling time, other potential pathogenic taxa in shoots including Ramularia and
Cladosporium differed significantly in relative abundances at different sampling gradient
positions of SB (Figure 3B). Cladosporium and Holtermanniella decreased, while
Vishniacozyma and Dioszegia were increased from the centre towards the edge of strips in FB
at sampling time 2. In contrast, soil fungal relative abundances were similar across the
gradients within SB and FB (Supplementary Figure S6). Because there was an overlap in the
ASVs occurring in the phyllosphere and rhizosphere, we further assessed the fungal pathogens
dynamics in the soil and found that Cladosporium and Fusarium were significantly different
between soils samples from the centre and edge locations at sampling time 1 and time 2

(Supplementary Figure S7,8).

Generally, shoot fungal alpha diversity was distinct, with fungal Shannon diversity declining
from centre to edge in both SB and FB at T2, but the opposite trend appeared at T3. Figure

3C, Supplementary Table S6). Shoot fungal beta diversity clearly separated the fungal
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communities across the spatial gradients in both FB and SB (Figure 3D). PERMANOVA
confirmed the significant effect of the gradient position on shoot fungal communities in FB
(sampling time 2; Adonis, R? = 0.47, Sampling time 3, Adonis, R? = 0.43, P< 0.001,
Supplementary Table S5) and SB (sampling time 2; Adonis, R = 0.42, P< 0.001, Sampling time
3, Adonis, R? = 0.33, P<0.05 (Supplementary Table S5). Further pairwise tests revealed
significant differences in shoot fungal communities within the gradients (Supplementary

Table S5).

Soil fungal alpha diversity was rarely distinct across site (Supplementary Figure S9, Table S7)
but community composition markedly clustered for specific gradient positions in both FB in
SB (Supplementary Figure 10). The gradient effect was consistently significant in SB (Sampling
time 1, Adonis, R?=0.36, P< 0.01, Sampling time 2, Adonis, R?=0.32, P< 0.01, Sampling time
3, Adonis, R? = 0.40, P< 0.001) and further confirmed by pairwise test effects of sampling
location (Supplementary Table S5). Additionally, we identified specific indicator fungal taxa
associated with specific shoot and soil samples from different sampling gradients (Figure 3 E,

Supplementary Figure S11, 12).
Microbiome composition, diversity and indicators in strips in 2023

Following rotational strips in 2023, we collected and analysed shoot and soil samples similarly
as described for 2022. Distinct bacterial relative abundances were observed at different
gradient positions, likewise a noticeable shift in these abundances at the different sampling
times in both SB and FB (Supplementary Figure S13). Generally, Burkholderia dominated the
shoot bacterial community in both SB and FB at all sampling time. Soil bacterial relative
abundance was similar across gradients and time (Supplementary Figure S14A). The relative
abundance of Puccinia was highest in the centre of the SB strips, confirming the observations
in the 2022 dataset (Figure 4A,B). Cladosporium was significantly highest in the edges of the
strips, while Blumeria was significantly enriched in the centres of the strips in SB (Figure 4C).
In soil, fungal relative abundances were distinct between the SB and FB strips (Supplementary

Figure S14B), but similar across the gradients in the strips.

We analysed the proportion microbial taxa of that were present in shoot samples of both FB
and SB. Shared shoot bacterial taxa were rarely different between gradient positions

(Supplementary Figure S15). Generally, the strip edges (A) having the least distance between
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FB and SB, had the highest number of shared fungal taxa (39%), followed by the next gradient
position (C) (35%) and least within the centre positions (E) furthest apart (31.5%) (Figure 4 D).
Microbial alpha diversity generally confirmed results in 2022 (Supplementary Figure S16,17;
Supplementary Table S8,9).

Shoot bacterial community composition was markedly distinct across gradients of shoot and
soil for both FB and SB, while in soil, sampling time affected microbial communities of both FB
and SB, but these effects were stronger on fungi than bacterial communities (Figures 5,

Supplementary results).

We found indicator species across strip gradients, displaying potential functions at different
sites and at different time points in both soil and shoot SB and FB (Supplementary Figure
S19A,B; S20-24). In SB shoots, bacterial functions assigned to fermentation and anaerobic
chemoheterotrophy characterized the centre sampling location, while aerobic
chemoheterotrophy was higher in the edge locations (Supplementary Figure S20). Similarly,
we observed higher functions of dark hydrogen oxidation, nitrogen fixation, human
pathogens, animal parasites, ureolysis in the edge sampling locations of FB shoots. In SB soil,
functions associated with primary lifestyle mycoparasite, unspecified saprotroph and
secondary lifestyles fungal decomposer, litter saprotroph and plant pathogen were
significantly higher in the edge than the centre gradient (Supplementary Figure S23).
Potential fungal functions like foliar endophytes and dung saprotroph were highly enrich in

the centre than the site sites.

Gradient-specific correlation analysis identified distinct positive and negative interactions
among microbial taxa in shoot and soil samples of FA and SB (Figure 6A; Supplementary Figure
$25). A higher number of correlations were detected in shoots of SB than in FB. In shoot SB,
the strip edges had the highest and most negative correlations. The genera Siccibacter and
Erwinia negatively associated with Puccinia in centre sampling location A, while Pantoea,
Cupriavidus and the order Enterobacterales also negatively correlated with Puccinia in the
edge strip (Figure 6A). Also, the genus Burkholderia correlated negatively with Alternaria in
samples from the centre sampling location A and edge (E). Similarly, in FB shoot, Pantoea
negatively correlated with Alternaria in centre location A, and similarly Sphingomonas,
Ralstonia, Burkholderia and Bradyrhizobium (Figure 6B). In soil, a higher number of negatively

correlating taxa was found in centre gradients than the edge in FB, including the genus
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Fusarium correlating with Bacillus, Nitrospira, Nocardioides and Variovorax (Supplementary

Figure S25).

Gradient specific co-occurrence networks and resilience characterizing sampling locations

in strip fields

Microbial co-occurrence networks revealed distinct patterns of microbial associations in the
shoot and soil bacterial and fungal datasets at the three specific gradients within FB and SB
(Figure 7A,B). Network node and edge numbers (both positive and negative) inferred from
each network and additional network properties are summarized in the Supplementary Table
S$11. Overall, FB shoot networks were more densely connected than the SB shoot networks in
the different gradient positions. SB shoot networks were the most distinct with highly sparse
structure at the centre of the strip to more dense and highly connected networks towards the
edge (Figure 7A). Network metrics including mean degree (Mn) and average path length (APL)
corroborated the differences in co-occurrence networks across strip gradients in SB.
Specifically, the mean degree of the SB shoot network was 7.07, 14.58 and 13.26 in locations
A, C andE, respectively. Similarly, the APL was highest in networks of the centre of the strip
and declined in networks at the edge (Figure 7A). FB shoot networks also revealed subtle
differences in network properties with modularity being highest in the edge networks of both
shoot and soil (Figure 7B). Furthermore, soil gradient specific networks were distinct between
FB and SB (Supplementary Figure $26). We identified distinct number of hub taxa with varied
connections and relative abundances in specific gradient networks (Figure 7). Fungal genera
Vishniacozyma (species V. victoriae) and Taphrina were predominating hub taxa with high
relative abundance in both FB and SB networks. V. dimennae and V. victoriae were highly
abundant hub taxa in the edge network while Taphrina, Sporobolomyces (species S. roseus)
and Neosetophoma dominated the centre networks of SB. In FB, bacterial genera Burkholderia
dominated the centre, likewise Papiliotrema (species P. flavescens) which was also highly
abundant at the edge. Cladosporium was the most abundant hub taxa in the edge networks

of FB.

We tested the robustness of the networks by assessing their tolerance using four node
sustained attack strategies, including random removal, direct removal of nodes with highest
betweenness centrality, targeted on nodes with the highest impact closeness (degree), and

an approach involving a combination of random and targeted on betweenness (cascading).
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Among the tested strategies, random removal had the least connectivity loss, whereas degree
and cascading attacks caused the lowest tolerance in both shoot and soil networks (Figure
7A,B, Supplementary Figure S26). SB shoot gradient specific networks exhibited a
pronounced breakdown vulnerability which was higher in the centre network compared with
edge networks when assessing breakdown with the all the attacking strategies, except degree
attack (Figure 7A). Removal of 50% nodes resulted in a 100% breakdown attacking degrees,
compared with at least 60% nodes removal for a total disintegration in the other tolerance
strategies. For the FB shoot gradient networks, a higher number of node removal (57%) is
required to totally disrupt the networks, when using degree (for all networks), and for
cascading and betweenness of locations A and E networks (Figure 7B). Although subtle
differences were observed between soil gradient specific networks, attack strategies did not

reveal clear differences Supplementary Figure S26A,B).
Discussion

Mixed cropping systems have been well documented to promote high microbial biodiversity
that have been suggested to enhance crop growth and disease suppression [7-9,62]. Plant
associated microbiomes have been widely suggested as the “green solution” for sustainable
crop production, primarily due to its multifaceted role in plant development [63]. Yet, we still
have limited understanding of the effects mixed cropping systems such as strip cropping on
microbiome composition, diversity and dynamics at the field scale. In the present study, we
examined the effects of faba bean (FB) and spring barley (SB) neighbour plants on the
contrasting hosts shoot and soil microbiomes across different time points. FB as a dicot
belonging to the family Fabaceae and SB as monocot in the Poaceae family were expected to
assembledistinct microbiomes that could affect plant performance within the respective
strips. We also expected that microbiome assembly would depend on the presence of the
adjacent crop, but to which extent the proximity to the adjacent crop would affect microbiome

assembly above- and belowground was less predictable.
Microbial communities are dynamic and distinct across strip crop spatial gradients

We found distinct microbial communities in the spatial gradients within the SB and FB strips,
thus confirming our hypothesis of neighbor-effects on the host-associated microbiomes in the

strips.
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We found that the phyllosphere communities were more distinct across the gradient of SB
and FB at the early stages compared to the later stages, indicative of stronger effects of species
effects at early stages and this become masked at later stages, primarily by environmental
factors [68]. However, soil fungal communities were distinct at later stages suggesting stronger
effect of the plant in structuring the fungal than bacterial communities. Both sampling time
and gradient position significantly affected microbial community structures in shoot and soil
of both FB and SB, except for soils in SB where gradient position did not affect the bacterial
community significantly. Sampling time contributed the highest effects on microbial

communities suggest effects of continuous confounding host physiological changes [69-71].

Our data clearly revealed a more dynamic shoot microbiota in SB compared to FB, further
corroborating the effects of distinct host phenotypic traits on microbial community assembly
[23]. While limited work exists comparing microbiome assembly in shoots of monocot and
dicots, reports show that broadleaved woods hosted higher proportions of N-fixing bacteria
[72]. Leaf type, surface microtopography and canopy cover determines surface area for
microbial colonization and affect micro-environmental factors (temperature, relative
humidity, wind) differentially affecting microbial communities [23]. Although we did not
quantify nutrients in SB and FB, monocots and dicots accumulate varying levels of leaf
nutrients such as N and P [73], that might drive distinct microbial community assembly [74].
Sangiorgio et al., (2024) [74] reported that foliar C:N ratio contributed to the difference in
phyllosphere bacterial communities across sites in Scots pine. Also, the highly dynamic and
consistent shoot microbiomes observed compared to soil of SB and FB samples in 2022 and
2023 is not surprising as highly perturbating weather factors strongly alter the phyllosphere
microbiome [75]. Almario et al., (2022) [68] reported reproducible dynamics and patterns of
shoot microbiomes throughout the growing season. Furthermore, microbial community
structures were distinct in FB and SB, supporting previous studies of species effects on plant-

associated microbiomes [12,43].
Specific fungal pathogens were distinctively distributed within strips

Strip cropping systems have been suggested as a sustainable way of reducing pathogen
pressures. We found that the relative abundance of potential plant fungal pathogenic genera
on SB shoots, specifically Puccina was consistently higher in the centre than at the edge strips

of at earlier sampling time in both 2022 and 2023. These results were consistent in the
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individual replicated samples across the field, thus providing strong evidence of Puccinia
development in the centre of the strips. The genus Puccina contains Puccinia hordei causing
the destructive leaf rust disease of cereals globally [76]. Other fungal pathogenic genera,
including Blumeria (causing powdery mildew), Ramularia (causing leaf spot) and
Cladosporium (causing leaf spot, scab, and blights), were also found to be differentially
distributed along the gradient in both 2022 and 2023. Similarly, profiling of these pathogens
in soil revealed consistent enrichment of Cladosporium in the centre location, while Fusarium
was enriched at the edge. These findings suggest differing tendencies of fungal pathogenic
attack at specific sites within strip fields, as previously reported [77]. Further, we speculate
that incidence of shoot diseases such as those caused by Puccinia and soil diseases caused by
Fusarium species could occur in the centre and edges, respectively, within SB strips. Whether
the microbiota sourced from neighbour plants affects the spread of pathogens would require
further studies with varying strip field design. However, there is evidence that root-exuded
metabolites of neighbour plants regulates plant susceptibility to soil pathogens in intraspecific
mixtures [78]. Similarly, pathogen suppressive volatiles from neighbour plants could result in
reduced leaf or root pathogen establishment in a strip cropping system [10][79]. Repeated
strip rotation with crops secreting bioactive root exudates could induce soil suppressiveness
against microbial pathogens. Moreover, it is interesting to note that pathogenic lifestyles may
be plant type dependent, as a pathogen of dicots could eventually act as a biocontrol agent in

a monocot plant [80].

Indicator species across strip gradients with potential functions

We identified indicator microbial taxa that were associated with either the centres or the
edges of the strips. For instance, at timepoint three in 2022, the bacterial indicators Afipia,
Pantoea, Sphingomonas and Bradyrhizobium were associated with edges of the FB strips. In
the SB strips, Pseudomonas and Sphingomonas associated with the centres, while
Staphylococcus and Exiguobacterium were main indicators of the edges in the strips of SB.
Several of these taxa have profound beneficial roles for the plant host and thus have been
studied for their biocontrol traits [81]. For example, Pantoea agglomerans has a strong
antagonistic effect against a wide range of pathogens in many plant species (reviewed in [82].

Functional analysis based on microbial taxonomic data could reveal insights for understanding
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potential functional traits for promoting applications for sustainable agriculture [83].
Furthermore, we show site-specific functional attributes associated with these indicator
species identified in above and below-ground, in both strip fields, and is indicative of
microhabitat effects on microbial functions and distributions. These findings further extend
the potential effects of neighbouring plants beyond community diversity to influencing
microbial functional traits and distribution across strip fields. A recent study also found that
core microbial taxa distributed in multiple wheat microhabitats significant correlated with soil

functional traits, as well as soil variables and crop productivity [66].
Interspecific neighbour effect is gradient-dependent across adjacent strips

Current knowledge of plant species or genotypic effects on the associated microbiomes is still
largely based on the intricate interactions between the focal plant and the microbiota, with
limited consideration of potential neighbour specific effects on microbiome assembly on the
focal plant. We found a higher number of shared shoot fungal genera in the samples taken
close to neighboring strips compared to the samples taken more distantly from the
neighboring strips. However, we identified a shared shoot bacterial genera between SB and
FB strips, demonstrating a stronger interactive effect of neighbouring crops on the shoot
mycobiome. It has been shown that plant neighbour effects become stronger over time with
increasing microbiota dispersal from neighboring plants as plant biomass increases [31]. This
neighbour effect might eventually decrease host filtering effects on bacterial communities
over time [31]. We speculate that the shared microbial taxa emanating from the adjacent
neighbours could be affecting overall host performance. For instance, beneficial microbial
species acquired from the neighbouring plant could be antagonizing pathogenic microbes on
the focal plant. Further experimental evidence is needed to assess how the newly arrived
microbiota from neighbouring crops affects focal host-microbial pathogen interactions in strip

crop systems.

Distinct gradient-specific microbial interactions and co-occurrence networking within

strips

Although, correlation-based analysis does not demonstrate cause and effect, it enables us to
discern into plausible ecological relationships between microbial species, and between

microbes and the environment [84]. Thus, we further examined whether microbial co-
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occurrence patterns characterize gradient positions using correlation-based analysis and
network visualization. Positive and negative correlations suggested potential positive and
antagonistic interactions, respectively, within the host associated microbiota [29].
Correlations at lower taxa level revealed distinct associations with Siccibacter and Erwinia
negatively correlating with Puccinia in the centre site A, while Pantoea and Cupriavidus also
negatively correlated with Puccinia in the edge strip of SB. Erwinia species have been shown
to suppress Puccinia recondite [85] causing wheat leaf rust [86], and Siccibacter colletis was
reported to promote wheat growth via enhancing phosphate and potassium uptake [87].
Similarly, Pantoea species are notable known for their biocontrol activities against several
pathogenic microbes attacking different plants species [82]. Thus, the varying microbial
correlations associated with specific gradient positions in strips support the localized microbial

interactions that could affect microbiome modulating effects on plant functions.

As expected, inter-phylum co-occurrencenetworks exhibited a more dissimilar configuration
in the shoots than in the soil, primarily due to higher dynamic patterns of the phyllosphere
microbiota. Also, shoot networks varied more across the gradient in SB compared than in FB,
thus corroborating the distinct community dynamics in grasses and broad leaf plants. In SB,
shoot networks showed greater microbial community connectivity and robustness to
disturbances at the edge than in the centre. The network metrics corroborate the dissimilar
microbial co-occurrence interaction. These metrics also reveal insights into the microbial
community dynamics during external perturbations. For instance, the transitivity and low APL
characterizing the SB edge network indicate a more connected and robust network [13]
compared with the centre networks. The robust SB edge network could suggest stronger
microbial competition [88], which could further enhance resistance to pathogen attack. While
FB shoot networks were quite similar, the high modularity characterizing edge networks
suggests higher invasion rates of these communities [89,90]. However, detailed studies are
needed to validate the biological relevance of these interactions at individual gradient

positions.

We found hub taxa with different occurrences along the strip gradients indicative of the
distinct role of specific microbial taxa in community structuring. Keystone taxa are known to
modulate several functions, which include regulating the invasion of fungal pathogens [91].

Sporobolomyces roseus, dominant hub taxon at the centre position of SB has been reported
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to be antagonistic via nutrient competition against Botrytis cinerea, the causal agent of grey
mold disease [92], and against Cochliobolus sativus [93] that causes several diseases in cereal
crops, including spot blotch and common root rot [94]. Moreover, Vishniacozyma victoriae, a
hub taxa in both SB and FB networks is suppressive against Botrytis cinerea [95,96], and
Penicillium expansum, and Cladosporium sp., [96]. Also, Papiliotrema flavescens, a dominant
hub taxon at the edge of FB strips have notable plant growth-promoting properties including
induction of systemic resistance against Botrytis cinerea in Arabidopsis [97]. Additionally, the
bacterial genus Burkholderia is known for biocontrol traits against a wide range of plant
pathogens [98]. Altogether, these results demonstrate that keystone species spatially

distributed within strips could be driving microscale cooccurrence community interactions.

Network tolerance to disturbance confirms the higher robustness of edge than the centre
shoot networks of SB. Networks with higher robustness are able to resist rapid collapse caused
by disturbance, for example pathogen attack [13], and thus have greater stability [99]. Thus,
these results suggest that stronger resilience is associated with strip edge than strip centre
shoot networks, and as such the centre of the strips is expected to be more vulnerable to
pathogen attack compared with the edge of the strips. Interestingly, these results support the
higher negative correlations detected at the edge location, likewise a higher effect of
neighbour revealed in the number of shared microbial taxa. However, the larger gradient-
specific variation in the SB compared with the FB suggest that community resilience within
strips is dependent on the host type. Moreover, since networks are dynamic due to the
continuous influence of neighbour host and environmental factors [99], the observed site-
specific microbial co-occurrences would change across time, and would correspondingly, alter

resilience patterns within strip-crop fields.
Conclusions

The present work investigated the dynamics and site-specific assembly of soil and
phyllosphere microbiomes in a rotational faba bean (Vicia faba) and spring barley (Hordeum
vulgare) strip field during two years using amplicon sequencing. We found distinct microbial
composition, community structure and specific potential functions characterizing both above
and belowground sampling locations within and between strips with spring barley and faba
bean. Relative abundances of fungal pathogens, such as the genera Puccinia, Blumeria and

Cladosporium varied across strip gradients, specifically, Puccinia was consistently enriched in
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the centre of the strips compared with the edges in SB. Moreover, neighbouring strips has
higher effects on the microbial richness in the plants that were closest to the edges.
Additionally, we revealed distinct site-specific microbial interactions and co-occurrence
networking within strips. Inter-phylum shoot co-occurrence networks exhibited more
dissimilar network configurations compared with the soil networks, primarily due to more
dynamic patterns of the phyllosphere microbiota in SB. Network tolerance to disturbance
confirms more resilient networks at edges than centres in the SB strips. The distinct microbial
cooccurrences exemplified by network structure, topology and hub taxa could explain varying
community resilience that characterize strips with different crops and sites within strips.
Altogether, these findings reveal in depth knowledge that will facilitate the thorough
dissection of crop field-level microbiome assembly and further, generating mixed-host
mechanistic hypotheses of microbiome dynamics positively promoting sustainable cropping

systems.
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Sampling time
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Figure 1. Overview of experimental FB-SB field design and sampling. A) Scheme of spring
barley (SB) and faba bean (FB) in strip layout including field replication at 60 m apart. Crops
cultivated prior to FB and SB in the respective years are also indicated. B) Snapshot of strip

field showing soil and shoot sampling (in red dots) across strip gradient, and time interval of
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640  Figure 2. Shoot bacterial communities within and across FB and SB strips in 2022. A) Bacterial
641  relative abundances B) alpha diversity C) and D) PCoA, E) and F) indicator species in FB and SB

642  shoot samples collected in from centre of strip towards the edge border rows.
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644  Figure 3. Shoot fungal communities within and across FB and SB strips in 2022. A) Bacterial

645  relative abundances, B) relative abundances of potential fungal pathogenic taxa in SB, C) alpha
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Figure 4. Shoot fungal communities within and across FB and SB strips in 2023. A) Bacterial
relative abundances, B) relative abundances of potential shoot fungal pathogenic taxa in
replicates of SB, C) relative abundances of potential shoot and soil fungal pathogenic taxa in

SB and D) Number of shared shoot fungal taxa at different sampling locations within FB and

SBin 2023.
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Bacterial community structures within and across FB and SB strips at different sampling times.

B) Fungal community structures within and across FB and SB strips at different sampling times

in 2023.
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Figure 6. Heat map showing significant correlations between bacterial and fungal taxa in A)

SB and FB shoot samples. Bacterial and fungal data from all the time points were pooled and

used for the analysis. We used ASVs present in at least 10 samples with Spearman’s rank



663  correlations > 0.4 for positive correlations and <-0.4 for negative correlations, with p < 0.05,
664  and correction using Benjamini-Hochberg fdr. Positive and negative correlations are indicated

665 by blue and red colours, respectively.
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666

667  Figure 7. Shoot microbial co-occurrence networks computed for the different sampling
668 locations (centre to edge) in A) SB and B) FB. The grey and red edges represent positive and
669  negative correlations, respectively. Network tolerance to attack of the respective site-specific
670  networks using change in connectivity as a function of the fraction of removed nodes. Dashed
671 lines show the maximum fraction of nodes to be removed for 100% connectivity loss (highest
672  break-down of network) are shown. The four sustained attack strategies to test tolerance
673  included random removal, direct removal of nodes with highest betweenness centrality, target
674  on nodes with the highest impact closeness (degree), and a combination of random and
675  targeted on betweenness (cascading). Additionally, relative abundance of hub taxa identified

676  (including the numbers of ASVs assigned to phyla) for each site-specific network are shown.

677

678 Supplementary Figures

679  Figure S1: Differences in the abundances of potential fungal pathogenic genera in shoots
680 between sampling locations A) Aand Eand B) Cand Ein FB, and Cand E in SB at T2 in 2022.

681  Analysis was performed with the STAMP software with White’s nonparametric t test,
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followed by Is Benjamini-Hochberg correction (FDR) with the parameters of g-value < 0.05.

The ASVs are shown in the assigned taxon. The statistical test used was two-sided.

Figure S2: Soil bacterial relative abundance in faba bean (FB) and spring barley (SB) samples
across strip gradients (from centre of strip towards the edge border rows (A-E)) at different

sampling times in 2022.

Figure S3: Soil bacterial alpha diversity in faba bean (FB) and spring barley (SB) samples
across strip gradients (from centre of strip towards the edge border rows (A-E)) at different

sampling times in 2022.

Figure S4: A) Principal coordinate analysis (PCoA) plots of bacterial communites at different
sampling sites in FB and SB strips at different time points in 2022. B) Indicator bacterial

species characterizing different gradient positions in FB and SB spring fields in 2022.

Figure S5: Relative abundance of potential SB shoot fungal pathogenic genera in replicates at

sampling times A) T2 and B) T3 in 2022.

Figure S6: Relative abundance of soil fungi at sampling time A) 1, 2 and B) sampling time 3 in

2022.

Figure S7: Relative abundance of potential soil fungal pathogens in SB sample replicates for

the different sampling time points in 2022.

Figure S8: Differences in the abundances of potential fungal pathogenic genera in soil
between gradient positions at T1 and T2 in SB. Analysis was performed with the STAMP
software with White’s nonparametric t test, followed by Benjamini-Hochberg correction
(FDR) with the parameters of g-value < 0.05. The ASVs are shown in the assigned taxon. The

statistical test used was two-sided.

Figure S9: Soil fungal alpha diversity in faba bean (FB) and spring barley (SB) samples across
strip gradients (from centre of strip towards the edge border rows (A-E)) at different

sampling times in 2022.

Figure S10: Principal coordinate analysis (PCoA) plots of soil fungal communities at different

sampling sites in FB and SB strips at different time points in 2022.
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Figure S11: Indicator soil fungal species characterizing different sampling locations in FB and

SB spring fields using T1 and T2 datasets in 2022.

Figure S12: Indicator soil fungal species characterizing different sampling locations in FB and

SB strips at T3 in 2022.

Figure S13: Shoot bacterial relative abundance in faba bean (FB) and spring barley (SB)
samples across strip gradients (from centre of strip towards the edge border rows (A-E)) at

different sampling times in 2023.

Figure S14: A) Soil bacterial and B) fungal relative abundances in faba bean (FB) and spring
barley (SB) samples across strip gradients (from centre of strip towards the edge border rows

(A-E)) at different sampling times in 2023.

Figure S15: Number of shared shoot bacterial taxa at different sampling locations within FB

and SB in 2023.

Figure S16: Shoot and soil bacterial alpha diversity in faba bean (FB) and spring barley (SB)
samples across strip gradients (from centre of strip towards the edge border rows (A-E)) at

different sampling times in 2023.

Figure S17: Shoot and soil fungal alpha diversity in faba bean (FB) and spring barley (SB)
samples across strip gradients (from centre of strip towards the edge border rows (A-E)) at

different sampling times in 2023.

Figure S18: Principal coordinate analysis (PCoA) plots of soil microbial communities at

different sampling sites in FB and SB strips at different time points in 2023.

Figure S19: Indicator soil microbial species characterizing different sampling locations in FB

and SB spring fields in 2023.

Figure S20: Barplot of predicted functions at sampling location using shoot bacterial dataset
in 2023. Significant differences (P< 0.05) between functions at sampling sites are indicated in
letters after false-discovery rate (FDR) correction. Error bars denote the standard error (SE)

of the mean relative abundance.

Figure S21: Barplot of predicted functions at sampling location using soil bacterial dataset in

2023. Significant differences (P< 0.05) between functions at sampling sites are indicated in
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letters after false-discovery rate (FDR) correction. Error bars denote the standard error (SE)

of the mean relative abundance.

Figure S22: Barplot of predicted functions at sampling location using shoot fungal dataset in
2023. Significant differences (P< 0.05) between functions at sampling sites are indicated in
letters after false-discovery rate (FDR) correction. Error bars denote the standard error (SE)

of the mean relative abundance.

Figure S23: Barplot of predicted functions at sampling location SB using soil fungal dataset in
2023. Significant differences (P< 0.05) between functions at sampling sites are indicated in
letters after false-discovery rate (FDR) correction. Error bars denote the standard error (SE)

of the mean relative abundance.

Figure S24: Barplot of predicted functions at sampling location using FB soil fungal dataset in
2023. Significant differences (P< 0.05) between functions at sampling sites are indicated in
letters after false-discovery rate (FDR) correction. Error bars denote the standard error (SE)

of the mean relative abundance.

Figure S25: Heat map showing significant correlations between bacterial and fungal taxa in A)
SB and B) FB soil samples. Bacterial and fungal data from all the time points were pooled and
used for the analysis. We used ASVs present in at least 10 samples with Spearman’s rank
correlations > 0.4 for positive correlations and <-0.4 for negative correlations, with p < 0.05,
and correction using Benjamini-Hochberg FDR. Positive and negative correlations are

indicated by blue and red colours, respectively.

Figure S26: Soil microbial co-occurrence networks computed for the different sampling
locations (centre to edge sites) in A) SB and B) FB samples. The grey and red edges represent
positive and negative correlations, respectively. Network tolerance to attack of the respective
site-specific networks using change in connectivity as a function of the fraction of removed
nodes. Dashed lines show the maximum fraction of nodes to be removed for 100%
connectivity loss (highest break- down of network). The four sustained attack strategies to test
tolerance included random removal, direct removal of nodes with highest betweenness
centrality, target on nodes with the highest impact closeness (degree), and a combination of

random and targeted on betweenness (cascading). Additionally, relative abundances of hub
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taxa identified (including the numbers of ASVs assigned to phyla) for each site-specific

networks are shown.

Supplementary Tables

Table S1: Faba bean (FB) and spring barley (SB) strip description including rotational seeding

and fertilization.

Table S2: Sequence statistics including mean, median and range of reads per compartment

for fungal and bacterial libraries at different days post inoculation (DPI) in 2022.

Table S3: Sequence statistics including mean, median and range of reads per compartment

for fungal and bacterial libraries at different days post inoculation (DPI) in 2023.

Table S4: Shoot bacterial alpha diversity pair wise comparison (using Wilcoxon rank sum
test) between strip gradient positions (from centre of strip towards the edge border rows (A-

E)) of faba bean (FB) and spring barley (SB) samples at different sampling time T3 in 2022.

Table S5: Fungal shoot alpha diversity pair wise comparison (using Wilcoxon rank sum test)
between strip gradient positions (from centre of strip towards the edge border rows (A-E)) of

faba bean (FB) and spring barley (SB) samples at different sampling time T2 and T3 in 2022.

Table S6: Soil fungal alpha diversity pair wise comparison (using Wilcoxon rank sum test)
between strip gradient positions (from centre of strip towards the edge border rows (A-E)) of

faba bean (FB) and spring barley (SB) samples at different sampling time T2 and T3 in 2022.

Table S7: Summary of permutational analysis of variance (PERMANOQOVA) and Pairwise Adonis
at each sampling time in 2022 using the “adonis” test on Bray-Curtis distance matrices using

bacterial and fungal community dissimilarity assessment using 1,000 permutations.

Table S8: Shoot alpha diversity pair wise comparison (using Wilcoxon rank sum test) between
strip gradient positions (from centre of strip towards the edge border rows (A-E)) of faba bean

(FB) and spring barley (SB) samples at different sampling times in 2023.

Table S9: Soil alpha diversity pair wise comparison (using Wilcoxon rank sum test) between
strip gradient positions (from centre of strip towards the edge border rows (A-E)) of faba bean

(FB) and spring barley (SB) samples at different sampling times in 2023.
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Table S10: Summary of permutational analysis of variance (PERMANOVA) and Pairwise Adonis
at each sampling time in 2023 using the “adonis” test on Bray-Curtis distance matrices using

bacterial and fungal community dissimilarity assessment using 1,000 permutations.

Table S11: Network metrics computed for gradient-specific networks of FB and SB using 2023

microbial datasets.
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