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Abstract  12 

Background  13 

Diversified cropping systems including intercropping and strip cropping have generally been 14 

shown to be highly productive and resilient compared to monocropped systems. Enhanced 15 

agronomic and environmental benefits that characterize these systems minimize 16 

agrochemical use while maintaining high crop yields and production. While these benefits 17 

could be driven by higher microbial diversity sculpted by the distinct crop types, we still have 18 

limited insight into how plant microbiomes are assembled in these cropping systems at the 19 

field scale. Here, we examined the dynamics and site-specific assembly of soil and 20 

phyllosphere microbiomes in a rotational faba bean (FB) (Vicia faba) and spring barley (SB) 21 

(Hordeum vulgare) strip field during two cropping seasons. FB and SB were grown in 22 

neighbouring 6 m wide strips. Using bacterial 16S and fungal ITS amplicon sequencing, we 23 

analysed the microbial communities across gradients from the centre of strips towards the 24 

edge of strips, where FB and SB strips met.  25 

Results  26 

We found highly dynamic microbial communities that were distinct between the FB and SB 27 

strips and that varied across time. Within the strips, we observed a gradient-specific microbial 28 

distribution including some fungal pathogens. For instance, the genus Puccinia was 29 



consistently enriched in the centre of the SB strips and gradually declined towards the edge 30 

of the strips. Neighbour strips affected the microbial richness in the adjacent strips with the 31 

strongest effects on the edge plants. Moreover, we observed distinct site-specific microbial 32 

interactions and bacterial and fungal co-occurrence networks within strip fields. Inter-phylum 33 

co-occurrence networks exhibited more dissimilar network configurations on the shoots than 34 

in the soil, primarily due to higher dynamic patterns of the phyllosphere microbiota in SB. 35 

Network tolerance to disturbance suggested that networks at the edge of the strips were 36 

more resilient to disturbances than networks in the center of the strips in the SB strips. 37 

Conclusion 38 

This study provides comprehensive insights into host associated microbiome assembly in 39 

strip fields with contrasting crops, disclosing the above and belowground dynamics within 40 

and across FB and SB strips. Our findings reveal considerable knowledge that will facilitate 41 

the thorough unravelling of crop field-level microbiome assembly, and harnessing 42 

microbiome-mediated benefits via optimal cropping systems design for sustainable crop 43 

production. 44 
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Introduction 47 

Diversified cropping systems including intercropping and strip cropping, where two or more 48 

crops are co-cultivated on a parcel of land have generally been shown to be highly productive 49 

and resilient to biotic and abiotic stresses compared to monocropped systems [1–3]. 50 

Enhanced agronomic and environmental benefits characterizing diversified cropping systems 51 

minimizes agrochemical use [4] while maintaining high crop yields and production [5,6]. 52 

Accumulating evidence suggests that these diversified cropping-derived benefits could be 53 

driven by distinct microbial communities associating with the plants (collectively referred to 54 

as the plant-associated microbiome) [7–9]. The plant-associated microbiota plays a vital role 55 

in promoting plant growth via aiding in nutrient acquisition [10,11], disease suppression 56 

[12,13] and improving overall soil health [14]. While technological advancements and high-57 

throughput omics techniques are enhancing our understanding of plant-associated 58 



microbiota, the detailed mechanisms underlying plant-microbiota interactions for sustainable 59 

crop production remain to be fully uncovered. 60 

Agricultural fields are highly heterogenous with uneven distribution of microorganisms, that 61 

are continuously affected by both host plants and environmental factors. Crop genotypes 62 

harbour distinct associated microbiomes at differing microhabitats and strongly affect 63 

microbiome dynamics and assembly. Belowground, soil physicochemical properties including 64 

pH, organic matter, soil aggregate and nutrient status [15], and plant factors such as exudates 65 

are the main factors driving the assembly of the host associated microbiomes [16–19]. The 66 

phyllosphere microbiome is highly dynamic and is strongly influenced by environmental 67 

factors, in this case wind, rain, ultraviolet radiation and temperature, as well as the 68 

phenotypic characteristics of the host plant [20–24]. While environmental factors may drive 69 

plant microbiomes at macroscale, host phenotypic characteristics have the strongest effects 70 

at the microscale [20,23,25,26]. Morella et al., (2020) [27] reported a strong habitat and host 71 

genotype-dependent selection of plant-associated microbiomes using successive passaging 72 

experimental setups. Comparatively, the soil microbiota is relatively stable, with soil bacteria 73 

displaying lesser mobility than fungi, which are able to spread through hyphal networks in the 74 

soil [28,29]. However, detailed empirical studies are still needed to establish microbiome 75 

patterns and biogeography at the microscale in diverse cropping systems.  76 

In mixed vegetations, plant microbiome assembly and their functions are affected by the 77 

neighbouring plants, both below and above ground [30,31]. Plant neighbour effects on 78 

microbiomes becomes stronger with increasing biomass than the reference host effects on 79 

the host phyllosphere bacterial communities in the long term [31]. Different plant genotypes 80 

host ecologically distinct microbiomes with potentially distinct functions. Thus, the effects of 81 

plant neighbour could underline the amplified benefits derived from host-associated 82 

microbiota, including enhancing nutrients acquisition, diseases suppression, and soil 83 

biodiversity in diversified cropping systems compared to monocrop systems [32,33]. For 84 

example, maize-peanut intercropping was reported to increase the nitrogen content of the 85 

intercropped maize and alter the composition and diversity of the microbial communities in 86 

the rhizosphere soil, including enrichment of beneficial microbes [34]. Plant neighbours have 87 

also been reported to modulate microbial pathogen dynamics for example, by either reducing 88 

or increasing  fungal root pathogen Rhizoctonia solani attack of the focal plant [35]. Similarly, 89 



this work also found that older plant neighbours reduced  Rhizoctonia solani infection through 90 

delayed onset of transmission [35]. Additionally, heterospecific neighbor plants in 91 

intercropping systems (two or more crops grown together) or strip intercropping systems 92 

(where crops are sown in narrow strips for ecological interaction) [36,37], may serve as an 93 

additional source of microbiota for the plant. Locally dispersed microbiomes from 94 

neighbouring plants is an important source affecting phyllosphere assembly, and similarly, 95 

neighbouring plant genotype, biomass or age could strongly affect microbiomes of the host 96 

[31].  97 

Studies investigating plant-associated microbiomes are mostly performed in pure stands. 98 

Thus, we have limited insights of plant microbiome composition, diversity and potential 99 

functions in diversified cropping systems. Also, effects of plant neighbours on the dynamics of 100 

the host microbiome are rarely investigated. Hence, empirical studies of plant microbiomes 101 

including the effects of plant neighbour on community structuring and diversity in strip 102 

cropping fields could disclose microbiota signatures and patterns that promote crop health, 103 

soil biodiversity, and ecosystem stability.  104 

The aim of this study was to investigate the effects of strip cropping on microbial dynamics, 105 

including pathogens, below- and above-ground. We hypothesize that microbial community 106 

structure patterns and dynamics are spatially distinct within stripcrop fields and are strongly 107 

affected by contrasting crop type in the adjacent strips. The specific objectives include i) 108 

characterizing microbial diversity and composition of soil and leaf-associated microbiomes 109 

within specific locations within strips across different time points ii) assessing how specific 110 

microbial pathogens are distributed within the strip cropped-field and to iii) examine microbial 111 

co-occurrence network dynamics within the strip gradients. 112 

Materials and methods 113 

Experimental field design and management  114 

A strip cropping fieldwas established in 2021 at the Sofiehøj experimental station, Denmark 115 

(Coordinates: 54.703353558133315°, 11.445337737133025°), with soils consisting of 116 

approximately 16% clay, 13% loam, 69% sand.  Faba bean, spring barley, spring wheat, sugar 117 

beet, quinoa, rye, xx, xx and xx were grown in strips, and the position of each crop type in the 118 

field was rotated annually. In this study, we focus exclusively on faba bean and spring barley 119 



strips. These strips were located adjacent to each other and replicated four times 60 m apart. 120 

The strips were 96-180 m long and 6 m wide (Figure 1A; Supplementary Table S1). The strip 121 

fields were cultivated with spring wheat and sugar beet in Month, 2021, and rotated with SB 122 

and FB, respectively in Month, 2022 and Month, 2023 (Supplementary Table S1). The 123 

experimental field layout is outlined in Figure 1B. Sowing was done in rows within each strips 124 

at X cm and X cm distance, respectively for SB and FB. Strips were maintained with manual 125 

weeding, watering and organic slurry applied to the SB plots seasonally, and additionally 126 

supplemented with an organic fertilizer, Øgro 10-3-1 in 2022 and 2023 (Supplementary Table 127 

S1). Øgro 10-3-1 is a 100% recycled organic fertilizer (10% total N, of which approximately 128 

10% is NH4
+-N) and soil conditioner for grains and other crops 129 

(https://www.oegro.dk/produkter/produktoversigt/oegro-10-3-1/).  130 

Soil and shoot sampling 131 

Soil and shoot samples were taken from the FB and SB strips in 2022 (at 2 weeks interval on 132 

18 May, 02 June and 21 June) and in 2023 (at 3 weeks interval on 23 May, 14 June, and 06 133 

July) (Figure 1B). Shoot samples were taken in every second row (designated E, C and A) 134 

starting from the edge and moving into the center of the strip, along a 10 m range in the row 135 

by randomly collecting leaves (5 and 3 leaves respectively for SB and FB, just below the flag 136 

leaf f/plant) from 10 plants (Figure 1B). Similarly, 5 soil samples (each consisting of a pool of 137 

10 samples) were taken between the rows in a gradient from the edge of the strip and inwards 138 

to the center (E, D, C, B, A). Soil samples were collected at a depth of approximately 20 cm 139 

using a soil auger (2 cm diameter).  140 

In 2022, we collected a total of 48 shoot samples (i.e. 2 crop species x 3 gradient positions x 141 

2 sampling times x 4 replicates) and 120 soil samples (i.e. 2 crop species x 5 gradient positions 142 

x 3 sampling times x 4 replicates). In 2023, we collected samples at 5 sampling gradient 143 

positions each for soils and shoots, thus resulting in a total of 120 shoot samples (i.e. 2 144 

genotypes x 5 gradient positions x 3 sampling times x 4 replicates) and a total of 120 soil 145 

samples (i.e. 2 genotypes x 5 gradient positions x 3 sampling times x 4 replicates). The 146 

collected samples were placed in labeled plastic bags and immediately kept in cold containers 147 

until later storage at -20 °C prior to DNA extraction.  148 

DNA extraction 149 

Shoot and soil samples were homogenized, followed by lyophilization for 72 h and ground 150 

using sterile steel beads (5 mm, Qiagen, Hilden, Germany) in a Geno/Grinder2000 at 1500 151 

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


rpm for 3 × 30 s. We used 250 mg of each sample for DNA extraction. Shoot DNA was 152 

extracted using the DNeasy Plant Mini kit (Qiagen, Hilden, Germany) while soil DNA was 153 

extracted using the PowerLyzer™ PowerSoil® DNA Isolation Kit (Mo Bio Laboratories, 154 

Carlsbad, CA, USA), according to the manufacturer’s instructions. DNA concentration was 155 

confirmed with Qubit dsDNA HS (High Sensitivity) Assay Kit (Invitrogen, Thermo Fisher 156 

Scientific). DNA samples were stored at − 20 °C until used for amplicon library preparation.  157 

Library preparation and amplicon sequencing 158 

The bacterial amplicon library were generated by amplifying 16S rRNA V5-V7 with 799F/1193R 159 

primer pairs [38–40]. The PCR reaction was performed in a 25 μl reaction mix consisting of 160 

12.5 μl Invitrogen Platinum SuperFi PCR master mix (Thermo Fisher Scientific, Waltham, 161 

Massachusetts), 2 μl of each primer (10 μM stock), and 6.5 μl nuclease free water, and 2 μl of 162 

the template DNA. PCR amplification was performed in a GeneAmp PCR System 9700 thermal 163 

cycler (Thermo Fisher Scientific) using the following conditions: 94.0°C for 3 min, 35 cycles at 164 

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 165 

amplicon library was prepared using the fITS7 and ITS4 [41,42] fungal primer pair that amplify 166 

the internal transcribed spacer 2 (ITS2) region of the fungal rRNA gene [41]. The amplification 167 

was done in a reaction mixture of 25 μl as described for bacteria reactions. The PCR thermal 168 

cycling conditions for the fungal PCR was 94.0°C for 5 min, 35 cycles at 94°C 30s, 57°C 30s, and 169 

a final extension step at 72°C for 30s. For both bacteria and fungal libraries, we used dual 170 

indexing in combination with internal barcodes to pool samples. The bacterial and fungal 171 

forward primers were tagged with varying bases of multiplex identifiers [43,44]. For indexing, 172 

primers including indexing tags were used in a PCR with 10 cycles, with the thermal cycler 173 

programs as described above. PCR amplicon sizes of both bacteria and fungi libraries were 174 

confirmed on 1.5% agarose gel and expected band sizes excised and extracted using QIAquick 175 

Gel Extraction Kit (Qiagen). The libraries were sequenced on an Illumina MiSeq sequencer 176 

with PE300 at Eurofins MWG (Ebersberg, Germany). 177 

Sequence data processing and statistical analysis  178 

Bacterial and fungal sequences were analyzed using the DADA2 (v. 1.12) [45] in the R statistical 179 

package (R Core Team, Vienna, Austria). Briefly, the raw reads were quality filtered and 180 

trimmed (filterAndTrim - maxN = 0, maxEE = 2, truncQ = 2), followed by error learning 181 

(learnErrors), dereplication (derepFastq) and merging of forward and reverse reads 182 



(mergePairs) prior to the construction of the sequence table (makeSequenceTable) and 183 

chimera removal (removeBimeraDenovo). Taxonomic assignment was done using the 184 

reference databases SILVA version 128 [46] and the UNITE database [47] train sets 185 

(https://benjjneb.github.io/dada2/training.html), for bacterial 16S rRNA and fungal ITS, 186 

respectively, using the implementation of the naive Bayesian classifier in dada2 R package. 187 

Unassigned ASVs at kingdom level and ASVs assigned to chloroplast or mitochondrial 188 

sequences were excluded from all the datasets.  189 

Statistical analyses and visualizations were performed in R v3.3.0 [48] using vegan (v2.5.7) 190 

[49], phyloseq (v1.34.0.) [50], and ggplot2 (v3.3.2) [51] packages. The filtered data were 191 

normalized and used for visualizing microbial relative abundances in the samples. We 192 

examined significant differences in the relative abundances of specific pathogenic fungi using 193 

a two-group White’s nonparametric t-test in the STAMP software v2.1.3 [52,53], with the 194 

Benjamini-Hochberg FDR to control for multiple testing [54]. We assessed alpha diversity 195 

(observed richness and Shannon diversity) and statistically significant differences using the 196 

non-parametric Kruskal–Wallis test followed by Bonferroni–Dunn multiple comparison test 197 

between groups. The ASV tables were transformed into relative abundances prior to beta 198 

diversity analysis. We visualized the Bray-Curtis dissimilarity matrices using unconstrained 199 

principal coordinates analysis (PCoA). Following, we perfoemd Permutation analysis of 200 

variance (PERMANOVA) statistical tests to determine the effects of experimental factors on 201 

the community dissimilarity using “adonis” in the vegan package, with 1000 permutations. 202 

Pairwise comparison was performed to assess differences between microbial communities 203 

across the sampling gradients using the pairwiseAdonis function 204 

(https://github.com/pmartinezarbizu/pairwiseAdonis).  205 

We quantified soil edaphic parameters in the strips and test for significant differences using 206 

the cal_diff (method = anova) and plot_diff functions within the trans_env function in the R 207 

package “microeco” [55]. Additionally, we performed redundancy analysis (RDA) and Pearson 208 

correlation analysis to evaluate the relationships between microbial communities and soil 209 

physicochemical properties, using the microeco package. 210 

In addition, indicator species analysis [56] was performed to identify microbial ASVs which 211 

were significantly associating with specific sampling gradient positions using the indval 212 

function in the labdsv package [57]. We used splitted shoot and soil data for SB and FB samples 213 

https://github.com/pmartinezarbizu/pairwiseAdonis


for this analysis. Significant bacterial ASVs (bASVs) and fungal ASVs (fASVs) were defined as 214 

those with p < 0.01 and an indicator value of at least 0.4. We further assessed the functional 215 

potential associated with the identified indicators. Bacterial and fungal functional profile were 216 

predicted with the functional annotation of prokaryotic taxa (FAPROTAX) [58] and FungalTraits 217 

[59], respectively, using the microeco’ package [55].  218 

Correlation analysis and microbial co-occurrence networks   219 

We constructed gradient specific microbial co-occurrence networks as described previously 220 

[12], to explore interactions between specific microbial taxa at specific gradient positions in 221 

shoot and soil of FB and SB. Briefly, we combined bacterial and fungal datasets and normalized 222 

it using the trimmed mean of M values (TMM) method using the package EdgeR [60]. 223 

Correlation analysis was performed using ASVs that were present in at least 10 samples with 224 

Spearman’s rank correlations > 0.4 for positive correlations and <-0.4 for negative correlations, 225 

with p < 0.05, and correction using Benjamini-Hochberg FDR. Significant correlations were 226 

visualized at the genus level using heatmaps. Next, we constructed microbial co-occurrence 227 

networks at the phyla level with ASVs set as nodes and correlations as edges. Network metrics 228 

such as  transitivity or clustering coefficient (the probability that the adjacent nodes of a node 229 

are connected), mean degree (the average number of edges across all nodes in a network), 230 

density (fraction of all possible edges actually realized), average path length (APL) (average 231 

number of steps which would be required to reach from one node to another in the network) 232 

and modularity (measures how well the network is organized into distinct modules) were 233 

computed, using the “igraph” package [61]”. Furthermore, we computed the hub or keystone 234 

taxa representing the top 5% of the ASVs with the most correlations in each of the constructed 235 

networks. Highly connected ASVs were identified and their relative abundances across were 236 

visualized. 237 

To examine whether community resilience differ between sampling sites within strips, we 238 

assess the robustness of each co-occurrence network based on network attack tolerance 239 

strategies using the NetSwan package for R [https:// cran.r-240 

project.org/web/packages/NetSwan/index.html]. Each location specific network was 241 

assessed using four attack to vulnerability strategies involving systematic node removal using 242 

four strategies. These strategies included (i) random removal, (ii) direct removal, where nodes 243 

were removed in descending order of their BNC (betweenness centrality) value (i.e., number 244 



of times a node is found on the shortest path between other nodes), (iii) targeted on nodes 245 

with the highest impact closeness (degree), and (iv) cascading removal, involving the 246 

recalculation of BNC values after each node was removed. The effect of each attack metric on 247 

network stability was visualized using connectivity loss as a function of fraction of nodes 248 

removed.  249 

Results 250 

Sequence data summary 251 

For characterizing the effects on microbial diversity of strip cropping, we sampled soil and 252 

shoot samples of SB and FB across spatial gradients from the edge of the strip (close to the 253 

neighbouring crop) towards the centre of the strips at three different timepoints in 2022 and 254 

2023. Sequence reads from the soil and shoot bacterial and fungal samples, with read 255 

numbers and sequences read statistics in both 2022 and 2023 are summarized in 256 

supplementary file Table S2,3. We did not analyse the bacterial reads from the shoot samples 257 

collected in 2022 due to poor quality and they were thus removed from the dataset.  258 

Microbiome composition, diversity and indicators in strip fields in 2022 259 

Shoot bacterial relative abundance were highly distinct across the gradients of the strips of FB 260 

and SB (Figure 2A). For example, the bacterial genus Rosenbergiella was highly enriched in 261 

the centre of the strips in FB, while the bacterial family Enterobacterales  was significantly 262 

enriched in the center (A and C) compared with the edge (E) (Supplementary Figure S1A,B). 263 

In contrast, Afipia, Mesorhizobium, Siccibacter and Pantoea were highly enriched in the edges 264 

of the strips (E) (Figure 2A, Supplementary Figure S1A,B). In the SB shoots, Pseudomonas and 265 

Burkholderia were decreasing from the center towards the edge, while Staphylococcus had a 266 

contrasting trend (Figure 2A, Supplementary Figure S1C). We observed contrasting shoot 267 

bacterial alpha diversity trends in the two crops with a decreasing richness from the centre 268 

towards the edge in FB, whereas the highest alpha diversity was at the edge in SB and 269 

decreasing towards the centre (Figure 2B). However, the bacterial richness in SB shoot was 270 

only significantly (p<0.05) higher in the centre location (A) compared with the edge (E) 271 

(Supplementary Table S4).  272 

Shoot bacterial community composition was clearly distinct along the gradients in both FB 273 

and SB (Figure 2C,D) as also confirmed by PERMANOVA (FB: Adonis, R2 = 0.48; SB: Adonis, R2 274 



= 0.49, P<0.01; Supplementary Table S5). Pairwise PERMANOVA comparisons revealed 275 

significant differences within the gradients (Supplementary Table S5).  276 

In soil, bacterial relative abundances were similar across gradients and time in both FB and SB 277 

(Supplementary Figure S2), while alpha and beta diversities were distinct across gradients 278 

(Supplementary results, Figure S3-4 and Table S5).  279 

Indicator species analysis revealed unique clustering of specific bacterial taxa in the individual 280 

gradient positions within the strips of both shoot of FB and SB (Figure 2E,F). Specifically, 281 

bacterial genera Afipia, Pantoea, Sphingomonas and Bradyrhizobium were distinct indicators 282 

for the edge of the strips in FB (Figure 2E). The genera Pseudomonas and Sphingomonas 283 

strongly associated with the centre of the strips (A,C) while Staphylococcus and 284 

Exiguobacterium were main indicators of the strip edges of SB (Figure 2F).  Unlike the shoot 285 

gradients, indicator bacterial taxa were fewer and rarely distinct across the gradients of the 286 

strips (Supplementary Table S4B).  287 

Relative abundances of fungi in shoots were distinct across the gradients (Figure 3A). Most 288 

remarkably, in SB, the fungal genus Puccinia, containing the pathogen Puccinia hordei, was 289 

steeply decreasing from the centre towards the edge of the strips at sampling time 2 while 290 

this gradient had disappeared at sampling time 3 (Figure 3A,B). Similarly, at the earliest 291 

sampling time, other potential pathogenic taxa in shoots including Ramularia and 292 

Cladosporium differed significantly in relative abundances at different sampling gradient 293 

positions of SB (Figure 3B). Cladosporium and Holtermanniella decreased, while 294 

Vishniacozyma and Dioszegia were increased from the centre towards the edge of strips in FB 295 

at sampling time 2. In contrast, soil fungal relative abundances were similar across the 296 

gradients within SB and FB (Supplementary Figure S6). Because there was an overlap in the 297 

ASVs occurring in the phyllosphere and rhizosphere, we further assessed the fungal pathogens 298 

dynamics in the soil and found that Cladosporium and Fusarium were significantly different 299 

between soils samples from the centre and edge locations at sampling time 1 and time 2 300 

(Supplementary Figure S7,8).   301 

Generally, shoot fungal alpha diversity was distinct, with fungal Shannon diversity declining 302 

from centre to edge in both SB and FB at T2, but the opposite trend appeared at T3. Figure 303 

3C, Supplementary Table S6). Shoot fungal beta diversity clearly separated the fungal 304 



communities across the spatial gradients in both FB and SB (Figure 3D). PERMANOVA 305 

confirmed the significant effect of the gradient position on shoot fungal communities in FB 306 

(sampling time 2; Adonis, R2 = 0.47, Sampling time 3,  Adonis, R2 = 0.43, P< 0.001, 307 

Supplementary Table S5) and SB (sampling time 2; Adonis, R2 = 0.42, P< 0.001, Sampling time 308 

3,  Adonis, R2 = 0.33, P<0.05 (Supplementary Table S5). Further pairwise tests revealed 309 

significant differences in shoot fungal communities within the gradients (Supplementary 310 

Table S5).  311 

Soil fungal alpha diversity was rarely distinct across site (Supplementary Figure S9, Table S7) 312 

but community composition markedly clustered for specific gradient positions in both FB in 313 

SB (Supplementary Figure 10). The gradient effect was consistently significant in SB (Sampling 314 

time 1,  Adonis, R2 = 0.36, P< 0.01, Sampling time 2,  Adonis, R2 = 0.32, P< 0.01, Sampling time 315 

3,  Adonis, R2 = 0.40, P< 0.001) and further confirmed by pairwise test effects of sampling 316 

location (Supplementary Table S5). Additionally, we identified specific indicator fungal taxa 317 

associated with specific shoot and soil samples from different sampling gradients (Figure 3 E, 318 

Supplementary Figure S11, 12).  319 

Microbiome composition, diversity and indicators in strips in 2023 320 

Following rotational strips in 2023, we collected and analysed shoot and soil samples similarly 321 

as described for 2022. Distinct bacterial relative abundances were observed at different 322 

gradient positions, likewise a noticeable shift in these abundances at the different sampling 323 

times in both SB and FB (Supplementary Figure S13). Generally, Burkholderia dominated the 324 

shoot bacterial community in both SB and FB at all sampling time. Soil bacterial relative 325 

abundance was similar across gradients and time (Supplementary Figure S14A). The relative 326 

abundance of Puccinia was highest in the centre of the SB strips, confirming the observations 327 

in the 2022 dataset (Figure 4A,B). Cladosporium was significantly highest in the edges of the 328 

strips, while Blumeria was significantly enriched in the centres of the strips in SB (Figure 4C). 329 

In soil, fungal relative abundances were distinct between the SB and FB strips (Supplementary 330 

Figure S14B), but similar across the gradients in the strips.  331 

We analysed the proportion microbial taxa of that were present in shoot samples of both FB 332 

and SB. Shared shoot bacterial taxa were rarely different between gradient positions 333 

(Supplementary Figure S15). Generally, the strip edges (A) having the least distance between 334 



FB and SB, had the highest number of shared fungal taxa (39%), followed by the next  gradient 335 

position (C) (35%) and least within the centre positions (E) furthest apart (31.5%) (Figure 4 D). 336 

Microbial alpha diversity generally confirmed results in 2022 (Supplementary Figure S16,17; 337 

Supplementary Table S8,9).  338 

Shoot bacterial community composition was markedly distinct across gradients of shoot and 339 

soil for both FB and SB, while in soil, sampling time affected microbial communities of both FB 340 

and SB, but these effects were stronger on fungi than bacterial communities (Figures 5, 341 

Supplementary results).  342 

We found indicator species across strip gradients, displaying potential functions at different 343 

sites and at different time points in both soil and shoot SB and FB (Supplementary Figure 344 

S19A,B; S20-24). In SB shoots, bacterial functions assigned to fermentation and anaerobic 345 

chemoheterotrophy characterized the centre sampling location, while aerobic 346 

chemoheterotrophy was higher in the edge locations (Supplementary Figure S20). Similarly, 347 

we observed higher functions of dark hydrogen oxidation, nitrogen fixation, human 348 

pathogens, animal parasites, ureolysis in the edge sampling locations of FB shoots. In SB soil, 349 

functions associated with primary lifestyle mycoparasite, unspecified saprotroph and 350 

secondary lifestyles fungal decomposer, litter saprotroph and plant pathogen were 351 

significantly higher in the edge than the centre gradient (Supplementary Figure S23). 352 

Potential fungal functions like foliar endophytes and dung saprotroph were highly enrich in 353 

the centre than the site sites.   354 

Gradient-specific correlation analysis identified distinct positive and negative interactions 355 

among microbial taxa in shoot and soil samples of FA and SB (Figure 6A; Supplementary Figure 356 

S25). A higher number of correlations were detected in shoots of SB than in FB. In shoot SB, 357 

the strip edges had the highest and most negative correlations. The genera Siccibacter and 358 

Erwinia negatively associated with Puccinia in centre sampling location A, while Pantoea, 359 

Cupriavidus and the order Enterobacterales also negatively correlated with Puccinia in the 360 

edge strip (Figure 6A). Also, the genus Burkholderia correlated negatively with Alternaria in 361 

samples from the centre sampling location A and edge (E).  Similarly, in FB shoot, Pantoea 362 

negatively correlated with Alternaria in centre location A, and similarly Sphingomonas, 363 

Ralstonia, Burkholderia and Bradyrhizobium (Figure 6B). In soil, a higher number of negatively 364 

correlating taxa was found in centre gradients than the edge in FB, including the genus 365 



Fusarium correlating with Bacillus, Nitrospira, Nocardioides and Variovorax (Supplementary 366 

Figure S25). 367 

Gradient specific co-occurrence networks and resilience characterizing sampling locations 368 

in strip fields 369 

Microbial co-occurrence networks revealed distinct patterns of microbial associations in the 370 

shoot and soil bacterial and fungal datasets at the three specific gradients within FB and SB 371 

(Figure 7A,B). Network node and edge numbers (both positive and negative) inferred from 372 

each network and additional network properties are summarized in the Supplementary Table 373 

S11. Overall, FB shoot networks were more densely connected than the SB shoot networks in 374 

the different gradient positions. SB shoot networks were the most distinct with highly sparse 375 

structure at the centre of the strip to more dense and highly connected networks towards the 376 

edge (Figure 7A). Network metrics including mean degree (Mn) and average path length (APL) 377 

corroborated the differences in co-occurrence networks across strip gradients in SB. 378 

Specifically, the mean degree of the SB shoot network was 7.07, 14.58 and 13.26 in locations 379 

A, C andE, respectively. Similarly, the APL was highest in networks of the centre of the strip 380 

and declined in networks at the edge (Figure 7A). FB shoot networks also revealed subtle 381 

differences in network properties with modularity being highest in the edge networks of both 382 

shoot and soil (Figure 7B). Furthermore, soil gradient specific networks were distinct between 383 

FB and SB (Supplementary Figure S26). We identified distinct number of hub taxa with varied 384 

connections and relative abundances in specific gradient networks (Figure 7).  Fungal genera 385 

Vishniacozyma (species V. victoriae) and Taphrina were predominating hub taxa with high 386 

relative abundance in both FB and SB networks. V. dimennae and V. victoriae were highly 387 

abundant hub taxa in the edge network while Taphrina, Sporobolomyces (species S. roseus) 388 

and Neosetophoma dominated the centre networks of SB. In FB, bacterial genera Burkholderia 389 

dominated the centre, likewise Papiliotrema (species P. flavescens) which was also highly 390 

abundant at the edge. Cladosporium was the most abundant hub taxa in the edge networks 391 

of FB. 392 

We tested the robustness of the networks by assessing their tolerance using four node 393 

sustained attack strategies, including random removal, direct removal of nodes with highest 394 

betweenness centrality, targeted on nodes with the highest impact closeness (degree), and 395 

an approach involving a combination of random and targeted on betweenness (cascading). 396 



Among the tested strategies, random removal had the least connectivity loss, whereas degree 397 

and cascading attacks caused the lowest tolerance in both shoot and soil networks (Figure 398 

7A,B, Supplementary Figure S26). SB shoot gradient specific networks exhibited a 399 

pronounced breakdown vulnerability which was higher in the centre network compared with 400 

edge networks when assessing breakdown with the all the attacking strategies, except degree 401 

attack (Figure 7A).  Removal of 50% nodes resulted in a 100% breakdown attacking degrees, 402 

compared with at least 60% nodes removal for a total disintegration in the other tolerance 403 

strategies. For the FB shoot gradient networks, a higher number of node removal (57%) is 404 

required to totally disrupt the networks, when using degree (for all networks), and for 405 

cascading and betweenness of locations A and E networks (Figure 7B). Although subtle 406 

differences were observed between soil gradient specific networks, attack strategies did not 407 

reveal clear differences Supplementary Figure S26A,B).  408 

Discussion   409 

Mixed cropping systems have been well documented to promote high microbial biodiversity 410 

that have been suggested to enhance crop growth and disease suppression [7–9,62]. Plant 411 

associated microbiomes have been widely suggested as the “green solution” for sustainable 412 

crop production, primarily due to its multifaceted role in plant development [63]. Yet, we still 413 

have limited understanding of the effects mixed cropping systems such as strip cropping on 414 

microbiome composition, diversity and dynamics at the field scale.  In the present study, we 415 

examined the effects of faba bean (FB) and spring barley (SB) neighbour plants on the 416 

contrasting hosts shoot and soil microbiomes across different time points. FB as a dicot 417 

belonging to the family Fabaceae and SB as monocot in the Poaceae family were expected to 418 

assembledistinct microbiomes that could affect plant performance within the respective 419 

strips. We also expected that microbiome assembly would depend on the presence of the 420 

adjacent crop, but to which extent the proximity to the adjacent crop would affect microbiome 421 

assembly above- and belowground was less predictable.  422 

Microbial communities are dynamic and distinct across strip crop spatial gradients 423 

We found distinct microbial communities in the spatial gradients within the SB and FB strips, 424 

thus confirming our hypothesis of neighbor-effects on the host-associated microbiomes in the 425 

strips.  426 



We found that the phyllosphere communities were more distinct across the gradient  of SB 427 

and FB at the early stages compared to the later stages, indicative of stronger effects of species 428 

effects at early stages and this become masked at later stages, primarily by environmental 429 

factors [68]. However, soil fungal communities were distinct at later stages suggesting stronger 430 

effect of the plant in structuring the fungal than bacterial communities. Both sampling time 431 

and gradient position significantly affected microbial community structures in shoot and soil 432 

of both FB and SB, except for soils in SB where gradient position did not affect the bacterial 433 

community significantly. Sampling time contributed the highest effects on microbial 434 

communities suggest effects of continuous confounding host physiological changes [69–71].  435 

Our data clearly revealed a more dynamic shoot microbiota in SB compared to FB, further 436 

corroborating the effects of distinct host phenotypic traits on microbial community assembly 437 

[23]. While limited work exists comparing microbiome assembly in shoots of monocot and 438 

dicots, reports show that broadleaved woods hosted higher proportions of N-fixing bacteria 439 

[72]. Leaf type, surface microtopography and canopy cover determines surface area for 440 

microbial colonization and affect micro-environmental factors (temperature, relative 441 

humidity, wind) differentially affecting microbial communities [23]. Although we did not 442 

quantify nutrients in SB and FB, monocots and dicots accumulate varying levels of leaf 443 

nutrients such as N and P [73], that might drive distinct microbial community assembly [74]. 444 

Sangiorgio et al., (2024) [74] reported that foliar C:N ratio contributed to the difference in 445 

phyllosphere bacterial communities across sites in Scots pine. Also, the highly dynamic and 446 

consistent shoot microbiomes observed compared to soil of SB and FB samples in 2022 and 447 

2023 is not surprising as highly perturbating weather factors strongly alter the phyllosphere 448 

microbiome [75]. Almario et al., (2022) [68] reported reproducible dynamics and patterns of 449 

shoot microbiomes throughout the growing season. Furthermore, microbial community 450 

structures were distinct in FB and SB, supporting previous studies of  species effects on plant-451 

associated microbiomes [12,43].  452 

Specific fungal pathogens were distinctively distributed within strips 453 

Strip cropping systems have been suggested as a sustainable way of reducing pathogen 454 

pressures. We found that the relative abundance of potential plant fungal pathogenic genera 455 

on SB shoots, specifically Puccina was consistently higher in the centre than at the edge strips 456 

of at earlier sampling time in both 2022 and 2023. These results were consistent in the 457 



individual replicated samples across the field, thus providing strong evidence of Puccinia 458 

development in the centre of the strips. The genus Puccina contains Puccinia hordei causing 459 

the destructive leaf rust disease of cereals globally [76]. Other fungal pathogenic genera, 460 

including Blumeria (causing powdery mildew), Ramularia (causing leaf spot) and 461 

Cladosporium (causing leaf spot, scab, and blights), were also found to be differentially 462 

distributed along the gradient in both 2022 and 2023. Similarly, profiling of these pathogens 463 

in soil revealed consistent enrichment of Cladosporium in the centre location, while Fusarium 464 

was enriched at the edge. These findings suggest differing tendencies of fungal pathogenic 465 

attack at specific sites within strip fields, as previously reported [77]. Further, we speculate 466 

that incidence of shoot diseases such as those caused by Puccinia and soil diseases caused by 467 

Fusarium species could occur in the centre and edges, respectively, within SB strips. Whether 468 

the microbiota sourced from neighbour plants affects the spread of pathogens would require 469 

further studies with varying strip field design. However, there is evidence that root-exuded 470 

metabolites of neighbour plants regulates plant susceptibility to soil pathogens in intraspecific 471 

mixtures [78]. Similarly, pathogen suppressive volatiles from neighbour plants could result in 472 

reduced leaf or root pathogen establishment in a strip cropping system [10][79]. Repeated 473 

strip rotation with crops secreting bioactive root exudates could induce soil suppressiveness 474 

against microbial pathogens. Moreover, it is interesting to note that pathogenic lifestyles may 475 

be plant type dependent, as a pathogen of dicots could eventually act as a biocontrol agent in 476 

a monocot plant [80].  477 

 478 

Indicator species across strip gradients with potential functions  479 

We identified indicator microbial taxa that were associated with either the centres or the 480 

edges of the strips. For instance, at timepoint three in 2022, the bacterial indicators Afipia, 481 

Pantoea, Sphingomonas and Bradyrhizobium were associated with edges of the FB strips. In 482 

the SB strips, Pseudomonas and Sphingomonas associated with the centres, while 483 

Staphylococcus and Exiguobacterium were main indicators of the edges in the strips of SB. 484 

Several of these taxa have profound beneficial roles for the plant host and thus have been 485 

studied for their biocontrol traits [81]. For example, Pantoea agglomerans has a strong 486 

antagonistic effect against a wide range of pathogens in many plant species (reviewed in [82]. 487 

Functional analysis based on microbial taxonomic data could reveal insights for understanding 488 



potential functional traits for promoting applications for sustainable agriculture [83]. 489 

Furthermore, we show site-specific functional attributes associated with these indicator 490 

species identified in above and below-ground, in both strip fields, and is indicative of 491 

microhabitat effects on microbial functions and distributions. These findings further extend 492 

the potential effects of neighbouring plants beyond community diversity to influencing 493 

microbial functional traits and distribution across strip fields. A recent study also found that 494 

core microbial taxa distributed in multiple wheat microhabitats significant correlated with soil 495 

functional traits, as well as soil variables and crop productivity [66].  496 

Interspecific neighbour effect is gradient-dependent across adjacent strips 497 

Current knowledge of plant species or genotypic effects on the associated microbiomes is still 498 

largely based on the intricate interactions between the focal plant and the microbiota, with 499 

limited consideration of potential neighbour specific effects on microbiome assembly on the 500 

focal plant. We found a higher number of shared shoot fungal genera in the samples taken 501 

close to neighboring strips compared to the samples taken more distantly from the 502 

neighboring strips. However, we identified a shared shoot bacterial genera between SB and 503 

FB strips, demonstrating a stronger interactive effect of neighbouring crops on the shoot 504 

mycobiome.  It has been shown that plant neighbour effects become stronger over time with 505 

increasing microbiota dispersal from neighboring plants as plant biomass increases [31]. This 506 

neighbour effect might eventually decrease host filtering effects on bacterial communities 507 

over time [31]. We speculate that the shared microbial taxa emanating from the adjacent 508 

neighbours could be affecting overall host performance. For instance, beneficial microbial 509 

species acquired from the neighbouring plant could be antagonizing pathogenic microbes on 510 

the focal plant. Further experimental evidence is needed to assess how the newly arrived 511 

microbiota from neighbouring crops affects focal host-microbial pathogen interactions in strip 512 

crop systems.   513 

Distinct gradient-specific microbial interactions and co-occurrence networking within 514 

strips   515 

Although, correlation-based analysis does not demonstrate cause and effect, it enables us to 516 

discern into plausible ecological relationships between microbial species, and between 517 

microbes and the environment [84]. Thus, we further examined whether microbial co-518 



occurrence patterns characterize gradient positions using correlation-based analysis and 519 

network visualization. Positive and negative correlations suggested potential positive and 520 

antagonistic interactions, respectively, within the host associated microbiota [29]. 521 

Correlations at lower taxa level revealed distinct associations with Siccibacter and Erwinia 522 

negatively correlating with Puccinia in the centre site A, while Pantoea and Cupriavidus also 523 

negatively correlated with Puccinia in the edge strip of SB. Erwinia species have been shown 524 

to suppress Puccinia recondite [85] causing wheat leaf rust [86], and Siccibacter colletis was 525 

reported to promote wheat growth via enhancing phosphate and potassium uptake [87]. 526 

Similarly, Pantoea species are notable known for their biocontrol activities against several 527 

pathogenic microbes attacking different plants species [82]. Thus, the varying microbial 528 

correlations associated with specific gradient positions in strips support the localized microbial 529 

interactions that could affect microbiome modulating effects on plant functions.    530 

As expected, inter-phylum co-occurrencenetworks exhibited a more dissimilar configuration 531 

in the shoots than in the soil, primarily due to higher dynamic patterns of the phyllosphere 532 

microbiota. Also, shoot networks varied more across the gradient in SB compared than in FB , 533 

thus corroborating the distinct community dynamics in grasses and broad leaf plants. In SB, 534 

shoot networks showed greater microbial community connectivity and robustness to 535 

disturbances at the edge than in the centre. The network metrics corroborate the dissimilar 536 

microbial co-occurrence interaction. These metrics also reveal insights into the microbial 537 

community dynamics during external perturbations. For instance, the transitivity and low APL 538 

characterizing the SB edge network indicate a more connected and robust network [13] 539 

compared with the centre networks. The robust SB edge network could suggest stronger 540 

microbial competition [88], which could further enhance resistance to pathogen attack. While 541 

FB shoot networks were quite similar, the high modularity characterizing edge networks 542 

suggests higher invasion rates of these communities [89,90]. However, detailed studies are 543 

needed to validate the biological relevance of these interactions at individual gradient 544 

positions.  545 

We found hub taxa with different occurrences along the strip gradients indicative of the 546 

distinct role of specific microbial taxa in community structuring. Keystone taxa are known to 547 

modulate several functions, which include regulating the invasion of fungal pathogens [91]. 548 

Sporobolomyces roseus, dominant hub taxon at the centre position of SB has been reported 549 



to be antagonistic via nutrient competition against Botrytis cinerea, the causal agent of grey 550 

mold disease [92], and against Cochliobolus sativus [93] that causes several diseases in cereal 551 

crops, including spot blotch and common root rot [94]. Moreover, Vishniacozyma victoriae, a 552 

hub taxa in both SB and FB networks is suppressive against Botrytis cinerea [95,96], and 553 

Penicillium expansum, and Cladosporium sp., [96]. Also, Papiliotrema flavescens, a dominant 554 

hub taxon at the edge of FB strips have notable plant growth-promoting properties including 555 

induction of systemic resistance against Botrytis cinerea in Arabidopsis [97]. Additionally, the 556 

bacterial genus Burkholderia is known for biocontrol traits against a wide range of plant 557 

pathogens [98]. Altogether, these results demonstrate that keystone species spatially 558 

distributed within strips could be driving microscale cooccurrence community interactions.   559 

Network tolerance to disturbance confirms the higher robustness of edge than the centre 560 

shoot networks of SB. Networks with higher robustness are able to resist rapid collapse caused 561 

by disturbance, for example pathogen attack [13], and thus have greater stability [99]. Thus, 562 

these results suggest that stronger resilience is associated with strip edge than strip centre 563 

shoot networks, and as such the centre of the strips is expected to be more vulnerable to 564 

pathogen attack compared with the edge of the strips. Interestingly, these results support the 565 

higher negative correlations detected at the edge location, likewise a higher effect of 566 

neighbour revealed in the number of shared microbial taxa. However, the larger gradient-567 

specific variation in the SB compared with the FB suggest that community resilience within 568 

strips is dependent on the host type. Moreover, since networks are dynamic due to the 569 

continuous influence of neighbour host and environmental factors [99], the observed site-570 

specific microbial co-occurrences would change across time, and would correspondingly, alter 571 

resilience patterns within strip-crop fields. 572 

Conclusions 573 

The present work investigated the dynamics and site-specific assembly of soil and 574 

phyllosphere microbiomes in a rotational faba bean (Vicia faba) and spring barley (Hordeum 575 

vulgare) strip field during two years using amplicon sequencing. We found distinct microbial 576 

composition, community structure and specific potential functions characterizing both above 577 

and belowground sampling locations within and between strips with spring barley and faba 578 

bean. Relative abundances of fungal pathogens, such as the genera Puccinia, Blumeria and 579 

Cladosporium varied across strip gradients, specifically, Puccinia was consistently enriched in 580 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/botryotinia-fuckeliana


the centre of the strips compared with the edges in SB. Moreover, neighbouring strips has 581 

higher effects on the microbial richness in the plants that were closest to the edges. 582 

Additionally, we revealed distinct site-specific microbial interactions and co-occurrence 583 

networking within strips. Inter-phylum shoot co-occurrence networks exhibited more 584 

dissimilar network configurations compared with the soil networks, primarily due to more 585 

dynamic patterns of the phyllosphere microbiota in SB. Network tolerance to disturbance 586 

confirms more resilient networks at edges than centres in the SB strips. The distinct microbial 587 

cooccurrences exemplified by network structure, topology and hub taxa could explain varying 588 

community resilience that characterize strips with different crops and sites within strips. 589 

Altogether, these findings reveal in depth knowledge that will facilitate the thorough 590 

dissection of crop field-level microbiome assembly and further, generating mixed-host 591 

mechanistic hypotheses of microbiome dynamics positively promoting sustainable cropping 592 

systems.   593 
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0.09*** 0.13*** 
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The ASVs are shown in the assigned taxon. The statistical test used was two-sided. 683 
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letters after false-discovery rate (FDR) correction. Error bars denote the standard error (SE) 745 

of the mean relative abundance. 746 
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Table S9: Soil alpha diversity pair wise comparison (using Wilcoxon rank sum test) between 790 

strip gradient positions (from centre of strip towards the edge border rows (A-E)) of faba bean 791 

(FB) and spring barley (SB) samples at different sampling times in 2023.   792 



Table S10: Summary of permutational analysis of variance (PERMANOVA) and Pairwise Adonis 793 

at each sampling time in 2023 using the “adonis” test on Bray-Curtis distance matrices using 794 

bacterial and fungal community dissimilarity assessment using 1,000 permutations.   795 

Table S11: Network metrics computed for gradient-specific networks of FB and SB using 2023 796 

microbial datasets.  797 
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