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Abstract: Animal manure is a desirable fertilizer because of its rich nitrogen, but it also
contains a large and diverse reservoir of antimicrobial resistance (AMR) genes (ARGs). To
reduce this AMR reservoir, five treatments (passive aeration, forced aeration, static or anaer-
obic incubations, autoclaving) were assessed for their impact on the poultry litter resistome.
Bacterial DNA was extracted from the litter and the qPCR-estimated copy number of 16S
rrs, classl integrons (intl1) and associated resistance genes (aadA, sull). Then, 165 amplicon
metagenomic sequencing was used to determine community diversity and composition.
Depending on incubation conditions, class 1 integrons and their associated ARGs were
reduced by 0.5 to 1.0 Logyg/g poultry litter. Only autoclaving reduced integrons and
associated AMR genes by three Logjg. Changes in AMR abundance reflected fluctuations
in litter bacteriome composition at the family, genus, and sequence variant level. There was
a negative correlation between class 1 integron and AMR genes, with genera belonging to
Actinobacteria, Firmicutes, and Proteobacteria phyla. While these poultry litter treatments
failed to reduce AMR abundance, aerobic and anaerobic treatments reduced taxons that
contained pathogenic species. The approach to remediating resistance in poultry litter may
be more effective if is focused on reducing bacterial pathogens.

Keywords: poultry litter; resistome; class 1 integron

1. Introduction

There are considerable environmental concerns associated with the use of animal
manure as a soil amendment. Application of animal manures to fields has some public
health risks [1], as these manures may contain zoonotic pathogens including Salmonella,
enterohemorrhagic Escherichia coli, Campylobacter, Listeria monocytogenes and Cryptosporidium
parvum [2—4]. Over the past 40 years, there has been a significant increase in foodborne
outbreaks associated with the consumption of fruits, nuts and vegetables [5-7]. Several of
these outbreaks have been tied directly to the application of animal manures to fields [8] or
caused indirectly, through the contamination of irrigation water [9,10]. In addition, there is
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concern that run-off from animal manure-amended soils will contaminate drinking water.
Poultry litter has a high phosphate content that, if washed into ponds, lakes or streams,
will contribute to the eutrophication and death of aquatic life in these water bodies [11,12].

A complex microbial community inhabits poultry litter, consisting of more than fe-
cal bacteria. Gram-positives are the dominant population, containing member species
belonging to the families Lactobacillaceae, Aerococcaceae, Carnobacteriaceae, Staphylococcaceae,
Corynebacteriaceae, and Micrococcaceae [13]. In addition to pathogens, animal manures
also contain a diverse and highly abundant antimicrobial resistome [14]. The sizable re-
sistome [1,15] includes integrons, genetic elements that capture and build antimicrobial
resistance assemblages [16] and their associated resistance genes. There are four classes
of integrons consisting of a site-specific recombinase or integrase (intl) and an integration
site (attl). The different integron classes (intl1-4) are defined by the homology of the intI
sequences and the conserved gene sequences, 3’, to the integration site. These integrons
contain antimicrobial resistance genes (ARGs) inserted into the att] integration site [17].
Class 1 integrons consist of an integrase, Intl1, an attl1 integration site into which antimi-
crobial resistance genes (ARGs) are integrated and the conserved ARG sull, is inserted
3’to the integration site. The ARG inserted into the attI1 varies, is diverse [18], and may
contain multiple ARGs [19]. In multi-drug-resistant (MDR) Escherichia coli isolated from
poultry, most isolates contain class 1 integrons, and the streptomycin resistance gene aadA1
is commonly found within its att] integration site [20]. intI1 and sull are abundant in the
poultry litter microbiome, where as much as 11% of the total bacterial population possess
these genes. Class 2 integrons are a minor component of the poultry litter resistome, present
at levels comparable to the Gram-negative Enterobacteriaceae population in litter. These
class 1 integrons are present in the dominant Gram-positive population of poultry litter,
and many of these Gram-positives isolates also possess the streptomycin-resistance gene
aadA in the aatl1 integration site [1]. There is significant concern over spillover of these
resistances into soil and plant microbiomes when applying manures to crop soils. There
are numerous studies that have documented the adverse effects of manure applications
on the soil [21-23] and plant resistomes [24-26]. Most concerning is the acquisition of
these resistances by pathogens and their potential spill over into the human population,
which would adversely affect infection control and result in treatment failure. The best way
to prevent this is to identify a treatment process that reduces the abundance of ARGs in
animal manures.

The United States produces 9.18 billion broiler chickens, 394 million layer-chickens,
and 238 million turkeys each year, which translates into~twenty million tons of poultry
manure annually [27,28]. Birds are raised on wood shavings and similar absorptive prod-
ucts, on which the animals defecate. Poultry litter under correct management is partially
responsible for good animal production indices [29], because it acts as a source of benefi-
cial organisms to colonize the intestinal tract of neonatal poultry in the absence of direct
exposure to the microbiota of adult birds [30].

Animal manures are often applied to soil in cropping systems to enrich soil organic
matter and provide plants with essential nutrients [31]. Manures are typically applied to
meet phosphorous and nitrogen needs for plant growth. Other essential nutrients are also
found in manures, which when applied to soil often result in elevated levels of macro- and
micronutrients such as sulfur and zinc [32]. Manures are compatible with organic produce
production, which, for many countries, has been the most affordable way to improve soil
and minimize erosion (available online: https://www.ams.usda.gov/grades-standards/
soil-building-manures-composts). Poultry litter has high levels of nutrients, especially
ammonium, that make it an effective and affordable fertilizer [11,28]. How can animal
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manure like poultry litter be remediated of pathogens or antimicrobial resistance while
maintaining its nutrient concentration as a soil amendment for growing crops?

Composting is the biological stabilization of organic waste. When placed in large
piles, the solid matrix becomes self-insulated and promotes microbial activity that creates
thermophilic conditions (55-65 °C). The retained heat, over time, kills pathogens, while the
active thermophiles consume easily digestible organics, making the compost biologically
more stable. Typically, the composting matrix is mixed periodically to homogenize its
contents. Compost piles are either created with a geometry that enhances natural aeration
or kept aerobic through forced aeration. Over a period of days, the easily available organics
are degraded, and the compost becomes stable with declining temperature and bacterial
populations. Litter management is important in controlling poultry disease within the
production industry [33]. Between flock placements, the resulting poultry litter is piled into
rows along the length of the poultry house and allowed to set before it is spread out across
the surface of the house and top-dressed with fresh bedding. This process, referred to as
windrow processing, generates heat from the microbial activity inherent in composting, to
kill pathogens [34].

Numerous studies have evaluated composting to reduce antibiotic concentrations,
antibiotic-resistant bacteria and antibiotic-resistance gene abundance in swine and dairy
manures [35-39]. Aerobic composting has been shown to be effective at reducing tetracy-
clines and macrolide residues, but ineffective for sulfonamides in animal manures [35,38,40].
The success of composting at reducing ARG has been variable depending on the antibiotic
resistance gene studied [39,41]. Internal temperatures generated during composting are
critical [42] and carbon amendment also facilitates the decrease in antibiotic resistance [43]
and pathogen abundance [44,45]. There has also been some success with anaerobic diges-
tion at reducing antibiotic residues and resistance gene abundance in animal and human
waste [46—48]. Anaerobic digestion has the added benefit of retaining nitrogen content in
manures as well as producing the by-product methane, a marketable energy source.

There is strong evidence that animal and human feces significantly impact the environ-
mental resistome [49-52]. Can composting animal manures like poultry litter reduce ARG
load? Do changes in the bacteriome affect ARG load? Most importantly, what composting
conditions can reduce ARG load without compromising the nutrient availability of poultry
litter as a soil amendment for plant growth? Few studies have examined the impact of
composting poultry litter on its ARG load. In those studies, a single incubation condition,
aeration, was examined [53,54] and one included poultry litter amendments [54]. Neither
study examined the impact of composting on the nutrient concentration of composted
chicken litter. This study assessed five poultry litter composting treatments, including
steam explosion (autoclaving), for reducing antimicrobial resistances associated with inte-
grons. Differences in the antimicrobial resistance gene load, in response to litter conditions,
reflected changes in the poultry litter bacteriome. None of the incubation conditions exam-
ined in this study adversely affected the nutrient concentration of the composted poultry
litter as a soil amendment for plant growth.

2. Materials and Methods
2.1. Bench Scale Aerobic and Anaerobic Treatment of Poultry Litter

Different poultry litter incubation conditions were examined that would modulate the
bacterial composition. Would the resulting changes in community structure decrease class
1 integron and associated ARG levels in poultry litter? A culture-independent approach
was used to assess changes in ARG levels and bacterial community composition.

Ten gallons of poultry litter was collected 18 July 2018, from a stack house [55] in
Madison, Georgia, storing litter from a commercial poultry house cleaned out two weeks
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prior. Pine shavings are typically used as the bedding material, found in poultry litter,
for poultry production in the southeastern United States. Poultry litter was stored at
—18 °C before use. For incubation experiments, litter (1.8 kg) was rehydrated with 1.8 L
of deionized H,O to produce reactor material with 55% water content. Poultry litter was
homogenized, and 100 g wet weight was prepared for incubation. Treatments were as
follows. Passive aeration (T1) involved placement of samples into 200 mL beakers. To
simulate forced-aerated composting (T2), poultry litter samples were placed in 250 mL
Erlenmeyer flasks receiving a tube delivering a continuous flow of air above the litter.
Anaerobic digestion (T3) involved placing samples into 250 mL serum bottles, sealed with
a rubber stopper, and gassed with nitrogen. Finally, the static treatment (T4) consisted of
litter in covered beakers, which served to simulate stack house storage of poultry litter.
Treatments T1, T2 and T3 were maintained in an incubator (Innova 400 Incubator-Shaker,
New Brunswick Scientific; Edison, NJ) at 45 °C for 28 days (Figure 1), while T4 was
maintained at room temperature (25 °C). This incubation temperature was chosen based on
prior knowledge that mesophilic conditions around 45 °C provide for maximal biological
degradation of plant material [56]. Each of the four treatments was replicated eight times,
translating to 32 experimental units.
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T1 * T2 * T3 T4 |
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Figure 1. Bench scale aerobic and anerobic poultry litter treatments. Poultry litter was rehydrated to

55% water content. Different incubation conditions (A) were examined, including passive aeration
(T1), forced aeration (T2), anaerobic (T3), and a static treatment condition (T4). To create anaerobic
conditions, the poultry sample was flushed with nitrogen at the beginning of incubation (B). Collected
gases in this anerobic system were released daily (C). Incubation treatments T1, T2, and T3 were
performed at 45 °C for 28 days, while T4 was maintained at room temperature (25 °C). Water was
replenished daily in reactors T1 and T2 to maintain 55% water content in litter material (¥).

Forced aeration treatments (T2) were continuously flushed with room air at a flow rate
more than 0.73 Lair /L reactor volume/d. This level of aeration is sufficiently higher than the
design oxygen requirements for aerobic composting (e.g., Chapter 9 describes a Newberg
OR in-vessel composting plant where the design aeration specification is 0.086 L/L-d) [57].
This flow rate would also ensure that oxygen levels always remained above anaerobic
thresholds of 6% [58]. Anaerobic conditions (T3) were produced by sparging bottles with
nitrogen gas (100%) at the beginning of incubation. Daily gas build-up, associated with
microbial activity, was released from anaerobic bottles daily by puncturing the rubber
stopper with a 20-gauge needle.
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The reactors (T1 and T2) were removed from the incubator once a day and weighed.
Loss of weight was primarily attributed to drying alone, and therefore water was added
back to the reactor to replenish the moisture to 55% and returned to the incubator. Daily
addition of water was not performed in treatments T3 and T4 as there were no large weight
changes relative to T1 and T2. Incubation was terminated after 28 days when the samples
were removed from the flask and split into two. The duration was selected based on
past experiences in composting poultry litter. Typically, the first heat cycle is completed
in 15-20 days. With poultry litter being an easily decomposable substrate, at optimal
conditions of temperature and moisture, completion of the initial, most-active phase of
composting can be anticipated. An additional week provides enough time to complete
these processes [59]. One sample was immediately frozen (—18 °C) and kept frozen until
it was transferred to Virginia Tech. The second sample was used to estimate final water
content, and subsequently ground and analyzed for total C, N, and ash contents. The
moisture and ash content of samples were measured using standard methods outlined
in the Test Methods for Evaluation of Composting and Compost Products [60]. Ground
samples (less than 250 um) were analyzed for CHN using 3 mg of each sample in a Mirco-
Dumas Combustion Analyzer, where complete combustion transfers elements to the gas
phase and is subsequently measured using a C/H/N Analyzer, Model NA 1500 (Carlo Erba
Strumentazione; Milan, Italy). The analyzer is calibrated by including solid-phase reference
materials at the beginning of each run and at fixed intervals thereafter. Ultra-high-purity
acetanilide is the most frequently used standard material.

Poultry litter (12 g) subsamples were placed in a 200 mL capacity beaker with alu-
minum foil covering the top and autoclaved at 121 °C, 15 psi, for 10 min on a gravity cycle
(total autoclave time: 30 min) (STERIS Amsco Century Sg-120 Gravity Steam Sterilizer Au-
toclave; Steric Corporation; Mentor, OH, USA). Total aerobic plate counts were determined
for starting and autoclaved poultry litter material as follows. Bacterial were extracted from
1 g of litter using a gyratory shaker and spin columns, as detailed by Oxendine et al. [61].
Suspensions were diluted 10-fold in buffered saline gelatine [62], plated on Tryptic Soy Agar
(Difco; Detroit, MI, USA) (10~2 to 10~ final dilution) and incubated aerobically overnight
at 37 °C. Total DNA was extracted from autoclaved poultry litter as detailed below.

2.2. DNA Extraction and gPCR

The starting poultry litter served as an untreated control in comparison with the differ-
ent treatments. DNA was extracted from samples (0.25 g) using the ZymoBIOMICS DNA
Miniprep Kit (Zymo Research; Irvine, CA, USA). The kit was used according to the manu-
facturer’s instructions, vortexing bacterial suspensions with beads for 10 min. DNA was
quantified using a NanoDrop One (Thermo Fisher Scientific; Waltham, MA, USA). Aliquots
of DNA were made in fresh tubes and were normalized to 10 ng/uL using molecular-grade
deionized HyO. DNA samples were stored at —20 °C. qPCR was used to estimate total
gene copy number for 165 rRNA and streptomycin-resistance, sulfonamide-resistance,
and class 1 integron-integrase genes aadA, sull, and intl1, respectively, in the poultry litter
community (Table 1). sull was chosen based on its position and conservation in class 1 inte-
grons and its high abundance, at levels superimposable with intI1 in poultry litter [1]. The
aminoglycoside resistance gene aadA1 was selected based on its presence within the class 1
integron’ s attI1 integration site of poultry Escherichia coli [20] and abundant Gram-positive
bacteria in poultry litter [1]. Escherichia coli pDU2020 served as a positive control for all
PCR primers. A standard curve was generated using E. coli pDU202 and a series of ten-fold
dilutions. JPCR mixtures contained 5 pL of iQ SYBR Green Supermix (Bio-Rad; Hercules,
CA), 0.5 uM of forward and reverse primers, 1 puL of template DNA, and molecular grade
water for a final volume of 10 pL. The following thermocycler (Bio-Rad CFX96 Real Time
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System; C1000 Touch TM thermocycler) conditions were used: 3 min at 94 °C, 30 cycles
of 30 s at 94 °C, 30 s at an annealing temperature, and 2 min at 72 °C. This was followed
by a melt curve with a temperature range of 55 to 95 °C at 0.5 °C increments. The melting
curves were used to confirm the identity of the sample signal as the target gene in question
if its melting peak profile overlapped with the positive PCR control. The exception to
this was 16S, where all litter and treatment samples produced the same, distinct melting
curve compared to E. coli DH5« and pDU202, PCR controls. Poultry litter is commonly
dominated by Firmicutes [13].

Table 1. PCR primers.

Target Gene ! Sequence Amplicon Size (bp) Annealing Temp (°C) Reference

16S rrs F: CGGTGAATACGTTCYCGG 142 56.3 [1]

R: GGWTACCTTGTTACGACTT
aadAl F: GTACGGCTCCGCAGTGGA 244 56.3 [1]

R: GCGCTGCCATTCTCCAAA
sull F: TTGGGGCTTCCGCTATTGGTCT 187 62.0 [1]

R: GGGTTTCCGAGAAGGTGATTGC

intll F: CCTCCCGCACGATGATC 280 56.3 [1]

R: TCCACGCATCGTCAGGC

1 Escherichia coli with pDU202 serving as a positive control for all PCR primers.

2.3. The 16 S Amplicon Metagenomic Sequencing

DNA samples extracted with ZymoBiomics DNA Miniprep Kit were sent to Zymo
Research for 165 sequencing. The Quick-165 NGS Library Prep Kit (Zymo Research,
Irvine, CA, USA) was used for 16S rrs targeted sequencing. PCR was used to prepare the
sequencing library using V3 16S primers, and Select-a-Size DNA Clean & Concentrator
(Zymo Research, Irvine, CA, USA) was used to clean the final pooled library. Sequencing
of the final library took place on Illumina MiSeq.

2.4. Bioinformatics

Bioinformatics analysis was performed by Zymo Research. Samples were demulti-
plexed and preprocessed using the consensus method in DADA?2 [63] and filtered through
cutadapt version 1.18 [64] using the following parameters: minimum length = 150 bp,
maximum length = 250 bp, phred quality score > 30. Reads were merged using fastq-join.
A further filtering step through cutadapt dropped merged amplicons lengths < 200 bp and
>290 bp. This was followed by removing chimeric reads using USEARCH version 6.1 [65].
Further processing was performed in QIIME 2 [66] using the pick_open_reference_otus.py
script. Reads were clustered into sequence variants (SVs) at a 100% threshold using
UCLUST [65]. SV taxonomy assignments were based on Greengenes database version
13.8 [67]. The SVs related to mitochondrial and plastidial 165 rRNA genes were removed. To
reduce SV inflation, SVs matching the following criteria were removed: spurious SVs that
had just one read in all samples, SVs that were present in less than three samples, and SVs
with less than 10 total reads. The remaining SVs were retained for downstream analyses. All
165 rRNA nucleotide sequences were archived in NCBI under BioProject PRINA1082344.

2.5. Statistical Analyses

Box plots of qPCR results were created in RStudio (Boston, MA, USA). t-tests were
performed in Excel to determine statistical significance between treated and untreated litter
samples. Paired student ¢-tests were run using the two-tailed distribution and considered
significant for p-values < 0.05. Standard curves created with E. coli pDU202 were used to
estimate the gene copy number of 16S rRNA, aadA, sull, and intl1 within samples. Copy
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numbers per sample were then used to calculate the copy number per gram of litter. Copy
numbers were Logo transformed into Excel. Boxplots of antimicrobial resistance genes per
gram of litter were created in RStudio (Boston, MA, USA). Pearson’s correlation was used
to assess association between bacterial taxa percentages with intl1, sull or aadA1 abundance.
Values were considered significant for r values > 0.6999 or <—0.6999 with p-values < 0.05.

3. Results

3.1. Impact of Poultry Litter Incubation Processes on Class 1 Integron and Abundance of
Associated Antimicrobial Resistance Genes aadAl and sull

Altering the incubation conditions had a significant effect on aadA1 and sull gene
abundance. Anaerobiosis reduced the abundance of the streptomycin gene aadAl by
0.50 Logip (p < 0.01), but forced aeration increased its abundance by 0.41 Logig (p < 0.01).
The sulfonamide resistance gene sull was also significantly reduced by 0.50 Log (p < 0.01)
with static and anaerobic incubations. However, none of the treatments significantly re-
duced intl1, a marker for class 1 integron, in any of the samples (p-values > 0.05), apart
from autoclaving, which reduced its abundance and the other integron-associated antibi-
otic resistance genes sull and aadA1 2.00-3.00 Logg per gram of poultry litter (p < 0.01)
(Figure 2).
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Figure 2. Class one integron (A), associated antimicrobial resistance aadA1 (B) and sull (C) gene
abundance and (D) bacterial genomes (165 rRNA) in poultry litter before (control) and after various
incubation conditions. JPCR was used to quantify bacterial genomes (16S rRNA) and genes (intl1,
aadAl and sull). DNA quantities were normalized to 10 ng per PCR reaction. Escherichia coli
with pDU202 served as positive controls and known DNA quantities from this strain were used to
establish a standard curve from Ct values for each primer set. A two-tailed, Student t-test was used
to identify significant differences between the poultry litter starting material (control) and various

incubation conditions.

Autoclaving poultry litter the reduced bacterial genomes (165 rDNA) 1,000-fold
and total aerobic plate counts from 108 CFU/ g (control) to below the limits of detec-
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tion (10> CFU/g). This was also reflected by a significant reduction in DNA obtained from
the autoclaved poultry litter compared to the starting material or various incubation con-
ditions (Figure S1). Normalizing gene abundance against total 165 rDNA revealed the
different trends the incubation conditions had on intl1, aadA1 and sull gene copy num-
bers. This normalization removed the impact of biomass size on total gene abundance.
Forced aeration of poultry litter increased the ratio of intl1 and aadA1 to 165 rDNA by
0.5 to 1.0 Logqg (p < 0.01) (Figure 3). Only static incubation reduced sul1/16S and intl1/16S
by 0.5 Logio (p < 0.01) in poultry litter. As these observations might reflect changes in
the microbial community composition of litter following various incubation conditions,
16S rDNA community analysis was used to assess litter community dynamics following
these poultry litter treatments.
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Figure 3. Antimicrobial resistance gene abundance normalized to total bacterial genomes (165 rRNA)
in poultry litter before (control) and after various incubation conditions. gPCR was used to quantify
genome (16S rRNA) and gene (intl1, aadAl and sull) abundance. (A) intI1/16S (Log 10). (B) aadA1/16S
(Log10). (C) sul1/16S (Log 10). DNA quantities were normalized to 10 ng per PCR reaction. Escherichia
coli with pDU202 served as positive controls and known DNA quantities from this strain were used
to establish a standard curve from Ct values for each primer set. A two-tailed, Student t-test was used
to identify significant differences between the poultry litter starting material (control) and various

incubation conditions.
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3.2. Changes in Class 1 Integron-Associated Antibiotic Resistance Genes aadA1 and sull Reflect
Alterations in Bacterial Community Composition in Response to Litter Incubation Conditions

A culture-independent 165 rDNA metagenomic approach was used to characterize the
microbial community composition following various poultry litter incubation conditions.
Incubation conditions significantly altered the alpha and beta diversity of the poultry litter
bacteriome. Passive and forced aeration increased the community «-diversity (p < 0.01) of
the litter bacteriome, while static incubation decreased it (Table 2). There was an inverse
correlation between Shannon diversity and sull or intl1 gene abundance in litter following
passive aeration (p < 0.05).

Table 2. Impact of incubation conditions on poultry litter community 165 rDNA o-diversity.

Conditions Reciprocal Simpson Chao Shannon Observed Species
Average 1 p-Value 2 Average ! p-Value ? Average 1 p-Value 2 Average ! p-Value ?
Control (n = 32) 20.38 + 0.74 131.20 +3.78 5.33 £ 0.06 129.38 &+ 3.67
Aeration
Passive (1 = 8) 32.33+2.75 0.0015 162.26 £ 7.67 0.0021 5.98 £ 0.08 3 <0.0001 160.77 + 7.48 0.0016
Forced (n = 8) 31.70 4 2.49 0.0011 184.39 + 6.59 <0.0001 6.01 £ 0.07 <0.0001 181.43 + 6.24 <0.0001
Anaerobic (n=8)  20.31 £0.79 0.4749 140.56 4 4.83 0.0729 5.37 +0.05 0.2769 138.41 4 4.67 0.0735
Static (n = 8) 15.28 £ 1.35 0.0035 96.80 £ 2.18 <0.0001 4.87 £ 0.09 0.0004 95.95 +2.14 <0.0001

1 £SEM. 2 Paired Student t-test comparison to poultry litter starting material (control). 3 Pearson correlation
coefficient r = —0.7159 (p = 0.0181) and —0.7397 (p < 0.0137) for sull and intl1, respectively.

Regardless of incubation conditions, the Gram-positives Actinobacteria and Firmi-
cutes were the dominant bacterial phyla (Figure 4) in the litter. However, there was an
increase of 12 and 18%, in Proteobacteria under forced and passive aeration, respectively,
compared to 0% for all other incubation conditions including the control, starting material.
The abundance of Actinobacteria varied across incubation conditions, with an observed
decrease in abundance relative to that of Firmicutes under anerobic incubation or that of
emergent Proteobacteria under passive and forced aeration.
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Poultry Litter Incubation Conditions

Figure 4. The 165 rRNA metagenome analysis at the phyla level of the poultry litter bacteriome
following various incubation conditions. Poultry litter as a starting material served as the control.
Poultry litter was rehydrated to 55% water content and incubated at 45 °C (passive aeration, forced
aeration, anaerobic) or 25 °C (static) for 28 days.

Changes in the bacterial community were especially evident in the community 3-
diversity for the litter bacteriome following the various incubation conditions relative to the
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starting material (Figure 5) or community comparisons for the different incubation condi-
tions (Figure 6). There was a clear delineation in community composition following passive
and forced aeration compared to the control starting material, while there was community
overlap with these two incubation conditions compared to anaerobic and static treatments.
A substantial change in the poultry litter microbiota was evident at the family level for all
incubation conditions (Figure 7). All incubation conditions reduced or eliminated bacteria
belonging to Peptostreptococcaceae, Clostridiales Family XI, Clostridiaceae, Lactobacillaceae, No-
cardioidaceae, and Dietziaceae, while promoting the growth of Micrococcaceae, Bacillaceae, and
Carnobacteriaceae. Passive and forced aeration amplified the abundance of a-proteobacteria
Rhodospirillaceae, y-proteobacteria Halonmonadaceae, and the Micrococcales Borgiellaceae in
poultry litter. Following anaerobic incubation, 14% of bacteria in poultry litter belonged to
families in the Class Clostridia: Ruminococcaceae, Peptostreptococcaceae, Clostridiales Family
Xl, Caldicoprobacteraceae, and Thermoanaerobacterales Family III.
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2 % °
o L] w ] :.‘o
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PC3 »° ' 4 o * . 9 °
od L) " PC3 \
oH ° L o
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Figure 5. -diversity of poultry litter bacteriome following various incubation conditions. Poultry
litter was rehydrated to a 55% water content and incubated at 45 °C (passive aeration, forced
aeration, anaerobic) or 25 °C (static) for 28 days. The starting poultry litter material was untreated.
A three-dimensional principal coordinate analysis plot was created using a matrix of paired-wise
distance between samples calculated by Bray—Curtis dissimilarity using unique amplicon sequence
variants (ASVs).

There was a significant negative correlation (p < 0.05) between certain taxa with class
1 integron (intl1) or associated antibiotic resistance genes (ARGs) sull or aadAl under
passive aeration of poultry litter (Table 3). Specifically, there was a negative correlation
between class 1 integron and associated ARGs sull and aadA1 in the Clostridia Peptococ-
caceae and Clostridiales not assigned to a known family under passive aeration. ARG sul1
had a negative correlation with the taxon Mycobacterium, and taxa at the species level,
including, Nocardiopsis alba-algeriensis, Nocardiopsis nikkonensis, Ammoniphilus oxalaticus,
Caldicoprobacter sp30143, Desulfotomaculum, Fodinicurvata sediminis, Achromobacter sp48100,
and an unknown Cytophagia; it also had a negative correlation between aadA1 and an
unknown Rhodothermaceae and unknown Sphaerobacteraceae, and a negative correlation
between sull and intI1 with taxa belonging to Saccharomonospora, Nocardiopsis, and Nocar-
diopsis under passive aeration. There were fewer correlations between intl1, sull or aadA1l
with taxa at the species level under static (Bacillaceae sp26447) or anaerobic (Afopostipes
sp28157, Anaerosalibacter sp31230-sp31231) conditions. There was no correlation in abun-
dance between any taxa with intl1, sull or aadAl with the control starting litter material.
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In addition, no significant positive correlations were observed between bacterial taxa and

intl1 or associated ARGs sull or aadAl under any incubation conditions.
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Figure 6. Comparison of bacterial community (3-diversity of poultry litter following the aerobic,
static, anaerobic, or periodic wetting (wet-dry) of poultry litter. Poultry litter was rehydrated to a 55%
water content and incubated at 45 °C (passive aeration, forced aeration, anaerobic) or 25 °C (static)
for 28 days. A three-dimensional principal coordinate analysis plot was created using a matrix of
paired-wise distance between samples calculated by Bray—Curtis dissimilarity using unique amplicon
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Figure 7. The 165 metagenome analysis at the genus level of the poultry litter microbiota following
various incubation conditions. The poultry litter, as the starting material, served as the control.
Poultry litter was rehydrated to 55% water content and incubated at 45 °C (passive aeration, forced
aeration, anaerobic) or 25 °C (static) for 28 days.
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Table 3. Correlation between family or genera with class 1 integron and associated antimicrobial
resistance gene abundance as a function of litter incubation conditions.

Passive Aeration

Family '/Genus %/Species aadA1 sull intl1
Actinobacteria
Mycobacteriaceae —0.74 0.014
Mycobacterium —0.74 0.014
Pseudonocardiaceae —0.80 0.005 —0.760 0.010
Saccharomonospora —0.90 <0.001 —0.87 0.001
Nocardiopsaceae —0.84 0.003 —0.79 0.006
Nocardiopsis —0.85 0.002 —0.78 0.008
alba—algeriensis -0.76 0.010
nikkonensis —0.76 0.010
Firmicutes
Paenibacillaceae
Ammoniphilus —0.80 0.005 —0.81 0.005
oxalaticus —0.80 0.005
Caldicoprobacteraceae
Caldicoprobacter sp30143 —-0.72 0.017
Clostridiales; Family XI
Tepidimicrobium -0.73 0.016
Tissierella sp31385—sp31390 —0.76 0.010
Clostridiales; Not Assigned —0.72 0.018 -0.77 0.010 —0.72 0.018
Peptococcaceae —0.81 0.005 —0.83 0.003 —0.74 0.013
Desulfotomaculum —0.73 0.016
Proteobacteria
Rhodospirillaceae —0.77 0.009 —0.79 0.007 —0.75 0.012
Fodinicurvata —-0.79 0.0065 —-0.73 0.016
sediminis —0.79 0.006
Alcaligenaceae —0.70 0.020
Achromobacter —0.76 0.011
sp48100 —0.76 0.011
Bacteroidetes —0.73 0.015
Cytophagia; Not Assigned —0.71 0.019
Rhodothermaceae —0.74 0.021
Chlorofexi
Sphaerobacteraceae —0.70 0.021
Static
Firmicutes
Bacillaceae
sp26447 —0.76 0.011 —0.76 0.001
Anaerobic
Firmicutes
Bacillaceae
Atopostipes sp28157 —0.78 <0.001

Anaerosalibacter
sp31230—sp31231

1 Families (1 = 61). 2 Genera (1 = 149).

—-0.74 0.002

3.3. Poultry Litter Maintains Its Nutrient Concentration as a Soil Amendment Under Various
Incubation Conditions

As expected, the greater nitrogen and lower C:N ratio of the litter following incubation
resulted in a reduced C/N ratio close to 11:1. Typically, the C/N ratio during decomposition
of organics approaches a value of around 10:1 in completely aged compost, a value typical
of C/N in soils [68,69]. The values of C/N observed of approximately 11:1 are comparable
to the values cited in the literature and indicate that the decomposition process went as
expected (Figure 8). The lower C contents with forced and passive aeration, held at 45 °C,
were expected, compared to those in the static condition, which was maintained at room
temperature. At 45 °C, decomposition rates were higher and reflect what happens inside
piles of poultry litter relative to ambient conditions at the surface. At a depth of 15 cm or
greater, internal temperatures can rise to higher values within a poultry litter pile because
of the self-insulating effect. Losses of nitrogen were the lowest in the anaerobic treatment,
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compared to the other incubation conditions, which typically underwent a drop in pH due
to the accumulation of short chain fatty acids, intermediates in the anaerobic breakdown
process. The lower pH reduced the volatilization of nitrogen in the form of ammonia. It is
important to note that even under high forced aeration conditions, the nitrogen content of
the poultry litter at the end of 28 d was approximately 2.75%. Such aerobically stabilized
poultry litter would therefore continue to have value as a nitrogen-source soil amendment.
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Figure 8. Nutrient concentration of poultry litter following different incubation conditions. (A) Carbon
content. (B) Nitrogen content. (C) Carbon/nitrogen ratio. Poultry litter was rehydrated to a 55% water
content and incubated at 45 °C (passive aeration, forced aeration, anaerobic) or 25 °C (static) for 28 days.

4. Discussion

Class 1 integrons capture antimicrobial resistance genes (ARGs), building resistance
upon resistance within its integration site [19]. This genetic element has been reported
in both Gram-negatives and Gram-positives [19], especially in pathogens that inhabit
the poultry environment [1,20,70]. In poultry litter, ~11% of the litter microbiota or
107 bacteria/g poultry litter possess class 1 integron [1]. As an amendment, poultry
litter introduces a sizable gene load of class 1 integron and associated ARG into soil. Class
1 integron has been reported in bacteria isolated from various environments including
soil [19]. Can poultry litter be remediated of class 1 integrons and its associated ARG, while
retaining its nutrient concentration as a soil amendment for crop growth?

Different poultry litter incubation conditions were examined to identify a litter treat-
ment that could significantly reduce the abundance of class 1 integron and associated ARGs
sull and aadAl. Several incubation conditions were identified that either increased (pas-
sive and forced aeration) or decreased (static, anaerobic) the abundance of class 1 integron
marker intl1 or ARGs sull or aadA1, commonly associated with integrons, relative to the
control starting material. With the exception of autoclaving, ARG abundances declined
by 0.5 to 1.0 Logjp at most, and it thus unclear whether a 50 to 90% reduction in the large
pool of ARGs is sufficient to alter risk. Others have also reported minor changes in class
1 integron and associated ARGs with the following treatments: windrowing and litter
amendment with aluminosilicate [71]; passive aeration with a surfactant amendment [54];
and composting with daily turning of compost [53]. Anaerobic digestions of cattle, dairy, or
swine manure have been reported to affect class 1 integron and associated ARGs aadA1l and
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sull, although only reducing their abundances by 0.5-1.0 Log;q copies/g manure [72-74].
The results support those other reports but also extend their lines of research by addressing
the impact of five different incubation conditions on the ARG loads and bacteriome and
nutrient concentrations of composted poultry litter as a soil amendment. These changes
in ARG loads were less pronounced when normalized against total bacterial genomes in
poultry litter. The significant differences that were observed in ARG per 165 rDNA copies
reflected changes in the bacterial composition and the correlation between ARG abundance
with certain bacterial taxa.

The different litter processes changed the microbiome substantially. Microbial succes-
sion occurs as poultry litter matures, starting with fresh bedding, where Gram-Negatives,
-, y-proteobacteria and Bacteroidia are the dominant phyla to be later replaced by the
Gram-positive phyla Actinobacteria and Firmicutes [30,75]. Several different litter pro-
cesses have been reported to profoundly affect litter microbiome composition. Subirats et al.
reported a decline in the Gram-positives Actinobacteria and Firmicutes with a correspond-
ing increase in the abundance of the Gram-negatives Bacteroidetes and Proteobacteria
under the composting (passive aeration; 27 °C; amended with sawdust and hay) of raw
litter [53]. Microbial succession was reported in Gram-positives under windrowing, starting
with Clostridiales Family XI as the most abundant group, followed by Bacillaceae (day 15),
supplanted by Staphylococcaceae (day 28), and finally Paenibacillaceae (day 39) [71]. On the
other hand, Clostridia populations increased following the anaerobic digestion of poultry
litter [76]. Similarly, changes in bacterial populations were observed with the different
litter incubation conditions described in this study. Aeration amplified the Proteobacteria
population in poultry litter while reducing that of anaerobic Clostridia. However, anaerobic
digestion augmented Clostridia including Clostridiales Family XI. These changes in com-
munity composition may account for the reduction in class 1 integron and its associated
ARG, however slight. Others have reported similar correlations between taxa and ARG
abundance [71,77-80]. A negative correlation was observed between the abundance of
certain taxa and class 1 integrons or associated ARGs with passive, static or anaerobic
incubations. Passive aeration had the most pronounced effect on 26 bacterial taxa and the
abundance of class 1 integrons or their associated ARGs aadA1 and sull. Negative corre-
lations observed for genera Caldicoprobacter and Saccharomonospora with the integron and
integron-associated ARGs in this study have been reported in others involving composting
or the anaerobic digestion of litter [41,78,79]. However, there were no positive correlations
between taxa and the class 1 integrons or associated ARGs with any of the incubation
conditions examined in this study.

While the different incubation conditions may not have affected class 1 integron abun-
dance in poultry litter, that of the ARGs within attI1 integration may have changed with the
alteration in the microbial community composition. In addition to aadA1, other aadA alleles
and trimethoprim resistance gene dfrAl are present in attl1 site of Corynebacterium species
isolated from poultry litter [1]. Aminoglycoside and chloramphenicol resistance genes have
been identified in the class 1 integron resistome of poultry litter [13]. High-throughput
sequencing of class 1 integron cassette arrays [81] in poultry litter treatments might identify
an incubation condition that significantly alters the class 1 integron resistome.

The inability to substantially reduce the abundance of class 1 integron and its asso-
ciated ARGs, by more than one Log10, may be attributed to their broad dissemination of
diverse phyla including Proteobacteria, Firmicutes and Actinobacteria [13]. Only auto-
claving significantly reduced ARG abundance by 3 Logjp, mainly because it killed most
of the bacterial population. Steam explosion (autoclaving) has been explored to improve
the bioavailability of plant and bacterial cell wall material in animal feed [82]. It has the
added value of also eliminating pathogens from animal wastes. The challenge will be in
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scaling up this process to an industrial scale for processing tons of animal waste. Except
for autoclaving, none of the litter processes markedly reduced ARG abundance. However,
e-proteobacteria, Enterobacteriaceae and Streptococcaceae, which include pathogenic genera
like Escherichia, Salmonella, Campylobacter and Enterococcus, were not detected in any of 165
rRNA sequences following poultry litter incubation under aerobic or anaerobic conditions.
None of the incubation conditions had a significant impact on Staphylococcaceae abundance.
While Staphylococcaceae can be abundant in poultry litter [13,83], they generally do not
exhibit the broad antimicrobial resistance observed in Enterococcus [83]. Reducing zoonotic
pathogens like Salmonella on the poultry product, in turn, reduces the abundance of any
antibiotic-resistant variant as well [84]. Anaerobic digestion may have the added benefit
of augmenting anaerobic symbionts for seeding young birds and promoting healthy gut
development [85,86]. Finally, none of the incubations affected the nutrient concentration of
poultry litter as a soil amendment.

5. Conclusions

As a soil amendment, animal manure is a valuable commodity for organic farming.
Unfortunately, it contains zoonotic pathogens and a large and diverse ARG reservoir.
Reducing occurrence would be a first line for offsetting ARG transmission to animals
and humans and maintaining the treatment efficacy of current antimicrobials. This study
assessed different poultry litter incubation conditions at reducing antimicrobial resistances
associated with class 1 integrons. It was expected that stressful environmental conditions,
those that vary from those for ideal bacterial growth conditions, would alter integron
load, and promote or deter cassette transmission. Except for autoclaving, the reduction in
aadA1 and sull abundance was minimal (0.5-1.0 Log(/g decrease) under the conditions
investigated. However, nominal differences in antimicrobial resistance gene load appeared
tied to changes in the poultry litter microbiota. As class 1 integrons and associated ARGs
aadA1 and sull are broadly distributed across diverse bacterial taxa in poultry litter, no one
incubation condition is expected to substantially reduce this ARG load. Similarly, specific
AMR phenotypes, for example tetracycline resistance, are encoded by a diverse array of
antimicrobial resistance genes or alleles across many bacterial taxa. Only processes that
dramatically lower the total bacterial population, like steam explosion (autoclaving), are
expected to substantially reduce ARG load in animal manures. It is not clear if the small
reductions in ARG load would result in biologically meaningful reductions in the risk of
AMR transmission. However, class 1 integrons and associated ARG in the poultry litter do
not appear to be linked to conjugative plasmids that could spread associated resistances. If
any one of these poultry litter processes can eradicate zoonotic pathogens, then it would
also be able to eliminate antimicrobial resistances associated with said pathogens.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/agriculture15040398/s1: Figure S1. Total DNA per gram of poultry
litter and processed poultry litter. Poultry litter starting material served as the control. Poultry
litter was rehydrated to 55% water content and incubated at 45 °C (passive aeration, forced aeration,
anaerobic) or 25 °C (static) for 28 days. Bacterial pellets were extracted from one-gram samples. DNA
was extracted from bacterial pellets with ZymoBiomics DNA Miniprep Kit and quantified using
NanoDrop One. Control was poultry litter, pre-treatment. * Significant difference as determined
by paired, two-tailed student f-test between treatment and control (p < 0.01). Autoclaved litter
had significantly lower DNA yields (state reduction, log10 relative to control or compare DNA
amounts + SEM for control and autoclaved samples) compared to the control (p < 0.01).
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