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Abstract 41 

Background: In the environment, microbial communities are constantly exposed to invasion by 42 

antimicrobial resistant bacteria (ARB) and their associated antimicrobial resistance genes (ARGs) 43 

that were enriched in the anthroposphere. A successful invader has to overcome the biotic 44 

resilience of the habitat, which is more difficult with increasing biodiversity. The capacity to exploit 45 

resources in a given habitat is enhanced when communities exhibit greater diversity, reducing 46 

opportunities for invaders, leading to a lower persistence. In the context of antimicrobial resistance 47 

(AMR) dissemination, exogenous ARB reaching a natural community may persist longer if the 48 

biodiversity of the autochthonous community is low, increasing the chance of ARGs to transfer to 49 

community members. Reciprocally, high microbial diversity could serve as a natural long-term 50 

barrier towards invasion by ARB and ARGs.  51 

Results: To test this hypothesis, a sampling campaign across seven European countries was 52 

carried out to obtain 172 environmental samples from sites with low anthropogenic impact. 53 

Samples were collected from contrasting environments: stationary structured forest soils, or 54 

dynamic river biofilms and sediments. Microbial diversity and relative abundance of 27 ARGs and 55 

5 mobile genetic element marker genes were determined. In soils, higher diversity, evenness and 56 

richness were all significantly negatively correlated with the relative abundance of the majority 57 

(>85%) of ARGs. Furthermore, the number of detected ARGs per sample was inversely correlated 58 

with diversity. However, no such effects were found for the more dynamic, regularly mixed rivers.  59 

Conclusions: In conclusion, we demonstrate that diversity can serve as barrier towards AMR 60 

dissemination in the environment. This effect is mainly observed in stationary, structured 61 

environments, where long-term, diversity-based resilience against invasion can evolve. Such 62 

barrier effects can in the future be exploited to limit the environmental proliferation of AMR. 63 

Keywords 64 

Biodiversity; Microbial barrier; Microbial Invasion, Riverbed microbiome; Soil microbiome; ARG  65 
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Background 66 

The spread of antibiotic resistance genes (ARGs) represents one of the biggest 67 

challenges to future human and animal health [1,2]. It has become clear that tackling the issues 68 

brought on by the expansion of antimicrobial resistance (AMR) requires a global effort that spans 69 

the fields of human, veterinary, and environmental health [3,4]. This perspective, also known as 70 

the “One Health” approach, is frequently used as a framework for worldwide efforts to contain the 71 

spread of AMR. However, integrating the environmental sphere has, due to its high complexity, 72 

proven particularly challenging. Understanding the existing ecological dispersal barriers is 73 

necessary to restrict the propagation of AMR in the environment [5,6]. 74 

ARGs are ancient, naturally occurring in environmental bacteria and evolved over billions 75 

of years [7]. However, during the last century, environmental microbial communities have been 76 

constantly subjected to invasion events by antibiotic resistant bacteria (ARB), and their associated 77 

ARGs, which have been enriched or released through anthropogenic activities. For example, 78 

release and reuse of wastewater effluents or the application of manure to soils are known to be 79 

primary conduits of AMR spread in the aquatic and terrestrial environments [8–11]. But even 80 

habitats with no direct anthropogenic impact are regularly exposed to lower frequencies of such 81 

invasion events, for example, through wildlife and aerial depositions. These natural diffuse 82 

sources of AMR-pollution promote the widespread dispersal of AMR over time at low levels [12–83 

16]. 84 

Invasion has been defined, both on the micro- and the macro-biological scale, as a 85 

process consisting of a sequence of successive steps, namely, (i) introduction, (ii) establishment, 86 

(iii) growth and spread, and (iv) impact [17]. For it to be successful, the invader has to overcome 87 

the “biotic resistance” towards invasion of the habitat [18]. In theory, this process becomes more 88 

difficult with increasing biodiversity [19]. The capacity to exploit the resources provided by a 89 

habitat is enhanced when communities exhibit a greater diversity, which in turn reduces 90 
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opportunities for invaders, hence lowering their persistence [20]. If an invader is phylogenetically, 91 

thus presumably also physiologically, close to established community members occupying its 92 

specific niche, the invasion process has been shown to become merely stochastic [21]. In 93 

contrast, even small-scale disturbance events can considerably increase invasion success by 94 

affecting the niche occupancy of resident species [22]. However, such effects strongly depend on 95 

the niche partitioning within the given environment rather than diversity alone [23], and might 96 

hence be far more pronounced in structured environments with a long-term established niche 97 

occupation. 98 

In the context of AMR dissemination, it is reasonable to assume that - as any invader - 99 

ARB reaching a natural community may persist longer when the biodiversity of the autochthonous 100 

community is low, as this usually coincides with a lower rate of niche occupation. This could result 101 

in a longer-term establishment of the ARB invaders, and thus increase the relative abundance of 102 

ARGs. Even when the invasion process is not successful in the long term, a slightly prolonged 103 

residence time of the invader could have a significant impact on the likelihood of ARGs being 104 

horizontally transferred to the endemic microbiota [24]. Alternatively, future invasion events could 105 

be favored by reducing the community resilience [25]. Reciprocally, high microbial diversity could 106 

impede the spread of ARB and ARGs, thus serving as a potential natural barrier. 107 

Diversity as a limiting factor for AMR invasion was demonstrated in the short-term for 108 

laboratory soil microcosms inoculated at different diversities using an artificial dilution-to-109 

extinction approach. Less diverse soil microcosms displayed a far higher likelihood of being 110 

invaded by ARBs [26]. Regarding the aquatic dimension, increased invasion success of a 111 

resistant E. coli strain into river biofilm communities was shown to coincide with a loss in diversity 112 

of these communities under stress conditions [27]. Further, diverse microbial communities with a 113 

high degree of functional niche coverage, such as activated sludge, have been suggested to 114 

provide natural barriers for the proliferation of AMR [28]. However, data suggests that activated 115 
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sludge communities have also incorporated a particularly high diversity of ARGs encoded on 116 

mobile genetic elements (MGEs) [29].  117 

Based on this theoretical and experimental knowledge, we hypothesize that the invasion 118 

success and, in consequence, the pervasiveness of AMR into environmental microbiomes is 119 

inversely correlated to the diversity of the communities in question. To our knowledge, no prior 120 

field-based study has explored whether AMR dissemination is in the long-term indeed related to 121 

microbial diversity in terrestrial or aquatic environmental microbiomes. To this end, low impacted 122 

environmental samples with no direct anthropogenic depositions were collected. Their ARG 123 

levels, beyond natural background levels, are hypothesized to result from the accumulation of 124 

invasion success over time from invaders introduced through the previously mentioned low level 125 

dispersion routes. Therefore, ARG levels would rise, if after a successful introduction, these 126 

invaders were able to either establish themselves long-term in the indigenous microbial 127 

communities or transferred their mobile ARG load. Consequently, 172 of such low anthropogenic 128 

impact environmental samples were collected during fall/winter 2020/21 across seven European 129 

countries. Half of these were taken from forest soils, representing a stationary, structured 130 

environment, while the other half was obtained from river sediments and biofilms representing a 131 

more dynamic environment. For each sample, the microbial diversity was assessed through 132 

bacterial 16S rRNA gene-based amplicon sequencing, while the abundance of 27 AMR markers 133 

and 5 MGEs was determined through high-throughput chip-based qPCR to ultimately determine 134 

how microbial diversity as a potential barrier determines ARG abundance in low-impact 135 

environments.  136 

Methods 137 

Soil sampling and processing 138 

The terrestrial campaign consisted of collecting 74 forest soil samples from the seven 139 

countries during fall 2020 (Fig. S1). The aim was to obtain sample sets that included samples 140 
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across a gradient of high and low microbial diversity that are of relatively low anthropogenic impact 141 

(Table S1). 142 

From each forest location five single core samples (Pürckhauer drill, Buerkle™, Germany) 143 

were extracted from a depth of 0-25 cm along two 10 m virtual diagonals laid across the sampling 144 

location in the form of an X-pattern. 200 g of each of these five subsamples were combined in an 145 

aseptic plastic bag, thoroughly homogenized and transferred to the laboratory at 10 °C. From the 146 

composite sample aliquots of 20 g were sieved (2 mm mesh size) and stored at -20 °C. DNA 147 

extraction was performed using the DNeasy PowerSoil Pro Kit (Qiagen, Germany) according to 148 

the manufacturer’s instructions. To obtain DNA from a total of 1 g of each sieved soil sample four 149 

replicates of 0.25 g each were extracted in parallel and combined thereafter. The quality and 150 

quantity of the extracted DNA was assessed spectrophotometrically. 151 

Riverbed material sampling and processing 152 

The aquatic campaign included the collection of 98 river samples from seven countries 153 

(Austria, France, Germany, Ireland, Poland, Romania, and Switzerland) during the fall/winter 154 

2020/21 (Fig. S1). The locations were selected to obtain samples across a gradient of high and 155 

low microbial diversity that are of relatively low anthropogenic impact (e.g., not exposed to 156 

wastewater treatment plant effluents) (Table S2). At each site, the substrate best representing 157 

sessile, non-phototrophic, oxygenated microbial communities in the chosen riverbeds, was 158 

sampled. Either epilithic biofilms from the undersides of rocks to avoid phototrophic communities 159 

for those streams dominated by rock/gravel, or oxygenated sediment for streams dominated by 160 

fine sediment were collected. Specifically, for epilithic biofilm samples, five individual rocks, 161 

collected from a shadowed sample area from a riverbed length of approximately 10 meters, were 162 

gently scraped from the bottom surface using a sterile toothbrush, and combined to create a 163 

composite river biofilm sample. Repeated rinsing with sterile water in a 50 mL falcon tube was 164 

performed to collect the biomass. If no rocks or rock biofilms were available, fine surface sediment 165 

from shaded areas was sampled. In this case, the upper layer (~ 5 cm) of sediment was collected 166 
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using a 50 mL falcon tube. Five sediment cores were combined at equal weight to obtain one 167 

composite sample.  168 

All collected samples were gently homogenized and transported to the laboratory on ice. 169 

Then, samples were centrifuged (4,000 rpm for 5 min at 4 °C), the supernatant removed, pellets 170 

weighted and stored at -20 °C. DNA extraction was performed using the DNeasy PowerSoil Pro 171 

Kit (Qiagen, Germany) according to the manufacturer’s instructions. Extraction blanks were used 172 

to confirm the absence of DNA contamination. The quality and quantity of extracted DNA was 173 

assessed spectrophotometrically.  174 

Amplicon sequencing and analyses of sequence datasets 175 

To analyze the microbial diversity and taxonomic composition of the samples, DNA 176 

extracts were sent to the IKMB sequencing facility (minimum 10,000 reads per sample; Kiel 177 

University, Germany). Illumina MiSeq amplicon sequencing of the bacterial 16S rRNA gene was 178 

performed using primers targeting the V3-V4 region (V3F: 5′-CCTACGGGAGGCAGCAG-3′ V4R: 179 

5′-GGACTACHVGGGTWTCTAAT-3) [30]. Sequences were collectively analyzed using DADA2 180 

[31] in QIIME2 [32]. Forward and reverse reads were merged into amplicon-sequence variants 181 

(ASV), at 99% sequence similarity. Prior to downstream analyses, the filter-features and filter-182 

table scripts were applied in QIIME2 to clean ASV and taxa tables by removing unclassified and 183 

rare ASVs with a frequency of less than 0.1% of the mean sample depth. The corresponding river 184 

and soil ASV tables consisted of 15,473 ASVs (river dataset) and 14,464 ASVs (soil dataset). All 185 

sequencing data was submitted to the NCBI sequencing read archive under project accession 186 

number PRJNA948643.  187 

High-throughput qPCR of ARGs and genetic markers for MGEs 188 

To determine the relative abundance of target genes in each sample, DNA extracts were 189 

sent to Resistomap Oy (Helsinki, Finland) for HT-qPCR analysis using a SmartChip Real-time 190 

PCR system (TaKaRa Bio, Japan). The target genes included 27 ARGs and 5 MGEs (Table S3) 191 

[33]. In addition, the 16S rRNA gene and the anthropogenic fecal pollution indicator crAssphage 192 
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[34,35] were quantified. The protocol was as follows: PCR reaction mixture (100 nL) was prepared 193 

using SmartChip TB Green Gene Expression Master Mix (TaKara Bio, Japan), nuclease-free 194 

PCR-grade water, 300 nM of each primer, and 2 ng/μL DNA template. After initial denaturation at 195 

95 °C for 10 min, PCR comprised 40 cycles of 95 °C for 30 s and 60 °C for 30 s, followed by 196 

melting curve analysis for each primer set. A cycle threshold (CT) of 31 was selected as the 197 

detection limit [36,37]. Amplicons with non-specific melting curves or multiple peaks were 198 

excluded. The relative abundances of the detected gene to 16S rRNA gene were estimated using 199 

the ΔCT method based on mean CTs of three technical replicates [38]. 200 

Data analysis and visualization 201 

To characterize the alpha diversity of the terrestrial and aquatic microbial communities, 202 

the diversity indices Chao1 richness, Shannon diversity and Pielou evenness were calculated 203 

using the core-metrics-phylogenetic script in QIIME2 [32] on rarefied data, with samples with an 204 

insufficient sampling depth to reliably assess diversity removed from the datasets. The taxonomy 205 

of these microbial communities was classified based on the SILVA classifier (version 138, [39]). 206 

Beta-diversity dissimilarities among microbial communities were assessed using a principal 207 

coordinate analysis (PCoA) based on Bray-Curtis distance matrices [40]. 208 

Differences in the relative ARG abundance for aquatic and terrestrial samples were 209 

transformed to a log10 scale, and displayed using the package ComplexHeatmap [41]. To explore 210 

the degree of correlation present among the ARGs in both environments, pairwise correlations 211 

analysis based on Spearman rank were assessed. Only correlations showing coefficients |ρ| > 212 

0.75 were considered significant at p < 0.05 after Benjamini-Hochberg correction for multiple 213 

testing. The connectivity in relative abundance among ARGs in aquatic and terrestrial samples 214 

was displayed through network analysis, performed using the picante package [42] based on 215 

significant Spearman correlations. The network visualization was generated using the open-216 

source software Gephi v8.2. To test the correlation between resistome and bacterial diversity, 217 

correlation analysis between relative ARG abundance and the calculated alpha diversity metrics 218 
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was performed based on Spearman rank correlation or Pearson correlation followed by Bonferroni 219 

correction for multiple testing. Individual groups of data were compared using One-Way ANOVA 220 

with post-hoc Tukey HSD tests. Significant differences of correlations from 0 were tested using a 221 

t-test. All statistics and plots were produced using R version 4.2.0 [43]. 222 

Results 223 

Assessing diversity in the river and soil dataset 224 

Two complementary sets of samples were obtained from a total of 94 river as well as 70 225 

soil samples. When assessing the beta diversity of the microbial communities, soil samples 226 

differed significantly and with a large effect size from those obtained from river biofilms 227 

(PERMANOVA, pseudo-F = 14.73, p < 0.001, n = 148) and river sediments (pseudo-F = 5.53, p 228 

< 0.001, n = 78) (Fig. 1A). No clear distinction was observed comparing sediments and epilithic 229 

biofilms (pseudo-F = 2.77, n = 94). Consequently, these samples were subsequently grouped to 230 

create the combined river dataset. No clear trends with regards to the countries of origin were 231 

observed for either dataset, but the spread of the entire dataset exceeded the spread of any 232 

sample set from a single country and some river communities from Romania formed a distinct 233 

cluster (Fig. 1A).  234 

The aquatic samples contained 19 phyla with an average relative abundance above 1% 235 

and were, throughout, dominated by bacteria belonging to the phyla Proteobacteria, Bacteroidota 236 

and Actinobacteriota (0.26 ± 0.09, 0.17 ± 0.13, 0.12 ± 0.09) (Fig. S2). In the soil dataset 237 

Acidobacteria, Actinobacteriota and Proteobacteria (0.18 ± 0.04, 0.15 ± 0.02, 0.13 ± 0.03) 238 

dominated (Fig. S3). No significant differences in dominant phyla between samples based on 239 

country of origin were observed. CrAssphage, a common indicator for recent anthropogenic fecal 240 

pollution, was undetected in the entirety of soil samples and in 78% of the river samples. For the 241 

latter it remained at low relative abundance below 10-5 copies per copy of the bacterial 16S rRNA 242 

gene, confirming that samples were indeed of low anthropogenic impact origin. For the three main 243 
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alpha-diversity metrics - Chao1 richness, Shannon diversity and Pielou evenness - high and low 244 

biodiversity samples for each of the two datasets, rivers and soils, were obtained (Fig. 1B). The 245 

main distinction between the two datasets was the significantly higher level of Pielou evenness in 246 

the dataset from the structurally stable soil (0.95 ± 0.02) compared to the dynamic river 247 

environment (0.89 ± 0.08) (p < 0.0001, f = 48.78, One-Way ANOVA). The differences obtained 248 

subsequently allowed these diversity metrics to be used as test variables for correlation with ARG 249 

abundance. 250 
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 251 

Figure 1. Diversity of the river and soil datasets. Symbols depict sample type, colors code for the 252 

country of origin. A) PCoA of the beta diversity based on Bray Curtis distance of ASV relative 253 

abundance data from riverbed materials (sediments and biofilms) and soil. B) Alpha-diversity 254 

indices (Chao1 richness, Shannon diversity and Pielou evenness) from riverbed materials (top) and 255 

soil (bottom) collected from the seven countries.  256 
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Resistome diversity and abundances  257 

In both resistome datasets, the aac(3)-VI gene conferring aminoglycoside-resistance was 258 

the most abundant (Fig. 2). In the river dataset, genetic determinants for sulfonamide (sul1), 259 

vancomycin (vanA), colistin (mcr1) and phenicol (floR) resistance clustered together as dominant, 260 

followed by other ARGs that promote resistance to macrolides, lincosamides and streptogramins 261 

B - (mphA), β-Lactam (blaCTX-M2, blaCTX-M1, blaCMY2), phenicol (cmlA) and aminoglycoside (aac(6’)-262 

lb3, aph(3’)-Ib) antibiotic classes. ARGs conferring resistance to quinolone, trimethoprim and 263 

tetracycline were less abundant, although in certain soils, particularly from Poland and Romania, 264 

the corresponding abundance of individual genes (e.g., tet(W), qnrS, drfA) was higher (Fig. 2A). 265 

In general, considerable clustering of samples was observed. The Irish samples clustered 266 

together with a few Romanian and one German sample separately from the rest, and displayed 267 

an overall lower relative ARG abundance with the exception of the blaTEM gene, which displayed 268 

a particularly high abundance (Fig. 2A).  269 

In the soil sample set, the acc(3)-VI (aminoglycoside), qnrS1 (quinolone), mphA (MLSB) 270 

and dfrA1 (trimethoprim) genes clustered together as the most abundant determinants in most 271 

countries (Fig. 2B). ARGs conferring resistance to colistin (mcr-1), Phenicol (cmlA2), β-Lactams 272 

(blaCMY-2, blaCTX-M) and aminoglycoside (aph(3’)-Ib, aac(6’)-lb3) were detected in most countries 273 

at intermediate abundances, but with highest values in Switzerland and France. The colistin ARG 274 

mcr-3 was the sole ARG below the limit of detection for all samples, therefore it was not used for 275 

any further analysis. Accordingly, the Swiss and French soil resistomes clustered together as 276 

most of the ARGs were found at higher and similar abundances compared to the other countries 277 

(Fig. 2B). Irish soils displayed again the lowest number of ARGs detected and similar to the river 278 

dataset the abundance of blaTEM was significantly elevated in Ireland compared to other 279 

countries (Fig. 2B). 280 
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Figure 2. Heatmap of relative ARG abundances in the river (A) and soil (B) dataset. Values are 282 

displayed after transformation to log10 scale. The list of ARGs is presented based on similarity in 283 

abundance patterns and displayed from high abundance (red) to below the detection limit (blue). 284 

Color coding on the right displays the class of antibiotics they confer resistance to. Samples are 285 

ordered according to similarity in ARG profiles and color coded based on country of origin 286 

displayed on top.  287 

 288 

Higher degree of correlation between relative ARG abundances in soils compared to rivers 289 

In both datasets, a high number of significant correlations were found between the relative 290 

abundance of different ARGs. Out of all potential comparisons between individual relative ARG 291 

abundances 140 out of 351 (27.40%) for rivers and 144 out of 325 (44.31%) for soils were 292 

significantly positively correlated with each other (p < 0.05, Spearman) (Fig. 3 A,B). Only in the 293 

case of aminoglycosides resistance gene aph(3’)-Ib and trimethoprim resistance gene dfrA1 in 294 

the river dataset, a single negative correlation in relative abundance could be detected. While in 295 

the river environment the distribution of correlations did not follow a clear pattern, in soil a distinct 296 

cluster of 17 ARGs that are highly correlated among each other was observed. This cluster 297 

included ARGs conferring resistance to antibiotics belonging to different classes, namely 298 

vancomycin, tetracyclines, quinolones, polymyxins, phenicols, MLSB, β-Lactams and 299 

aminoglycosides. Further the average correlation coefficient of the significant comparisons (Rs) 300 

among all soil ARGs was significantly higher (Rs = 0.40 ± 0.33) than among the river dataset (Rs 301 

= 0.30 ± 0.29; p < 0.0001, ANOVA) (Fig. 3). This increased level and higher degree of consistency 302 

of correlations between ARGs in soil was further confirmed using network analysis, where the 303 

average degree of connections of each ARG with the remaining ones was significantly higher in 304 

soil (10.533) compared to the river dataset (5.692) (Fig. S4).  305 

No significant correlation of the observed ARG number or the relative abundance of any 306 

ARGs with the relative abundance of crAssphage was obtained for the river dataset (all p > 0.05, 307 
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Spearman) while crAssphage was absent in the soil dataset. Thus, it again demonstrates that 308 

results are not directly impacted by recent anthropogenic fecal pollution.  309 

 310 

Figure 3. Correlation analysis between relative ARG abundances: Pairwise correlations in 311 

river (A) and soil (B) microbial communities based on Spearman rank correlation. Only significant 312 

comparisons (p < 0.05 after Benjamini-Hochberg correction for multiple testing) are shown. 313 

Intensity of colors displays strength of correlation with orange depicting positive and blue depicting 314 

negative correlation.  315 

 316 

Diversity as a barrier to ARG spread  317 

To determine whether higher diversity could lower the long-term invasion success of 318 

ARGs by the communities, we examined correlations between the diversity metrics and the 319 

number of detected ARGs as well as the relative abundance of each individual gene in both 320 

datasets. On average, 18.44 ± 5.61 of the 27 ARGs tested were successfully detected in samples 321 

from the river dataset. No clear trend could be observed in correlation between the number of 322 

detected ARGs and any of the three diversity metrics. While all three correlations were negative, 323 
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none were statistically significant (rPielou = -0.02, rShannon = -0.04, rChao1 = -0.11, all p > 0.05; Pearson 324 

correlation; Fig. 4 A-C).  325 

 326 

 327 

Figure 4. Correlation analysis of the number of ARGs detected per sample with diversity metrics 328 

based on Pearson correlation with Bonferroni correction for multiple testing. Linear correlations 329 

from river environmental samples with Pielou Evenness (A), Shannon Diversity (B) and Chao1 330 

Richness (C). Linear correlations from soil environmental samples with Pielou Evenness (D), 331 

Shannon Diversity (E) and Chao1 Richness (F). Colors depict the country of sample origin and the 332 

symbols depict the sample type.  333 

 334 

Slightly, but significantly, less ARGs per sample (15.95 ± 6.05; p = 0.014, f = 6.11, One-335 

Way ANOVA) were successfully detected in the soil dataset. Contrary to the river dataset, higher 336 

diversity in soils correlated with a lower number of detected ARGs. This negative correlation was 337 

significant based on Spearman rank correlation analysis for Pielou evenness (r = -0.35, p = 338 

0.0042) and Shannon diversity (r = -0.37, p = 0.0027) (Fig. 4 D,E). Similarly, for Chao1 Richness 339 

an inverse correlation with the number of ARGs detected was observed, however, barely not 340 
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significant (r = -0.25, p = 0.051) (Fig. 4 F). These results provided a first indication that diversity-341 

based barrier effects might indeed exist, at least in the more structured soil environment. Although 342 

diversity had a significant impact, the effect sizes of 25-37% suggest that, as expected for complex 343 

environmental datasets, diversity is only one of multiple interacting drivers of the observed trends. 344 

 To further test this hypothesis the relative abundance of each individual ARG was 345 

correlated with the obtained diversity metrics. To account for zero-inflation during correlation, only 346 

those ARGs that were found in at least 25% of the samples of the respective dataset were tested. 347 

In the river dataset, similar to the number of ARGs no clear trends were observed for the relative 348 

abundance of any of the tested ARGs (Fig. 5 A-C). The only correlation considered significant 349 

based on Spearman rank correlation (with Bonferroni correction for multiple testing) was a positive 350 

one between the blaTEM gene and the Chao1 richness (RS = 0.42, p = 0.0003). For the remaining 351 

combinations of ARGs and diversity metrics only slight negative or slight positive correlation 352 

trends (RS = -0.24 - 0.33, all p > 0.05) were observed. Among those non-significant trends, no 353 

obvious patterns emerged. In fact, the average Spearman’s rho of the tested ARGs for each of 354 

the three diversity metrics was near 0 (p > 0.05; t-test with Bonferroni correction for multiple 355 

testing).  356 

In contrast, a high number of significant negative correlations of relative ARG abundance 357 

with the different diversity indices were observed based on Spearman Rank correlation analysis 358 

in the soil dataset (Fig. 5 D-F). Pielou evenness and Shannon diversity displayed the most 359 

significant correlations with 13 of the 18 tested ARG relative abundances being negatively 360 

correlated, while six ARGs were negatively correlated with Chao1 richness. ARGs negatively 361 

correlated with diversity were widely distributed across antibiotic classes. Similar to the river 362 

environment, the blaTEM gene was the main exception from the observed trend and positively 363 

correlated to either diversity metric (RS= 0.47-0.51, all p < 0.05, Fig. 5 D-F). Despite this outlier, a 364 

general trend for the correlation between relative ARG abundance and diversity was observed for 365 

the soil dataset, with the average correlation coefficients of all tested ARGs being both negative 366 
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and significantly different from 0 for Chao1 richness (RS = -0.257 ± 0.239, p = 0.0004), Pielou 367 

evenness (RS = -0.234 ± 0.228, p = 0.0001) and Shannon diversity (RS = -0.267 ± 0.223, p = 368 

0.0003, Fig. 5 D-F). Finally, contrary to ARGs, none of the five indicator genes for MGEs tested 369 

(the class1 integron integrase gene intI1, the IncP plasmid oriT, the IncW plasmid trwAB gene, 370 

the ORF37 gene of IS26 and the Tn5 transposase gene) displayed any correlation with either of 371 

the diversity indices in any of the datasets (all p>0.05). 372 

 373 
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 374 

Figure 5. Correlation analysis of relative ARG abundance with observed diversity metrics based on 375 

Spearman rank correlation with Bonferroni correction for multiple testing. Correlations from river 376 

environmental samples with Pielou Evenness (A), Shannon Diversity (B) and Chao1 Richness (C). 377 

Correlations from soil environmental samples with Pielou Evenness (D), Shannon Diversity (E) and 378 

Chao1 Richness (F). Filled bars represent significant, while hatched bars represent non-significant 379 

correlations. Colors depict the class of antibiotic the ARG confers resistance to. Only ARGs that 380 

were detected in at least 25% of samples of a dataset were tested. 381 
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Discussion 382 

Here we demonstrate based on analysis of a pan-European sampling campaign that 383 

communities of high bacterial diversity are more resistant to ARG pervasiveness, and that 384 

diversity might serve as a barrier to the long-term invasion and establishment of ARGs into 385 

environmental endemic microbiomes. Both, the number of detectable ARGs as well as a majority 386 

of the individual relative ARG abundances were negatively correlated with the diversity indices 387 

observed in soil. Among these indices, Pielou evenness was most significantly negatively 388 

correlated to the number of detected ARGs and their relative abundances. While this possible 389 

effect of community diversity on long-term invasion and establishment of resistant bacteria was 390 

highly visible and frequently statistically significant in the structured soil environment, it was barely 391 

observed in the more dynamic river environment. 392 

Within the context of these results, the effects of diversity on invasion of AMR needs to be 393 

assessed individually for the successive steps that make up a successful invasion event, namely 394 

1) introduction of the invader, 2) its establishment, 3) its growth and spread along with 4) its impact 395 

in the new microbial community [17]. The initial introduction of each invader is primarily of 396 

stochastic nature and does not rely on biological interactions with the indigenous community 397 

[17,20]. Consequently, the success of these initial introduction events depends on the quantity of 398 

invaders present, also known as the propagule pressure, together with the level of physical 399 

interaction of these invaders [21,44]. In this study, the samples originated from low impacted soils 400 

and rivers across Europe. Here, we define low impact as being not in direct proximity to the 401 

release of bacteria enriched in ARGs through anthropic action such as treated wastewater 402 

effluents [45,46] or manure [37,47]. The propagule pressure - the number of invaders harboring 403 

ARGs that were introduced into these environments - can be assumed low at the time of sampling 404 

and was likely low in the past. However, there is a high probability that bacteria with ARGs 405 

acquired in the antibiotic era occurred, nevertheless, at some rate (e.g. through human presence 406 
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or transport by wild and domestic animals, including defecation, wet and dry atmospheric 407 

deposition). Consequently, it can be assumed that any increase in the resistomes in our samples 408 

are unlikely to stem from recent pollution events, but rather from past invasion events that 409 

manifest on top of the more or less universal background levels of resistance recently determined 410 

for a number of environments [48,49]. Increases in ARG occurrence and relative abundance 411 

would hence result from the accumulation of invasion success of previous repetitive introductions 412 

of invaders over time that have been able to establish themselves in the autochthonous 413 

microbiome or left their mobile ARG load behind, if we consider that bacteria from the human or 414 

animal spheres are regularly not fully fit to be long-term maintained in environmental microbiomes. 415 

Contrary to the original introduction step of the invader, where biological interactions play 416 

only a minor role, the interactions with the local community are highly relevant during the 417 

subsequent establishment and growth phases. The internal resistance of the indigenous 418 

community towards invasion, e.g., its biotic barriers, have to be overcome to lead to the successful 419 

establishment of the invader [17,20] and can lead to the maintenance of ARGs in the community, 420 

when transient invasion success is long enough to allow for gene transfer [24]. Here we suggest 421 

that in the long term, microbial diversity might provide a biotic barrier, hindering ARG success of 422 

invasion in the low impacted soil microbial communities. However, no such effect could be 423 

observed for river communities. In the context of ARB such diversity effects have earlier been 424 

mainly demonstrated in short-term laboratory experiments for both types of environments using 425 

soil microcosms [26] and laboratory river flume experiments [27]. Still, in these experiments, 426 

diversity was artificially lowered to non-natural levels, which made it difficult to evaluate if such 427 

effects would equally be observable in the environment across natural biodiversity gradients in 428 

the long-term. In our analysis we make the implicit assumption that the present-day diversity is 429 

indicative also of past diversity, or at least of differences in diversity between sites and that both 430 

soil and riverbed microbiomes act as records of the long-term impacts endured by those microbial 431 

communities. This assumption appears likely to be correct in the case of forest soils, which are 432 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 25, 2023. ; https://doi.org/10.1101/2023.03.30.534382doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.30.534382
http://creativecommons.org/licenses/by-nc-nd/4.0/


23 

supposedly an environment typically stable over decades or more [50]. However, the assumption 433 

could be challenged regarding riverbeds, which are more likely exposed to considerably different 434 

conditions in the past (considering e.g., droughts, changes in water quality of European rivers 435 

over recent decades, etc.) [51]. This aspect may have contributed to the contrasting results in 436 

these environments. 437 

The observed differences between the two datasets regarding the correlations between 438 

diversity and ARGs abundances likely originate from the different nature of the two environments. 439 

The resistance of the community to the invasion processes is directly related to the number of 440 

available niches for invader establishment, with more diverse communities providing less 441 

available niche spaces, referred to in macro-ecology as the “diversity-invasion effect” [20]. In the 442 

stationary and structured soil environment, the amount of available niches rarely changes and is, 443 

once occupied by a diverse community, able to reach a steady-state [52]. Under these 444 

circumstances it is unlikely that niches open up for invaders as no major loss of community 445 

members is to be expected. Within this context it is also unsurprising that community evenness 446 

is more strongly correlated with lower ARG abundance in soil than community richness. In highly 447 

even communities, a higher number of bacterial species are abundant enough to fully occupy 448 

their specific available niche space [53]. Rich communities have an intrinsically increased 449 

potential for their populations to occupy a higher number of different niches [54]. However, once 450 

a certain level of richness is reached, niche occupation moves towards saturation with additional 451 

species playing only a minor role [55]. Increased richness might then lead to increased 452 

competition and potential shifts within the metabolic networks, with novel niches becoming 453 

available to be exploited by the invading strains. With these two mechanisms at play, the negative 454 

correlation of richness with relative ARG abundances remains weaker than that observed for 455 

evenness or Shannon diversity.  456 

In the river microbiomes, microbial diversity and available niches are potentially rather 457 

transient than long-term established due to the constant currents, biofilm adhesion and microbial 458 
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dispersion events and alterations in nutrient availability [56]. Therefore, the effect of diversity on 459 

the long-term establishment of ARGs, which was observed for soil, may in the river microbiomes 460 

be masked by the dynamic nature of this environment. This difference between less (soil) and 461 

more (riverbed) dynamic environments is also displayed by the high number of ARGs being 462 

correlated in abundance in soil compared to the river dataset. While in soil the majority of 463 

abundant ARGs are present and affected by the described processes, in rivers ARGs rather 464 

appear to be more independent of each other based on dynamic processes. 465 

Unlike for biotic invaders, such as alien bacteria, the invasion success of genetic invaders, 466 

such as ARGs, goes far beyond the successful establishment and growth of their hosts in the 467 

novel environment. A prolonged residence time of the host can favor the spread of mobile ARGs 468 

via horizontal gene transfer from the invading to the indigenous bacteria, thus leading to an even 469 

higher persistence of ARGs [24]. This can even be the case if the host’s invasion is only transiently 470 

successful and invaders are lost after some time due to high community resilience in the observed 471 

environment. Mobile ARGs encoded on plasmids are able to spread from an invading donor strain 472 

to highly diverse proportions of soil and water derived microbial communities, with bacteria 473 

belonging to over 25 different phyla able to receive individual resistance encoding plasmids [57–474 

61]. However, effects of community diversity on the efficiency of horizontal gene transfer and the 475 

maintenance of plasmids in the community consist of a complex interplay of different mechanisms 476 

and remain difficult to predict. On the one hand, at higher diversity an increased number of 477 

potential plasmid hosts and conjugation partners are available that can lead to increased plasmid 478 

maintenance and transferability in the community [62,63] increasing the chance of transfer to a 479 

highly competitive host. On the other hand, in more diverse communities it can be harder to 480 

encounter a permissive conjugation partner, which reduces transferability due to this dilution 481 

effect [64]. Further, competition with other community members might increase the costs of 482 

resistance [65] and could ultimately drive the loss of ARG hosting plasmids from the community 483 

[66]. This loss process would be expected to be elevated in more diverse communities with better 484 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted April 25, 2023. ; https://doi.org/10.1101/2023.03.30.534382doi: bioRxiv preprint 

https://doi.org/10.1101/2023.03.30.534382
http://creativecommons.org/licenses/by-nc-nd/4.0/


25 

competitors. The complex interplay of mechanisms leading to a poor predictability of effects is 485 

equally represented in our soil dataset, where unlike for ARGs no clear correlation for MGEs (e.g., 486 

intI1, IncP plasmid oriT) with diversity could be established. However, a good indication that 487 

community diversity might also limit the horizontal acquisition of mobile ARGs from invading 488 

bacteria is that diversity is also negatively correlated with the number of detected ARGs in the soil 489 

dataset. This is according to ecological theory, where species diversity is not always immediately 490 

implying a higher degree of genetic diversity [67,68]. Still, assuming that, in the long-term, 491 

invaders harboring the tested ARGs reach each of the tested communities it becomes apparent 492 

that an increasing number of ARGs are not successfully retained in those communities of higher 493 

diversity. If this is due to a shorter residence time of the invader, the above discussed increased 494 

competition or dilution effects needs future research. 495 

Conclusions 496 

In summary, we display that the microbial diversity within a given environment could affect 497 

the proliferation of AMR within and through this environment. Considering sites of low 498 

anthropogenic impact, the observed negative correlation of diversity with detection and 499 

abundance of ARGs in soils compared to river ecosystems can be directly connected to the 500 

intrinsic characteristics of the specific environments within the framework of invasion theory as 501 

well as horizontal gene transfer dynamics.  502 

Natural environments, such as rivers and soils, may play a key role in AMR development 503 

and proliferation. The characteristics of the individual environment, its texture, its dynamism as 504 

well as the diversity of the resident microbial community could define its role as a source or a 505 

barrier to AMR dissemination. We present support that in the structured soil environment, a high 506 

bacterial diversity might indeed serve as a barrier to the long-term invasion and establishment of 507 

ARGs in the autochthonous microbiome. Our results point to a previously overlooked benefit of 508 

healthy environments, with diverse microbial communities, providing natural barrier effects to the 509 
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proliferation of AMR, thus clearly displaying how environmental and human health are 510 

immediately interconnected through the One Health concept. Furthermore, such barrier effects 511 

can be exploited within soil ecosystem management, for example, in defining optimal locations 512 

for aquifer recharge through wastewater reuse. Here choosing locations with a high intrinsic 513 

diversity could be beneficial in limiting the spread of wastewater born ARGs. To achieve this, the 514 

role of microbial diversity in the dissemination and mobilization of AMR markers requires a closer 515 

look through targeted experiments aimed at elucidating the exact mechanisms that limit the 516 

proliferation of resistance determinants and how exploiting such natural barrier effects could have 517 

cascading effects on the ecosystem biodiversity. 518 
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