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Soil management strategies drive
divergent impacts on pathogens
and environmental resistomes

Colette A. Nickodem'*, Patricia Q. Tran%3, Eric Neeno-Eckwall?, Afton G. Congdon?,
Gregg R. Sanford“, Erin M. Silva® & Jessica L. Hite!

Antimicrobial resistance (AMR) is a growing global health threat, and the genes that confer drug
resistance are increasingly recognized as widespread environmental contaminants. Livestock
manure, widely used as a non-synthetic fertilizer, is a potential source of AMR contamination in the
environment. Manure fertilizers are well-documented reservoirs of AMR genes (ARGs) and drug-
resistant pathogens. However, the role of soil management practices in shaping the persistence and
spread of these genes after manure application remains poorly understood. We conducted a large-scale
field experiment to evaluate how soil management practices influence the resistome (the genomic
content involved in resistance to antimicrobial agents) and the overall microbiome of agricultural
soils. Specifically, we ask: Does the use of composted poultry manure in organic soil management
practices increase the risk of transmitting ARGs and drug-resistant pathogens? We integrated
metagenomic sequencing with risk score analyses to assess the abundance, diversity, and mobility of
resistance genes. Contrary to expectations, our results indicate that non-organic practices, despite
not applying poultry manure, posed greater risks for transmitting AMR genes and human pathogens
— due to significantly higher co-occurrence of ARGs with mobile genetic elements (MGEs), which
facilitate horizontal gene transfer. In contrast, organic practices, that applied composted poultry
manure, increased overall ARG and metal resistance gene (MRG) abundance, but the genes were less
diverse and less mobile. These findings show that focusing solely on ARG and MRG abundance can
misrepresent AMR risks and underscore the importance of evaluating gene mobility and management
context when assessing AMR hazards. Our study highlights how soil management can be strategically
leveraged to mitigate AMR transmission, offering actionable insights for sustainable agriculture,
environmental stewardship, and public health protection.
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The overuse of antimicrobials in human and animal systems is a major driver of antimicrobial resistance (AMR)
and a growing global health threat!~. Livestock production accounts for approximately 73% of all antibiotic use
worldwide?. Although few of the antimicrobials used in livestock are identical to those used in human medicine,
many are structurally similar, raising concern about the development of broad-spectrum drug resistance>S.
Stewardship efforts have helped reduce antimicrobial use in agriculture. These strategies, however, have been
unable to prevent the rise in antimicrobial resistance or the emergence and spread of antimicrobial resistance
genes (ARGs) within and across agricultural systems?’. Indeed, AMR is increasingly recognized not only as a
clinical issue but also as a critical environmental contaminant with unknown impacts on natural ecosystems
and public health®’. While ARGs within microbial communities are not inherently harmful to human health,
these genes can transfer between non-pathogenic and pathogenic bacteria, increasing the risk of drug-resistant
infections®.

One possible source of environmental AMR contamination is livestock manure, which is commonly applied
to agricultural fields as a fertilizer. Manure is a well-documented hotspot for ARGs, zoonotic pathogens, and
mobile genetic elements (MGEs), driven by its high microbial density, nutrient richness, and the presence of
selective agents such as antimicrobials and heavy metals'!"!. Yet, the persistence and risks of these pathogens,
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ARGs, and MGEs in agricultural fields are shaped by other management practices such as crop variety, crop
rotations, tillage, herbicide use, and other factors that together shape the soil microbiome!>~1”. These complex
interactions raise the intriguing possibility that soil management practices could be leveraged to help reduce the
environmental resistome (the genomic content involved in resistance to antimicrobial agents) and the spread
of drug-resistant pathogens. However, while considerable research has focused on pre-application manure
treatment strategies to reduce risks associated with manure fertilizers, few studies have examined how soil
management strategies shape the downstream impacts of manure fertilizers'3-2!.

Here, we focus on links between soil management and poultry manure, which is widely used as a non-
synthetic fertilizer. While poultry manure provides agronomic benefits such as improved soil fertility and
organic matter input, it could also introduce ARGs, MGEs, heavy metals, and zoonotic pathogens that persist
and proliferate in the environment'>??>-?’. Numerous studies have linked antimicrobial resistance to poultry
production systems and examined how pre-application processing and composting shift patterns of AMR
genes?%. Yet, the extent to which poultry manure application contributes to the spread of pathogens and
antimicrobial resistance genes to soil and crops in real agricultural systems remains underexplored. Even less is
known about relationships between ARGs, metal resistance genes (MRGs), and MGEs that have the potential to
disseminate these contaminants via horizontal gene transfer, facilitating their movement to new microbial hosts.
Without these insights, our understanding remains limited to identifying localized resistance hot spots, rather
than advancing toward proactive, evidence-based strategies that pinpoint critical control points for mitigating
onward transmission.

Our systems-based approach directly confronts these limitations by examining the role of poultry manure
within the broader management context in which it is applied. Specifically, we examine these dynamics within
realistic field conditions that reflect industry-standard organic cropping systems and compare these practices
to non-organic cropping systems, which rely on synthetic fertilizers. We do this first by reviewing the current
literature and understanding of how poultry manure impacts the environmental microbiome and resistome.
Then, we integrate high-resolution genomic tools to assess how poultry manure influences the abundance,
diversity, and transmission potential (risk) of drug-resistant pathogens in soil. We apply risk score analyses
using recently developed bioinformatic tools. For example, the AMR + + pipeline, which efficiently identifies
microbial taxonomy and antimicrobial resistance gene profiles but does not identify mobile genetic elements,
misses a critical component for AMR transmission®*!. Our approach goes further, by integrating risk score
analyses to quantify the likelihood of drug-resistant pathogens spreading through host-environment and host-
host transmission pathways. Specifically, we use MetaCompare 2.0 to identify MGEs in proximity to ARGs
within bacterial genomes to quantify the risk of ARG transfer®. Applying these bioinformatic resources to
environmental sequencing data will provide a more comprehensive overview of AMR pathogen transmission
risk across complex environments.

Why focus on poultry manure? A brief review

As an alternative to synthetic fertilizer, the use of poultry manure provides an excellent opportunity to enhance
soil health in cropping systems and promote environmental sustainability. Poultry manure can improve soil
fertility by increasing organic matter, enhancing microbial activity, improving nutrient availability, and
contributing to carbon sequestration®>-3>. Additionally, the use of poultry manure as fertilizer offers a practical
solution to this copious by-product. Over 14 million tons of chicken litter are produced annually in the U.S*.
A single broiler house accommodating 20,000 birds can produce approximately 150 tons of litter per year, and
a flock of 14,000 breeder hens can yield a similar amount®. Thus, manure fertilizers offer an opportunity to
transform agricultural waste into a valuable resource for soil productivity.

However, poultry manure can also serve as a reservoir for zoonotic pathogens and antimicrobial resistance
genes’. Poultry can shed significant quantities of pathogens through feces to litter including, Campylobacter
spp., Salmonella enterica, and Escherichia coli****. These (and other) pathogens can survive and proliferate
outside their hosts in environmental reservoirs, posing zoonotic risks through indirect (environment-host)
transmission?®-%2. Even when pathogens persist but do not proliferate in the environment, environmental
transmission can still facilitate pathogen invasion and sustain long-term persistence within a host population*3-%3.
The persistence of these pathogens in the environment not only increases the risk of zoonotic spillover but may
also facilitate the spread of antimicrobial resistance.

A limited number of field and microcosm studies have shown that the risk of transmitting zoonotic pathogens
and ARGs from poultry litter and raw (pig) manure treated soils to crops and fresh produce poses a public health
threat?¢4647_ Fresh poultry manure most commonly harbors antibiotic resistance genes conferring resistance to
aminoglycosides (ant(3’)-Ia, aph(3’)-Ia, aph(3’)-IIa, aph(6°)-1a), macrolides (e.g., ermB, ermF) and tetracyclines
(tetA, tetG, tetM, tetQ, tetS, tetW, tetX), while sulfonamide (sull, sul2) and chloramphenicol (fexA, fexB, cfr,
cmlA, floR) resistance genes are also prevalent'>?2. To reduce food safety risks, the USDA’s National Organic
Program standards require that the application of raw manure must be applied 120-days prior to cultivating
crops that have contact with the soil and 90-days prior to cultivating crops that don’t have contact with the soil*.
Although raw poultry manure can be used in the U.S. according to these standards, most poultry manure is
composted to reduce the spread of AMR pathogens.

To reduce the potential risks associated with poultry manure fertilizers, efforts have focused on pre-
application methods including composting and pelletization. Poultry manure fertilizers that are made from
litter are primarily composed of wood shavings used for bedding and excreta absorption. These materials are
dried and pelletized to optimize nutrient delivery in fertilizer applications. Multiple rounds of composting can
significantly decrease the diversity and abundance of bacteria and antibiotic residues'2. Yet, the effectiveness of
mitigating antimicrobial resistance varies significantly*’. For example, composting can increase certain ARGs like
sull and tetM, while decreasing others, such as ermB and aac(6’)-Ib-cr'>?2. Further, more complex composting
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methods including the addition of biochar, nanoscale zero-valent iron supplementations, heat treatments, or
variations (aerobic, anaerobic, and vermi) of composting have different impacts on pathogens and ARGs*-.
Thus, manure treatment methods do not uniformly reduce ARG levels, thereby influencing the persistence of
these genes in soils amended with composted poultry manure.

How poultry manure amendments influence the prevalence, abundance, diversity, and temporal dynamics
of ARGs within treated soils varies considerably across studies. While some studies indicate that poultry litter
contributes minimally to microbial contamination, long-term soil applications have been linked to significant
increases in ARG abundance, particularly of sull, ermB, and tetM'>1422-2537_Additionally, the resistome profiles
of soils amended with poultry manure highlight substantial variation linked to bird age, management practices,
antimicrobial usage, and heavy metals'>?%26, Metals such as Zinc (Zn), Copper (Cu), Manganese (Mn), and Iron
(Fe) are frequently used as food additives in the poultry industry and are often identified in poultry manure
and amended soils'>*>?”. Composting is ineffective at reducing heavy metals that contribute to antibiotic co-
resistance and are strongly correlated with ARGs. For example, Cu shows a particularly strong association
with macrolide, quinolone, tetracycline, beta-lactam, and aminoglycoside resistance that includes genes such
as ermC, gnrS, tetM, blaCTX-M, and aac(6)-Ib-cr'?24, Together, these studies suggest that agrochemicals,
including antimicrobials and heavy metals, can act synergistically to co-select for AMR genes.

In addition to co-selection, these agrochemicals can also contribute to the emergence of AMR by altering the
soil microbiome, reducing competitive suppression from other microbes and creating novel ecological niches
that favor the proliferation of drug-resistant pathogens. For instance, poultry manure amendments have been
shown to reduce overall microbial diversity, fostering a narrower set of ARGs and promoting the proliferation
of resistant pathogens”. Additionally, elevated concentrations of heavy metals such as Cu, Mn, and Zn are
negatively associated with microbial alpha diversity, potentially leading to a dominance of pathogenic strains'2.

Moreover, studies indicate that poultry manure amendments can shift microbial community composition,
favoring Acidobacteria and Firmicutes while reducing Bacteroidetes, a shift that may have consequences
for nutrient cycling and microbial interactions within the soil ecosystem!2. Changes in beta diversity — or
the differences in microbial community composition between environments — also suggest that manure
application introduces microbial taxa that are more resistant to environmental stressors, further contributing
to AMR persistence®*>>. Therefore, understanding how management practices shape microbial interactions and
influence the ecological dynamics of drug-resistant bacteria in complex communities is critical for predicting
and mitigating the emergence and spread of antimicrobial resistance®. This more integrated approach is essential
to moving beyond identifying resistance hot spots and toward a mechanistic understanding of how agricultural
management shapes the ecological and evolutionary dynamics of AMR across agroecosystems.

Methods

Field study

This field study was conducted as part of the Wisconsin Integrated Cropping Systems Trial (WICST) at the
Arlington Agricultural Research Station in Wisconsin, USA (43°20'N, 89°21'W)*7. Established in 1989, WICST is
alarge-scale (24 hectares), long-term field experiment designed to reflect a range of conventional and alternative
farming practices representative of those used in North Central United States and Northern Europe®®>°. The
trial incorporates diverse land management strategies, crop rotations, cover crop varieties, and includes one of
the longest running organic research trials in the U.S.”’. Unlike traditional agronomic experiments that isolate
individual management components, WICST employs a systems-based approach to compare integrated farming
systems. This design acknowledges the complexity of agricultural decision-making, recognizing that farmers
manage interconnected sets of practices rather than discrete inputs in isolation®®>°.

The field plots, each measuring 170 x 20 m (0.34 hectares), were designed to accommodate full-scale farm
equipment, ensuring that the study accurately reflects on-farm conditions®*~®*. The trial follows a randomized
complete block design, incorporating both spatial and temporal randomization. Each crop phase within a
system is replicated across four blocks, and a staggered start ensures that every phase is represented annually.
This experimental design enhances the capacity to capture annual weather variability across cropping phases,
while also improving statistical robustness for long-term trend analyses. However, the scale and complexity of
the trial design comes with trade-offs. Notably, the absence of paired controls for each individual treatment
limits the ability to isolate the effects of specific management practices. On the other hand, implementing
such controls would be impractical, as no single crop or treatment can serve as a universal comparator across
diverse systems. For these reasons, the integrated, systems-based approach we employed here is standard for
investigating complex agricultural systems®4¢.

In this study, we focused on two cropping systems from WICST: a non-organic system (NO), which
received synthetic fertilizer, and an organic system (O), which received composted poultry manure (1.5 ton/
ac) once in April. Although we focus on fertilizer types in this study, these cropping systems differ in additional
management practices. The non-organic system represents a conventional continuous corn cycle. Fertility
in this system is derived from applied synthetic fertilizers; starter fertilizer and anhydrous ammonia, with
nitrogen application rates adjusted according to preplant nitrate testing (PPNT) and in alignment with standard
agronomic recommendations®%>. Weed control is achieved through a combination of tillage and herbicides. The
organic system is also used to cultivate corn but uses a grain rotation (corn-soybean-wheat) and is managed in
compliance with the USDA National Organic Program regulations®.

For the organic system, fertility is derived via composted poultry manure, biologically derived N, and the
incorporation of oats and berseem clover, a leguminous cover crop used as a green manure to enhance soil
fertility as part of the rotation. The organic system receives minimal tillage and no herbicides. For consistency
(and due to logistical constraints), we sampled only the plots that were in their corn rotation phase. Importantly,
these additional soil management practices represent potential confounders in the investigation of fertilizer
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impact that are not explicilty accounted for in the randomized complete block design of this field study. Given
that we focus here on a systems-based approach to understanding these various practices as a sum of their
parts, these variables are inherently accounted for by the treatment groupings (to the best of our ability) in our
statistical analyses.

Sample collection

Sampling events followed the on-farm schedule which included sampling 1-day post-harvest and 12-days post-
harvest of corn for both the organic and non-organic plots. Five samples were collected from each plot in a
standard “W” formation. Sample locations were measured and recorded to ensure soil samples were taken within
1 sq ft of the original sample point at each sample event. A single soil sample consisted of a 25 g core, taken
between 0 and 15 cm of the surface using a soil probe. The soil probe was cleaned with a bleach solution and
70% ethanol between each sample. The site is characterized by Plano silt loam soil (Fine-Silty, Mixed, Superactive,
Mesic Typic Argiudolls) and experiences a 30-year mean annual temperature of 6.9 °C, with an average annual
precipitation of 869 mm, of which 637 mm falls during the April-October cropping season®®. During our sample
collection period the average air temperature was 6.1 °C, with a maximum temperature of 25.9 °C and minimum
temperature of -7.3 °C.

All samples were placed on ice and transported to the lab at the University of Wisconsin (UW) - Madison
where they were stored in the refrigerator overnight. A set of each individual sample was saved: (1) a raw sample
was saved in 5 ml polypropylene tubes for downstream molecular work, and (2) a portion of each sample was
mixed with an equivalent volume of 50% glycerol to maintain cellular integrity for future microbiological work.
All samples were stored in the freezer at -80 °C within 24 h.

DNA extraction and sequencing

Total genomic DNA was extracted from soil samples using Qiagen PowerSoil Pro Kits (Qiagen; Hilden,
Germany). DNA samples were pooled per field plot, resulting in four samples per cropping system treatment at
each collection time point. DNA was then diluted to 10 ng/ul and submitted to the UW-Madison Biotechnology
Center (UWBC) Sequencing Core for library preparation. DNA libraries were shotgun sequenced on an Illumina
NovaSeq using 2 x 150 bp chemistry for paired-end sequencing. To achieve approximately 70-80 million reads
per sample, seven lanes of 10B flow cells were used.

Bioinformatic analyses

Raw sequences were concatenated by sample for all flow cell lanes (1 through 7). These FASTQ files were then
transferred to the UW-Madison Center for High Throughput Computing (CHTC) system, which maintains
cores for expedited computing®. A DAGMan (Directed Acyclic Graph Manager) workflow was created to
run sequences through all bioinformatic analyses sequentially. First, the AMR + + v3.0 pipeline was used to
identify microbial taxonomy and resistance genes®’. This pipeline trimmed adapters and low-quality reads
with Trimmomatic prior to the removal of host genome sequences®®. We curated a host genome file containing
genomes for human (Homo sapiens) (GCF_000001405.40), chicken (Gallus gallus) (GCF_016699485.2), maize
(Zea mays) (GCF_902167145.1), soybean (Glycine max) (GCF_000004515.6), winter wheat (Ttiticum aestivum)
(GCF_018294505.1), berseem clover (Trifolium alexandrinum) (GCA_043005315.1), and oat (Avena sativa)
(GCA_916181665.1) for alignment and removal of host-associated genome sequences.

First, microbiome counts were obtained via k-mer matching to the Kraken2 database for taxonomic
classification®. Resistome counts for antimicrobials, antibiotics, biocides, and metals were obtained through
sequence alignment to the MEGARes database®’?. Optional flags were used to de-duplicate MEGARes
alignment counts and verify ARG single nucleotide polymorphisms (SNPs). Secondly, the workflow assembled
contigs using the SPAdes metagenomic option and annotated genes using Prodigal’!. Lastly, MetaCompare 2.0
was used to identify mobile genetic elements and assign resistome risk scores. The MGEs were identified using the
mobileOG-db and the best hits were selected for classification into major functional categories’'. MetaCompare
2.0 identified contigs with annotated ARGs, ARGs + MGEs, ARGs + Pathogens (aligned), and ARGs + MGEs +
Pathogens (aligned). These values were divided by the total number of contigs to serve as the proportions for 3D
hazard spaces. The resistome risk scores were calculated as follows: Risk Score = (1-d/d ) x 10, where d, = the
Euclidean distance of the sample to the maximal point and d = the Euclidean distance of a sample containing
no ARGs. MetaCompare 2.0 produced risk scores for ARG transmission of ecological pathogens (generalized
environmental ARG mobilization across a range of non-ESKAPE pathogens) and human pathogens (limited
to Class 1 ARGs and ESKAPE pathogens that are pertinent to human infections)’2. These ESKAPE pathogens,
designated by the World Health Organization (WHO), include Enterococcus faecium, Staphylococcus aureus,
Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp.

Statistical analyses

Taxonomic and resistance gene count matrices from AMR + + were imported into R version 4.4.2 for further
processing and statistical analysis’>. The count matrices were converted into phyloseq objects to explore evenness,
richness, and diversity using the phyloseq package’®. Specifically, Shannon’s Index and observed richness were
used to analyze alpha diversity, and the Wilcoxon rank-sum test was used to determine significance within
different cropping system groups. Taxonomic data from the Kraken2 analytical matrix was first assessed using
unclassified microbiome data, and then later aggregated to phylum, class, genus, and species levels. We then
converted the phyloseq object to metagenomeSeq to conduct cumulative sum scaling (CSS) normalization at
phylum, class, and species levels to plot normalized and relative abundances’”. CSS normalized abundance data
were also used for ordination with Bray-Curtis distance measures for non-metric multidimensional scaling
(NMDS) plots”.
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To evaluate the goodness-of-fit of the ordination we used a stress plot (Shepard plot). To determine the
significant differences between cropping system groups and collection time points using the Bray-Curtis
distance measures, we used ADONIS2 (PERMANOVA) to conduct a post hoc analysis of pairwise group
comparisons. The model for these included cropping system group and time interaction as fixed effects with
cropping system block as a random effect. We explored the impact of soil fertilization on the soil microbiomes
based on categorical metadata, including indices for fertilizer, biocide integration, crop rotation complexity, crop
rotation species richness, soil stability, and a soil tillage intensity rating. These variables were inherently included
in the cropping system group and shared the same statistical impact.

Resistance data were processed similarly. The de-duplicated and SNP confirmed count matrix was first subset
by resistance type: drug resistance, metal resistance, biocide resistance, and multi-compound resistance. Then
data were aggregated to the class, mechanism, and gene group levels of resistance classification for improved
comprehension.

Results
Sequencing metrics
To improve the accuracy and reliability of variant calling, we conducted deep sequencing for this project,
resulting in 1.8 billion reads, with an average of 90 million (range: 76 M-138 M) reads per soil sample. 1.87% of
reads were determined to be low quality during the adapter trimming process, and 28.1% of reads were removed
during host alignment, leaving 70.03% of the original reads available for analyses.

Within soil samples, there were 96,881,598 reads classified at the phylum level and 58,951,405 reads classified
at the species level. Out of the phylum-level counts, 60.8% were also classified at the species-level for soil samples,
suggesting there is sufficient data (above the 50% threshold) for species-level interpretations of these samples.

Microbiome & resistome —richness and diversity

Our analyses suggest that organic (O) system soils had higher microbial diversity and bacterial abundance
relative to the non-organic (NO) system (Figs. 1 and 2A). Microbial diversity (Shannon’s) was significantly
(Wilcoxon Test: P=0.002) higher in the organic system compared to the non-organic system overall. These
differences were statistically significant 1-day post-harvest (Wilcoxon Test: P=0.03) but declined in significance
by 12-days post-harvest (Wilcoxon Test: P=0.11; Fig. 1), likely because disturbance from harvesting increased
variation across samples temporarily. These patterns remained consistent for non-taxonomic (unclassified) and
species-level data but were insignificant at higher levels of taxonomy. There were no significant differences in
observed microbial richness between organic and non-organic systems, as confirmed by the similarities in total
unique taxonomy (phyla: NO:47, O:47; classes: NO:86, O:87; genera: NO:1,609, O:1,606, and species: NO:5,931,
0:5,921, Fig. 3).

Overall, there were no significant differences in ARG (Shannon’s) diversity or observed richness within
different cropping systems (Supplemental Fig. S1). However, both (Shannon’s) diversity and observed richness
for the resistome within organic cropping systems were significantly higher 1-day post-harvest compared to 12-
days post-harvest (Supplemental Fig. S2).

Taxonomy & AMR genes - normalized and relative abundance

The abundance of microbial phyla and classes was significantly different between non-organic and organic
systems (PERMANOVA: F=10.66, P=0.001; F=10.75, P=0.001). Overall, the CSS-normalized abundance of
the top phyla was higher in the organic system than the non-organic system (Fig. 2A). There were differences in
the relative abundance of top phyla (from the top 0.5% and 0.1%) in cropping system microbiomes, with organic
(Top 5 phyla: Actinobacteria, Proteobacteria, Planctomycetes, Firmicutes, Acidobacteria) having significantly
(PERMANOVA: F=16.58, P=0.001) increased abundances of Actinobacteria compared to non-organic (Top 5
phyla: Proteobacteria, Actinobacteria, Planctomycetes, Firmicutes, and Bacteroidetes), which was significantly
(PERMANOVA: F=8.75, P=0.003) more abundant in Proteobacteria (Fig. 2B, Fig. S3A). There also were
significant differences in the majority of the (top 0.5%) most abundant bacterial species between non-organic
and organic systems (PERMANOVA: P<0.005, Fig. S3B).

To understand the impact of these soil management practices on pathogens, we subset the data to include
WHO ESKAPE pathogens (0.031% of sequencing data) and a set of common foodborne pathogens (0.014% of
sequencing data), both of which were present at very low abundances. The abundance of foodborne pathogens,
but not ESKAPE pathogens, differed significantly between cropping systems across time (PERMANOVA:
F=2.123, P=0.004). In the pathogen data subsets, ESKAPE and foodborne pathogens were more abundant in
the non-organic soil 1-day post-harvest (Fig. 4A and B). However, 12-days post-harvest, foodborne pathogens
were more abundant in the organic system and there was no significant difference in abundance of ESKAPE
pathogens between systems (Fig. 4A and B), regardless of sampling time (PERMANOVA: F=1.825, P=0.154).

These results indicate that organic practices increased overall bacterial community abundance but did not
increase the abundance of pathogens in most cases. Although harvest practices influenced temporal variation
in these patterns, the use of composted poultry manure and organic soil management practices appeared to
reduce pathogens in newly disturbed soil (1-day post-harvest), whereas non-organic soil management practices
appeared to support higher levels of pathogens overall.

Our total resistance data were composed of 66.95% antimicrobial resistance, 19.4% multi-compound
resistance, 11.72% metal resistance, and 1.87% biocide resistance. Overall, more unique ARGs and MRGs
were identified in the non-organic samples (ARG =136, MRG=22) than in the organic samples (ARG =85,
MRG=10). The majority of unique ARGs (59%, n=82) and MRGs (45%, n=10) were shared between both
cropping systems. However, the non-organic system had a greater number of uniquely identified ARGs (39%,
n=>54) and MRGs (55%, n=12), compared to the organic system (ARGs: 2%, n=3; MRGs: 0%, n=0) (Fig. 5).
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Fig. 1. Microbiome alpha diversity by cropping system. Shannon’s diversity index indicated a significant
increase within organic soils, which received composted poultry manure (green), compared to non-organic
soils, which received synthetic fertilizer (purple), 1-day post-harvest, (Wilcoxon test: P=0.03) but not 12-days
post-harvest (Wilcoxon test: P=0.11).

Similarly, more unique resistance mechanisms were identified in the non-organic system (MR=12, AMR =60)
than in the organic system (MR =10, AMR=48).

Although the non-organic samples had a broader range of unique ARGs and MRGs, these genes were present
at lower abundances compared to the organic group (Fig. S4A & S4B). These higher normalized abundances of
resistance genes in the organic system are reiterated within the top abundant ARG and MRG classes (Fig. 6).
Additionally, the most abundant (from the top 0.5%) ARGs and antibiotic resistance mechanisms differed in
abundance between organic and non-organic systems (Fig. S5A and S5B). Taken together, these results indicate
that the organic systems, amended with composted poultry manure, were associated with higher abundance of
both ARGs and MRGs, but a narrow range of unique resistance genes and mechanisms.

We also found a higher abundance of ARGs 12-days post-harvest in both cropping systems—the opposite
pattern observed for bacterial and pathogen abundance. The relative abundance of specific AMR classes was
similar between non-organic and organic systems, but tetracyclines were significantly more abundant in the
organic system over time (PERMANOVA: F=2.637, P=0.053; Fig. 6A and B). There was also a decline in
tetracycline ARGs in both systems over the 12-day post-harvest period. Overall, tet64, otrA (oxytetracycline
resistance), and fetfV were the most abundant tetracycline resistance genes identified. Notably, tetA was detected
only in the non-organic system 1-day post-harvest, and at lower abundance than other tet genes. The abundance
of individual tet genes varied by cropping system and time point, but levels were too low to detect statistically
significant differences between groups (Fig. 7).

Patterns of MRG abundance across collection time points and cropping systems mirrored those of ARGs
(Fig. 6C and D). Higher abundances of nickel and chromium resistance genes were observed in the non-organic
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Fig. 2. Top abundant phyla of the microbiome. Phyla that constitute the top 0.5% most abundant phyla of
non-organic and organic cropping system soils by 1-day and 12-days post-harvest. (A) Cumulative sum scaled
(CSS) normalized abundance of top phyla. (B) Relative abundance of top phyla.
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Fig. 3. Shared bacterial taxonomy by cropping system. (A) Shared number of unique phyla, (B) Shared
number of unique classes, (C) Shared number of unique genera, and (D) Shared number of unique species
between non-organic (purple) and organic (green) cropping system soils.

system, and interestingly, zinc resistance genes were detected only in the non-organic system 1-day post-harvest
(Fig. S4B). However, none of these differences were statistically significant.

Microbiome and resistome - composition similarities

The composition of bacterial classes differed significantly by cropping system (PERMANOVA: F=3.693,
P=0.006) and showed varying levels of convergence over time (PERMANOVA: F=2.441, P=0.043). These
bacterial classes were most distinct when considering the interaction between cropping system and collection
time (PERMANOVA: F=10.658, P=0.001; NMDS: Stress=0.095, Non-metric fit R’=0.993; Fig. 8A). This
pattern remained consistent across taxonomic levels (Supplementary Fig. S6A & S6B).
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Fig. 4. Pathogen abundance by cropping system. (A) Cumulative sum scaled (CSS) normalized abundance of
WHO ESKAPE pathogens in non-organic and organic cropping system soils 1- and 12- days post- corn harvest
and (B) CSS normalized abundance of common foodborne pathogens in non-organic and organic cropping
system soils 1- and 12- days post- corn harvest.
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Fig. 5. Shared resistance genes by cropping system. (A) The number of unique antibiotic-resistant genes
(ARGsS) shared between non-organic (purple) and organic (green) cropping system soils. (B) The number
of unique metal resistant genes (MRGs) shared between between non-organic (purple) and organic (green)
cropping system soils.

The ARG composition varied more 1-day post-harvest compared to 12-days post-harvest. Both systems
were more similar when grouped by AMR class (Stress=0.097, R2=0.991; Supplemental Fig. S7A) and AMR
mechanism (Stress=0.057, Non-metric fit R?=0.997; Supplemental Fig. S7B) than by AMR group (Stress=0.036,
Non-metric fit R?=0.999, Fig. 8B). These results suggest that the organic cropping systems amended with
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Fig. 6. Top resistance classes of the resistome. Resistance classes that represent the top 5% of all antimicrobial
resistance (AMR) or metal resistance (MR) class counts in non-organic or organic cropping system soils by

1- or 12- days post- corn harvest. (A) Cumulative sum scaled (CSS) normalized AMR class abundance. (B)
Relative AMR class abundance. (C) CSS normalized MR class abundance. (D) Relative MR class abundance.

composted poultry manure were characterized by soil microbial communities with higher abundances and more
diverse bacteria as well as more abundant — but less diverse — ARGs and MRGs. Thus, in this system, higher
microbial diversity is associated with more abundant but less varied resistome profiles.

Resistome risks & mobile genetic elements

We also investigated whether soil management practices impact the risks of transmitting drug-resistant
pathogens. Here, sequencing data were assembled to quantify the number and proximity of ARGs, MGEs and
pathogen sequences, as indicated by their co-presence within the same contigs. Pathogens were categorized
into human health pathogens (ESKAPE pathogens) and ecological pathogens (non-ESKAPE pathogens). There
were more contigs aligning with ESKAPE pathogens in the non-organic system (6 contigs) compared to the
organic system (3 contigs). In contrast, the organic system (179,211 contigs) had more contigs aligning with
non-ESKAPE pathogens relative to the non-organic system (124,932 contigs; Fig. 9).

Importantly, no contigs were identified that contained combinations of MGEs, ARGs, and ecological (non-
ESKAPE) pathogen alignment all together. There also were no contigs that contained MGEs with Class 1 ARGs
or MGEs with ESKAPE pathogens. These findings suggest a limited potential for horizontal gene transfer
involving high-risk resistance genes and human pathogens, as evidenced by lower human health risk scores in
both cropping systems compared to ecological risk scores.

A high risk score represents an increased likelihood of drug-resistant pathogens spreading through indirect
(environment-host) or direct (host-host) transmission pathways. Our risk score analysis suggests that indirect
transmission risks (ecological risk scores), but not direct transmission risks (human health risk scores), were
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Fig. 7. Abundance of tetracycline and oxytetracycline genes. These abundances are shown in non-organic and
organic cropping system soils 1- day and 12-days post-harvest. (A) Cumulative sum scaled (CSS) normalized
abundance of tet genes (B) Relative abundance of tet genes.
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Fig. 8. Beta diversity of the microbiome and resistome. (A) Non-metric multidimensional scaling (NMDS)
of bacterial class by cropping systems (non-organic = purple, organic = green, synthetic =triangle, poultry
manure = circle) across 1- to 12-days post-harvest (Stress=0.095, Non-metric fit R?=0.993.) (B) NMDS

of AMR group by cropping systems (non-organic = purple, organic = green, synthetic = triangle, poultry
manure = circle) across 1- to 12-days post-harvest (Stress=0.036, Non-metric fit R?=0.999).

significantly higher (Wilcoxon Test: P=0.03) in the non-organic system compared to the organic system
(Fig. 10), contrasting with the ARG and MRG abundance trends discussed above (Fig. 6).

Unlike the analyses above, which focus solely on abundance and diversity of ARGs, these risk scores assess
transmission potential by including the presence of mobile genetic elements in the calculation. There were more
contigs containing individual MGEs (NO =40,511 O =34,269) as well as more contigs containing combinations
of both ARGs and MGEs (NO =20, O=10) within the non-organic system compared to the organic system
(Fig. 9A,D,EG). Although the composition of MGE functions — integration/excision, phage, replication/
recombination/repair, stability/transfer/defense, and transfer — were similar between each system, the non-
organic system exhibited elevated levels of MGEs across all functional categories compared to the organic system
(Fig. 11), especially at 12-days post-harvest (Fig. S8).

A total of 25 unique integrases and 29 unique transposases were identified across both cropping systems. Two
transposases, tnpA (NO = 15,423 counts, O = 14,249 counts) and tnpM (NO =12,276 counts, O = 11,647 counts),
were among the top 10 most abundant MGEs in both systems (Fig. S9). Notably, int1 and int2 were also detected,
but at lower abundances than the transposases (Fig. S10). Overall, the non-organic system exhibited a higher
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Fig. 9. Illustrating ecological risk score components through the relative contributions of antimicrobial
resistance genes (ARGs), mobile genetic elements (MGEs), and ecological (non-ESKAPE) pathogens (PATs)

in non-organic and organic cropping systems. (A) Proportion of contigs containing ARGs (nARGs/nContigs).
(B) Proportion of contigs containing MGEs (nMGEs/nContigs). (C) Proportion of contigs aligning with
ecological PATs (nPATs/nContigs). (D) Proportion of contigs containing ARGs and aligning with ecological
PATs (nARGs + PATs/nContigs). (E) Proportion of contigs containing ARGs and MGEs (nARGs + MGEs/
nContigs). (F) Contigs from non-organic (purple) cropping system soil with ARG, MGE, and ecological PAT
alignment, and combinations of both. 9G) Contigs from organic (green) cropping system soil with ARG, MGE,
and ecological PAT alignment, and combinations of both. There were no contigs containing ARGs, MGEs, and
PATSs alignment altogether.
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Fig. 10. Ecological and human health resistome risk scores. (A) Ecological risk scores were significantly
different for non-organic (purple) and organic (green) cropping system soils by 1-day (Wilcoxon test: P=0.03)
and 12-days (Wilcoxon test: P=0.03) post-harvest. (B) Human health risk scores were statistically insignificant
for non-organic (purple) and organic (green) cropping system soils by 1-day (Wilcoxon test: P=0.34) and 12-
days post-harvest (Wilcoxon test: P=0.20).

abundance of both transposases and integrases compared to the organic system, although these differences were
not statistically significant (Fig. S11). Together, the risk score analyses contribute to a more robust assessment of
resistome risk, emphasizing the importance of MGE and resistance gene co-presence rather than relying solely
on ARG and MRG diversity and abundance as indicators.
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Fig. 11. Mobile genetic elements by functional categories. (A) The bar plots show the number of mobile
genetic elements (nMGE:s) identified within contigs classified by major functional categories for non-organic
and organic cropping system soils. (B) The donut plots show the proportions (nMGEs/nContigs) of MGE
major functional categories by cropping system.

Discussion

Our large-scale field study offers insights into how soil management practices shift soil microbial diversity and
the risks of transmitting antimicrobial resistance genes and pathogens. Non-organic systems in our study were
associated with high risks of transmitting both environmental pathogens and antimicrobial resistance genes
(ARGs). These risks were driven primarily by the higher abundance of mobile genetic elements (MGEs), rather
than simply the abundance of ARGs. In fact, ARG abundance was lower in non-organic soils compared to organic
soils. More specifically, non-organic soil management practices, that used synthetic fertilizers and biocides, had
a higher abundance of contigs with MGEs and double the number of contigs containing both MGEs and ARGs.
Additionally, non-organic soils contained a broader array of unique resistance genes and mechanisms. This
diversity, combined with high MGE levels, points to a more complex and potentially mobile resistome.

In contrast, organic systems were characterized by higher total abundances of ARGs that consisted of a narrow
range of unique resistance genes and mechanisms, but low levels of MGEs. Macrolide, fluoroquinolone, and
tetracycline resistance genes were abundant in the organic system, consistent with other poultry manure studies
and the substantial use of these antimicrobials in poultry farming for disease prevention and treament?>”6. The
resistance traits in these organic systems appear less diverse, with fewer mobile genetic elements to facilitate
horizontal gene transfer. Moreover, this suggests that although organic soil management practices, including the
use of poultry manure as fertilizer, may enrich the resistome, they do so in a more constrained and potentially
less transmissible form. As a result, organic practices may lower the risks associated with spreading pathogens
and antimicrobial resistance, despite higher overall abundance of ARGs.

While these patterns are interesting, pinpointing the underlying ecological and evolutionary mechanisms
driving these emergent patterns is crucial. This study points to at least two potential mechanisms that may
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explain the observed patterns in the abundance, diversity, and transmission of pathogens and antimicrobial
resistance genes. First, the non-organic system was characterized by less abundant and less diverse soil microbial
communities, in direct contrast to organic systems amended with poultry manure. Thus, in this system, higher
microbial diversity was associated with more abundant but less diverse resistome profiles and lower overall
transmission risks. These results could arise due to competitive interactions among microbes and the ostensible
energetic costs associated with building and maintaining ARGs or metal resistance genes®>’”78, Of course, a
combination of laboratory and field studies within complex microbial communities is needed to address these
intriguing interactions. While such experiments are beyond the scope of this study, improving soil microbial
diversity to reduce pathogens and AMR genes within environmental reservoirs could present a win-win
management solution.

Second, our results suggest potential for co-selection among antimicrobial resistance genes, mobile genetic
elements, and metal resistance genes (MRGs)'>?’. Specifically, across the organic cropping system, MRGs were
positively correlated with ARGs but negatively correlated with mobile genetic elements. These patterns may
reflect selective pressures that favor ARGs and MRGs together, while potentially disfavoring MGEs, raising the
possibility of competition or trade-offs among these genes. The functional classes of MGEs were similar across
systems and the major functional categories were integration/excision and replication/recombination/repair.
However, 55% of these genes were unique to non-organic systems, suggesting distinct transmission pathways or
mechanisms promoting the functional diversity of MGEs. Potential explanations for these patterns may be that
metal supplementation in poultry feed is a common practice and composting poultry manure can concentrate
these metals, leading to lower functional diversity and sustained heavy metal accumulation in soils amended
with manure fertilizers'>2227.7°,

In addition to the broad implications of heavy metal concentration in the environment, these metals may
co-select for specific ARGs, contributing to a narrow resistome profile. In our samples, Fe and Cu MRGs
were the most abundant. Cu resistance is known to be strongly correlated with the prevalence of macrolide,
fluoroquinolone, tetracycline, beta-lactamase, and aminoglycoside ARGs (ermC, gnrS, tetM, blaCTX_M, and
aac(6’)-Ib-cr) in soils amended with poultry litter'>?*, Selective pressures from residual metals and the resultant
co-selection among ARGs and MRGs may explain why, in our study, ARGs from these resistance classes were
common. The complex patterns we observed here warrant future investigations as they involve trade-offs among
management goals and the associated hazards and long-term risks. For instance, while poultry manure used
as fertilizer in combination with organic practices could reduce the risks associated with the spread of drug-
resistant pathogens, including foodborne pathogens of public health concern, they could also inadvertently
concentrate heavy metals. Perhaps more importantly, investigating interactions among these two major public
health concerns may lead to novel interventions obscured by studying either of these issues alone.

Do the patterns observed here represent short-term perturbations or long-term equilibria? Unfortunately,
the answer to this question is beyond the scope of the current study. Here, we focused on fertilizer amendment
patterns associated with a subset of key management practices predicted to alter the distribution of pathogens
and the resistome. These snapshot studies offer compelling but incomplete insight, and more studies are needed
to address temporal variation. To date, most studies examining the effects of poultry manure fertilizers use single
snapshots, due in large part to logistical constraints and the costs of deep sequencing®*-®2 These short-term
studies are exceptionally useful in guiding more long-term studies. Indeed, the results from this current study
informed our efforts to investigate fine-scale variation in microbial and resistome dynamics across the entire
growing season (Nickodem et al., in prep).

Notably, this current study uncovered another puzzling pattern that warrants further investigation.
Surprisingly, we found that genes for rifampin, aminocoumarin, and glycopeptide resistance were more
abundant than expected, because these ARGs are commonly identified in soils that are in close proximity to
cattle®3. One possible explanation is that our sites are embedded within a larger, ongoing study that includes
multiple long term soil management practices, including the application of dairy manure. Thus, we cannot rule
out the possibility that the focal sites received some runoff from these sites or that equipment-related transfer
contributed to these results. In many ways cross-contamination among treatments would provide a simple
explanation. Yet, this seems unlikely given the broad patterns and differences among treatments receiving dairy
manure (Nickodem et al., in prep).

To understand the dynamics of pathogens and antimicrobial resistance, it is essential to examine how these
elements interact within the complex microbial communities where they reside. This goal requires moving
beyond the lab to field studies, which leads to a suite of trade-offs among study designs. Our current experimental
design takes a top-down approach reflecting industry-standard cropping system techniques and cannot, as of
yet, isolate specific management practices!? .

This experimental design is notably different from most studies focused on poultry manure fertilizers. These
studies often compare poultry manure to fertilizer-free controls. While this simplified design can isolate specific
interactions, it employs a scenario that is rarely used in real-world farming. The design used by WICST was
intentionally developed with the goal to explore alternative land management strategies aimed at improving crop
productivity. For the purposes of our study, we can leverage these realistic farming practices to ask questions
that would not be feasible with a full factorial design. For instance, implementing a full factorial design across
four randomized blocks would require at least 16 additional plots and 5.44 hectares of land, an impractical
expansion given time, space, and the cost of deep metagenomic sequencing. Perhaps more importantly, while
such comparisons might be interesting from a pure science perspective, they would not advance our central
goal of providing practical guidance for land managers, policymakers, or stakeholders. Thus, while we fully
acknowledge the limitations of the current experimental design, the wealth of information gained from this
study and others at WICST highlight its unique and unparalleled contributions to both basic and applied science.
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Together, these findings underscore the value of risk score analyses, as most studies examining environmental
reservoirs of antimicrobial resistance are general and, in particular, they tend to use ARG abundance as a proxy
for AMR risk when determining the impact of poultry manure!'>**-%5, Our results contribute to a growing
body of evidence suggesting that MGEs may be more informative indicators to understand not just risks but
also the mechanisms driving the emergence and spread of AMR. By incorporating mobile genetic elements
and risk score analyses, we gain a more nuanced understanding of transmission potential, highlighting that
gene mobility and ecological context are critical to evaluating AMR risks in agricultural environments. Future
studies investigating how these patterns impact evolutionary dynamics may be particularly insightful. For
instance, the combination of diverse resistance mechanisms and higher levels of mobile elements in the non-
organic systems could create a more flexible genetic landscape, enabling pathogens to rapidly adapt to selective
pressures, including antimicrobial use. Over time, this could lead to the emergence of novel resistance profiles
and more persistent AMR threats in agricultural soils. Unraveling these eco-evolutionary mechanisms could
reveal new opportunities to leverage soil management practices that reduce the emergence and spread of AMR
in environmental reservoirs.

Data availability
The datasets generated and analyzed during the current study are available in the NCBI Sequence Read Archive
(SRA) database under the accession number PRINA1277182.
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