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ARTICLE INFO ABSTRACT
Editor: Fang Wang High dietary intake of Cu has previously been linked to the selection of Cu resistance and co-selection of antibiotic re-
sistance in specific gut bacteria. Based on a novel HT-qPCR metal resistance gene chip as combined with 16S rRNA
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of two contrasting Cu-based feed additives on the swine gut bacterial metal resistome and community assembly.
DNA was extracted from fecal samples (n = 80) collected at day 26 and 116 of the experiment from 200 pigs allotted
Escherichia coli to five dietary treatments: negative control (NC) diet with 20 pg CuSO,4 g~ ! and four diets added 125 or 250 pg CuSO,4
Gut microbiome g~ ! feed or 125 or 250 pg Cu,0 g~ ! feed to the NC diet. Dietary Cu supplementation reduced the relative abundance of
Metal resistance Lactobacillus, but it had negligible impacts on bacterial community composition relative to the gut microbiome matu-
ration effect (time). The relative importance of different bacterial community assembly processes was not markedly
affected by the dietary Cu treatments, and differences in swine gut metal resistome composition could be explained
primarily by differences in bacterial community composition rather than by dietary Cu treatments. High dietary Cu
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intake (250 pg Cu g~ 1) selected for phenotypic Cu resistance in E. coli isolates, but surprisingly it did not result in in-
creased prevalence of the Cu resistance genes targeted by the HT-qPCR chip. In conclusion, the lacking impacts of di-
etary Cu on the gut bacterial metal resistome explain results from a previous study showing that even high therapeutic
doses of dietary Cu did not cause co-selection of antibiotic resistance genes and mobile genetic elements known to har-

bor these genes.

1. Introduction

Antibiotic growth promoters have been widely used in swine produc-
tion for many years (Dibner and Richards, 2005), but this agricultural prac-
tice has been banned, or at least tightly regulated, in many countries during
recent years due to risks for the development and transfer of antibiotic resis-
tance between animals and humans (You and Silbergeld, 2014; Zhao et al.,
2021). Metals such as zinc (Zn) and copper (Cu) have received considerable
attention as alternative growth promoters in pigs due to their antimicrobial
activities (Hgjberg et al., 2005). Zn is primarily supplemented for weaners,
whereas Cu is widely used in fattener diets.

The physiological Cu requirement for swine is 5 to 6 ug Cu g~ ' diet
(NRC, 2012), and the maximum dosage authorized in the EU is 25 pg Cu
g~ !, with an exception of 150 pg Cu g~ * in case of suckling and weaning
pigs up to 4 weeks after weaning (European Commission, 2018). However,
in many non-EU countries, the commercial practice generally uses thera-
peutic doses of Cu (150 to 250 pg Cu g~ 1) in swine diets as a growth pro-
moter. Numerous studies have confirmed the growth-promoting effect of
Cu in swine production (Espinosa et al., 2017; Espinosa and Stein, 2021;
Pérez et al., 2011). The underlying animal growth-promoting mechanisms
of dietary Cu are not yet fully understood, but several modes of action have
been proposed (Espinosa and Stein, 2021). Cu speciation influences the bi-
ological activity of Cuwith Cu™ being more toxic than Cu®>* (Rensing et al.,
2018; Popov et al., 2020). Although Cu speciation will be affected during
animal gut passage, recent animal feeding trials have demonstrated that
monovalent copper oxide (Cu,0) showed superior effects on animal
performance and gut microbiome composition as compared to copper (II)
sulfate (CuSO,) (Blavi et al., 2021; Forouzandeh et al., 2021; Hamdi
et al., 2018).

Animal gut bacteria can easily develop resistance to Cu and other metal-
lic growth promoters (e.g. zinc) via adaptive mutations or acquisition of
metal resistance genes (MRGs) by horizontal gene transfer (Aarestrup and
Hasman, 2004; Hasman et al., 2005, 2006). Metal resistance genes are com-
monly located on plasmids or other mobile genetic elements (MGEs) and
the use of elevated dietary Cu diets in pigs can thus be associated with a
risk for co-selection (co-resistance) of antibiotic resistance genes (ARGs)
(Hasman et al., 2005; Yazdankhah et al., 2014). Co-selection of MRGs
and ARGs may also happen by cross-resistance or co-regulation (Baker-
Austin et al., 2006). We recently reported the first controlled study investi-
gating the impact of two contrasting Cu-based feed additives (growth pro-
moters) on the overall swine gut microbiome and antibiotic resistome and
found no evidence for the co-selection of ARGs (Brinck et al., 2023). How-
ever, we did not infer if the high-Cu diets (250 pg Cu g~ * feed) were indeed
high enough to directly select for Cu resistance in the gut bacteria or
whether co-selection of Cu and antibiotic resistance could still have
happened in specific culturable bacterial species within the microbiome.
Understanding these issues is important for a more complete characteriza-
tion of the risks for Cu-induced co-selection of ARGs in pigs.

Very recently, a novel HT-qQPCR metal resistance gene chip (MRG chip)
has been made available to the scientific community (Zhu et al., 2022). The
MRG chip allows for comprehensive quantification of known prokaryotic
Cu resistance genes (CRGs) and other MRGs, and we, therefore, decided
to make a follow-up study using frozen fecal matter samples from our pre-
vious studies (Blavi et al., 2021; Brinck et al., 2023). Compared to our pre-
vious antibiotic resistome study targeting ARGs (Brinck et al., 2023), we
this time used the MRG chip to study the ability of dietary Cu to select for
CRGs and other MRGs thereby shaping the gut bacterial metal resistome.

In addition, we looked into the impacts of dietary Cu on the bacterial com-
munity assembly processes shaping the pig gut microbiome using iCAMP
(Ning et al., 2020) and we used a cultivation-dependent approach targeting
Escherichia coli to complement the HT-qPCR ARG data from our first study.
Specifically, we generated the following hypotheses for our study: high-Cu
diets (125 or 250 pg Cu g~ feed) will affect bacterial community composi-
tion, diversity and underlying community assembly processes as revealed
by 16S rRNA gene amplicon sequencing; high-Cu diets will increase the
abundance of known genes that have been associated with Cu resistance
in gut bacteria; high-Cu diets will co-select for genes conferring resistance
to other metals; high-Cu diets will select for phenotypic Cu resistance in
E. coli isolates; Cu resistant E. coli isolates are more resistant to contrasting
classes of antibiotics than corresponding Cu susceptible isolates are (i.e. co-
selection of Cu and antibiotic resistance).

2. Materials and methods
2.1. Animal management and samples collection

Comprehensive information about the pig feeding trial with 200 grow-
ing pigs has been described by Blavi et al. (2021). In brief, the study in-
volved 6-weeks old growing pigs with an average initial body weight of
11.5 = 0.98 kg that were assigned to a randomized complete block design.
Pig fecal matter was obtained on day 26 and 116 of the experiment (direct
sampling from the rectum; 8 fecal samples per treatment group) as de-
scribed previously (Brinck et al., 2023). Sampling time points were selected
to get data on the effects of dietary Cu both during the initial animal growth
stage (day 26) and shortly before animals would normally be sent for
slaughter (day 116), when microbiomes were suspected to be most selected
by the dietary Cu treatments. Fecal samples were immediately placed into
liquid nitrogen and stored at —80° C. The dietary treatments included a
negative control (NC) diet with 20 pg Cu g~ ' (CuS0O,), as well as four
diets added 125 ug Cu g~ * feed (CuSO4 or Cu,0) or 250 pg Cu g~ * feed
(CuSO4 or Cu,0) on top of the NC diet. For short, the dietary Cu treatments
were named 125 CuSOy, 250 CuSO4, 125 Cu,0, and 250 Cu,0, respec-
tively. Concentrations of total Cu in the fecal samples were measured
after 116 days in all treatments as described previously (Blavi et al.,
2021) and amounted to (means = standard deviations) 295 =+ 74,
1531 + 254, 2900 + 438, 1404 + 158, and 2356 + 357 pg g~ " dry wt
for the NC, 125 CuSO4, 250 CuSQy,, 125 Cu,0, and 250 Cu,O treatments,
respectively. Bioavailable Cu was determined after 116 days by a whole-
cell bacterial bioreporter assay with values being reported previously
(Brinck et al., 2023); i.e. below quantification limit of 7 x 10~% 0.47 =
0.25, and 0.70 = 0.50 pg g~ for the NC, 250 CuSO,, and 250 Cu,0 treat-
ments, respectively.

2.2. Fecal DNA extraction

DNA was extracted from 250 mg thawed fecal samples (n = 80) using
the DNeasy PowerSoil Pro DNA Isolation Kit (Qiagen, Germany) following
the manufacturer's instructions. Nanodrop-1000 spectrophotometer
(ThermoFisher Scientific, USA) and Qubit 2.0 fluorometer (Invitrogen,
Carlsbad, CA, USA) were used to assess the quality and quantity of the iso-
lated DNA. DNA concentrations varied between 50 and 280 ng pL.~ ! for the
fecal samples. All DNA extracts had A260/A280 ratios >1.8. Extracted DNA
was stored at -80 °C until used for 16S rRNA gene amplicon sequencing and
HT-qPCR array.
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2.3. 16S rRNA gene amplicon sequencing and data processing

The primer pair 515F (GTGCCAGCMGCCGCGGTAA) and 806R (GGAC
TACHVGGGTWTCTAAT) were used to amplify the V4 region of the bacte-
rial 16S rRNA gene by PCR (Walters et al., 2016). At Novogene Bioinfor-
matics Technology Co. Ltd. (UK), a small-fragment library was created,
followed by paired-end sequencing with the Novaseq PE250. The DADA2
pipeline (Callahan et al., 2016) in R version 4.0.5 was used to process the
16S rRNA gene amplicon sequences. Filtering and trimming of the reads
were done using the default settings of DADA2. The paired-end reads
were subsequently combined, and an amplicon sequence variant (ASV) da-
tabase was built using the core sample inference algorithm and trained
error models of DADA2 followed by the removal of chimeras. The taxon-
omy of the ASVs was assigned using the Silva 138.1 prokaryotic SSU taxo-
nomic training data (Quast et al., 2013) formatted for DADA2. A
phylogenetic tree was constructed based on the ASVs by using MAFFT
(Katoh et al., 2002) and FastTree (Price et al., 2010). For downstream anal-
ysis, ASVs identified as mitochondrial DNA or chloroplast DNA were re-
moved, and all samples were rarefied to an even sampling depth of
62,000 which was the minimum number of reads in all samples resulting
in a total of 4164 ASVs.

2.4. High-throughput qPCR and data processing

High-throughput qPCR reactions were performed by the Wafergen
SmartChip Real-time PCR system (ThermoFisher, USA), using a total of
86 validated primer sets targeting MRGs associated with Ag, Cu, Hg, Ni,
Zn, Zn/Cd/Co/Pb, and MDR as well as MGEs (Table S1) according to Zhu
etal. (2022). Out of the 86 gene targets assayed, 84 were detected targeting
45 MRGs and 8 MGEs. The detected MRGs were mostly associated with Zn/
Cd/Co/Pb (17 primers targeting 9 genes), Cu (14 primers targeting 11
genes), and Zn (14 primers targeting 8 genes; Fig. S1A). Efflux pump,
gene regulation, and uptake prevention were the most prevalent resistance
mechanisms among all MRGs (91 %; Fig. S1B) and the detected MGEs only
encoded integrases (4 primers) and transposases (9 primers; Fig. S1C).

All gPCR reactions were carried out in technical triplicates, with a non-
template control included in each run. A threshold cycle (Cy) of 31 was used
as the detection limit for the individual PCR reactions. Cr values higher
than 31 were set to 0 and only genes detected in all triplicates were
regarded as positive. Relative gene copy numbers were calculated with
the formula: relative gene copy numbers = 10©1-0/(19/3) a5 described pre-
viously (Looft et al., 2012), where Ct refers to HT-qPCR results. HT-qPCR
data were normalized among samples by dividing the relative gene copy
numbers by the corresponding 16S rRNA gene copy numbers.

2.5. Isolation and characterization of bacteria

In order to compare our data to our previous HT-qPCR ARG study
(Brinck et al., 2023), bacterial isolates were exclusively obtained from
fecal samples (n = 24) collected from the NC, 250 CuSO,, and 250 Cu,O
treatments at the end of the experiment (d 116). Fecal samples were ex-
tracted by shaking 1 g of feces with 10 mL of 0.9 % sterile NaCl for 1 h
on a rotary shaker (150 rev per min, 25 °C). Relevant dilutions of the liquid
phase were prepared and spread in triplicates on Reasoner's 2A (R2A) agar
plates (Reasoner and Geldreich, 1985). R2A medium was used, as the isola-
tion campaign was part of a larger study also involving cultivation of bacte-
ria from different aquatic and terrestrial environments. R2A plates were
incubated for 3 d at 25 °C. After incubation, isolates (n = 462) were ran-
domly picked from the plates and purified twice by re-streaking to obtain
pure colonies. The isolates were stored at —80 °C in R2A containing
30 % (v/v) glycerol.

DNA was first extracted from 95 random isolates (treatments: NC, 250
CuSOy4, and 250 Cu,0) grown on R2A agar plates using the Q-Extract
DNA Extraction Solution (AMPLIQON, Odense, Denmark) according to
the instruction manual. Isolates were subsequently identified by Sanger se-
quencing, which was conducted at Eurofins Genomics (Germany) using the
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27F 16S rRNA gene primer. Most isolates were identified as E. coli
(Table S2), and this species was therefore chosen as an indicator
organism for our study. To identify E. coli isolates among the remaining iso-
lates (n = 462), all were cultivated on E. coli-specific m-TEC ChromoSelect
agar plates (Sigma-Aldrich, Germany) and incubated at 37 °C for 22-24 h.
To verify the specificity of the m-TEC ChromoSelect agar, ten of the isolates
capable of growing on the medium were randomly selected for Sanger se-
quencing and they were all identified as E. coli. Sixty-one percent of the
462 isolates were in this way identified as E. coli (n = 284; Fig. S2A). Out
of the identified E. coli isolates, 17.6 % were from the NC group, whereas
36.3 % and 46.1 % belonged to the 250 CuSO,4 and 250 Cu,O treatments,
respectively (Fig. S2B).

2.6. Phenotypic determination of Cu and antibiotic resistance

Al E. coli isolates (n = 284) were typed for Cu and antibiotic resistance
as described previously (Berg et al., 2010). In brief, all isolates were culti-
vated on R2A agar plates containing either CuSO, (1 mM), ampicillin
(32 mg/L), chloramphenicol (32 mg/L), colistin (64 mg/L), nalidixic acid
(32 mg/L), streptomycin (32 mg/L), and tetracycline (16 mg/L). Resistance
to the compounds was scored by visual growth inspection. The antibiotics
were selected to represent contrasting classes of antibiotics with different
modes of action. Antibiotics were obtained from VWR chemicals (Pennsyl-
vania, USA). Isolates were defined as multidrug-resistant (MDR) when they
were resistant to at least two of the screened antibiotics.

2.7. Statistical analyses

R version 4.0.5 (2021 -03-31) was used for data exploration,
graphics, and all statistical analyses. Bacterial community composition
was examined with “microeco” version 0.10.1 and “ggplot2” version
3.3.3 R packages (Liu et al., 2021; Wickham, 2016). Alpha diversity of sam-
ples was displayed with Chaol and Shannon measures, and statistical dif-
ferences between treatment groups and time points were assessed by the
Kruskal-Wallis rank sum test (Kruskal and Wallis, 1952) combined with
Dunn's test for Multiple comparisons. Beta diversity of samples was
displayed using Nonmetric multidimensional scaling (NMDS) based on
Bray-Curtis dissimilarity metrics. Differences in bacterial community com-
position among treatment groups and time points were investigated by
perMANOVA. Differential abundance of ASVs was assessed among the dif-
ferent treatment groups applying analysis of compositions of microbiomes
with bias correction with default settings (ANCOM-BC; Lin and Peddada,
2020).

The relative importance of different bacterial community assembly pro-
cesses was investigated by iCAMP (Infer Community Assembly Mechanisms
by Phylogenetic-bin-based null model analysis) as described previously
(Ning et al., 2020). ASVs were initially divided based on their relative abun-
dance. ASVs constituting <0.1 % in all samples were considered “rare”,
whereas ASVs with a relative abundance >1 % in one or more samples
were considered “abundant”; remaining ASVs were classified as “interme-
diate” (Zhang et al., 2020). Dispersal limitation, homogenizing dispersal,
and drift are primarily regarded as stochastic processes according to
iCAMP null model theory (Zhou and Ning, 2017).

To examine the potential effects of Cu on the bacterial community struc-
ture and MRG/MGE composition, data from pigs with the same treatment
and sampling time point were aggregated. MRG/MGE profiles were ana-
lyzed using the “vegan” R package version 2.6-2 (Oksanen et al., 2022).
The function adonis was used to analyze variations in MRG/MGE composi-
tions across treatment groups and time points using permutation multivar-
iate analysis of variance (perMANOVA; Anderson, 2001). NMDS ordination
using Bray-Curtis dissimilarity index was used to display dissimilarities
of MRG/MGE compositions across treatments and time points. The
“pheatmap” R package version 1.0.12 was used to create a heatmap of rel-
ative gene abundances. Significant differences in the relative abundance of
MRG or MGE classes and also in individual genes were assessed by a one-
way Analysis of Variance (ANOVA) test using the “dplyr” R package version
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1.0.8. The protest function was used to complete the Procrustes test for cor-
relation analysis between bacterial communities and MRG/MGE composi-
tion based on NMDS ordinations.

Logistic regression with binomial distribution using the generalized lin-
ear model (GLM) function glm was used to do an ANOVA-type analysis of
Cu and antibiotics resistance in isolates using treatment as a distinguishing
factor. The model was subsequently compared against a model not distin-
guished by treatment and the significance of the models was tested using
the Chi-square test.

3. Results

3.1. Impacts of high Cu diets on gut bacterial community composition and
assembly

After quality filtering, the 80 fecal samples yielded a total of 6,166,891
paired-end 250-bp sequences, ranging between 62,280 and 96,631 se-
quences per sample. After rarefication, the 4164 ASVs that were formed
from the sequences were allocated to 25 distinct phyla and 463 genera.
Firmicutes comprised the dominant phylum among all treatments and
time points presented at a mean relative abundance of 91.5 % followed
by Bacteroidota, and Euryarchaeota both with a mean relative abundance
of 2.5 % (Fig. S3). Clostridium sensu stricto 1 was the most abundant
genus representing up to 21.5 % of all ASVs at the first time point and
47.10 % at the second time point (Fig. S4).

Overall, bacterial community composition and diversity were affected
primarily by time (gut microbiome maturation effect), whereas only
minor impacts of the dietary Cu treatments were observed. Hence, none
of the dietary Cu treatments influenced species richness (Chaol) or
Shannon diversity index suggesting that ASV-level alpha diversity of the
gut bacterial community was not affected by the dietary Cu treatments
(Fig. SSAB). By contrast, the richness and diversity of the gut bacterial com-
munities decreased as pigs aged (Kruskal-Wallis and Dunn's test, P < 0.01;
Fig. S5C). Likewise, the bacterial community composition was highly af-
fected by time (perMANOVA, R?> = 0.52, P < 0.001; Fig. 1) with only
minor impacts of dietary Cu treatments. No clear overall impact of dietary
treatments on the bacterial community composition was observed at the
first time point (d 26; perMANOVA, R? = 0.12, P = 0.224; Fig. $6), but

0.4+
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O u ® NC
& O % 125 CuSO,
& mle 250 CuSO,
8 I A Oe [J 125 Cu,0
= [ | ® M 250 Cu,0
z 007 Ao B
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O A Day
® d26
: u - d116
_0»2.
A
-06 0.4 0.2 0.0 02
NMDS2

Fig. 1. Differences in bacterial community composition as revealed by non-metric
multidimensional scaling (NMDS) ordination using Bray-Curtis dissimilarity index
across all fecal samples (n = 80) based on the relative abundance of amplicon
sequence variants (ASVs). Communities grouped by treatment: NC (negative
control), 125 CuSO4 (copper sulfate, 125 pg g’l), 250 CuSOy, (copper sulfate,
250 pg g~ 1), 125 Cu,0 (monovalent copper oxide, 125 pg g~ 1) and 250 Cu,0
(monovalent copper oxide, 250 pg g~ 1), and by time (day): 26 (purple dots), and
116 (orange dots).
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minor impacts were observed at the second time point as visualized in the
NMDS ordination plot (d 116; perMANOVA, R* = 0.19, P < 0.01; Fig. S6).

Dietary Cu treatments altered the relative abundance of several genera
(e.g. Ligilactobacillus, Oscillospira, Prevotella, Roseburia, Schwartzia, and
Streptococcus) compared to the NC after 26 days (ANCOM-BC, P < 0.05;
Fig. S7). However, only the relative abundance of Dialister and Lactobacillus
was affected by the dietary treatments after 116 days (Fig. S7). The relative
abundance of Dialister was higher in the 125 Cu,O group compared with the
NC, whereas the relative abundance of Lactobacillus was higher in the NC
group compared with 125 Cu,0 and 250 CuSO,4 or Cu,O groups (d 116;
ANCOM-BC, P < 0.05).

We further explored the relative importance of different bacterial com-
munity assembly processes across different time points and treatments
using iCAMP (Fig. 2). Overall, drift was the most important community as-
sembly mechanism across all time points and dietary Cu treatments. More-
over, dispersal limitation and homogenous selection also constituted major
community assembly processes after 26 days, whereas homogenizing dis-
persal became important for shaping the bacterial community composition
after 116 days. The importance of drift was highest within the abundant
fraction of the community, whereas it was less important among taxa be-
longing to the intermediate and rare fractions of the community. Drift, ho-
mogenous selection, and dispersal limitation were the most influential
factors driving the changes in community assembly at the first time point
(d 26) whereas at the second time point (d 116) drift was the most impor-
tant process in community assembly of abundant taxa. Importantly, the dif-
ferent dietary Cu treatments had no clear impact on the relative importance
of the different community assembly processes responsible for shaping the
bacterial community.

3.2. Impacts of high Cu diets on MRGs/MGE:s of gut microbiota

The composition of the metal resistome was primarily affected by time
(gut microbiome maturation effect; perMANOVA, P < 0.001; Fig. 3),
whereas it was not significantly impacted by dietary Cu at any of the time
points (perMANOVA, P > 0.1; Fig. S8). Likewise, dietary Cu treatments
did not markedly affect the number of detected MRGs (ANOVA, P > 0.05;
Fig. S9A) or the relative abundance pattern of individual MRGs (Fig. 4).
The cumulative relative abundance of all quantified MRGs was also similar
across the dietary Cu treatments after both 26 and 116 days (ANOVA,
P > 0.1; Fig. S9B). The relative abundance of MRGs (normalized to the cor-
responding 16S rRNA gene copy number) averaged 0.20 across all samples
at the first time point (range: 0.04 - 0.7), while it averaged 0.07 at the sec-
ond time point (range: 0.01 - 0.18).

By contrast, the dietary Cu treatments significantly affected the MGE
profile (perMANOVA, P < 0.05; Fig. S10), although overall dietary Cu im-
pacts were rather modest as indicated from the relative abundance pattern
of individual MGEs (Fig. 4). The dietary Cu treatments affected the cumula-
tive relative abundance of transposases after 26 days (ANOVA, P = 0.0002;
Fig. S9D), but not after 116 days (ANOVA, P > 0.01). Overall, the cumula-
tive relative abundance (day 26 and 116; normalized to the corresponding
16S rRNA gene copy number) of MGEs ranged from 0.02 to 0.3 with an av-
erage of 0.1. A more in-depth examination of individual MGEs revealed that
dietary Cu treatments significantly impacted only the IS1216 transposase
gene after 26 days (ANOVA, P = 0.016; Fig. S11). Hence, the relative abun-
dance of this gene was higher with Cu,0 (125 and 250 pg g~ ') supplemen-
tation as compared with 250 CuSO4. Dietary Cu treatments did also not
markedly affect the number of detected MGEs (ANOVA, P > 0.05; Fig. S9C).

The lacking or modest impacts of dietary Cu treatments on MRGs and
MGEs were not surprising given that only a small subset of the gene targets
have previously been indicated to confer resistance to Cu in bacteria.
Hence, we specifically evaluated the impacts of dietary Cu on the relative
abundance of 11 genes (pcoC, copA, cusB, cutC, tcrA, cueO, cueR, cusR,
cusS, tcrY, and pcoD; targeted by 14 primers) previously shown to confer re-
sistance to Cu (Fig. 5). The number of detected CRGs was similar across all
treatments (ANOVA, P > 0.1; Fig. 5A). Remarkably, dietary Cu treatments
did not affect the cumulative relative abundance of CRGs (ANOVA,
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Fig. 2. Relative importance of bacterial community assembly processes based on the principle of the null models employed by iCAMP in response to dietary Cu treatments: NC
(negative control), 125 CuSO, (copper sulfate, 125 pg g~ 1), 250 CuSO4 (copper sulfate, 250 pg g~ '), 125 Cu,0 (monovalent copper oxide, 125 pg g~ ') and 250 Cu,0
(monovalent copper oxide, 250 pg g’l). The relative importance of heterogenous selection (HeS), homogenous selection (HoS), dispersal limitation (DL), homogenizing
dispersal (HD), and drift (DR) was determined separately for abundant, intermediate, and rare bacterial taxa.

P> 0.1; Fig. 5B), but the relative abundance of the cueO gene was decreased
by dietary Cu treatments (only significant for 125 Cu,0, 250 CuSO,4 and
250 Cu,0 treatments) relative to NC (ANOVA, P < 0.001; Fig. 6). Moreover,
the cumulative relative abundance of CRGs was significantly lower after
116 days as compared to 26 days (ANOVA, P < 0.05).

3.3. Linkage between bacterial community composition and MRGs/MGE profiles
Procrustes analysis was performed to investigate whether MRG or MGE

profiles could be linked to bacterial community composition (i.e. ASVs
present and their relative abundance). MRG profiles showed a significant

correlation with bacterial community composition (Procrustes sum of
squares M> = 0.54, R> = 0.68, P = 0.0001, 9999 free permutations;
Fig. S12A), whereas there was no significant correlation between MGE pro-
files and the bacterial community composition (Procrustes sum of squares
M2 = 0.98,R? = 0.14, P = 0.33, 9999 free permutations; Fig. S12B). How-
ever, Spearman's rank correlation analysis revealed correlations (P < 0.05;
Fig. S13) among some bacterial genera and MRGs/MGEs within the swine
gut microbiome. The most striking example was the co-occurrence of
Streptococcus and the IS1216 transposase gene with most entities being
highly abundant in the two Cu,O treatments after 26 days (R = 0.69,
P < 0.0001; Fig. 7). The abundance of IS1216 transposase gene was also
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Fig. 3. Differences in the metal resistance genes (MRGs) composition of the gut
microbiome as revealed by non-metric multidimensional scaling (NMDS)
ordination using Bray-Curtis dissimilarity index across all fecal samples (n = 80)
grouped by treatment: NC (negative control), 125 CuSO, (copper sulfate,
125 pg g~ 1), 250 CuSO4 (copper sulfate, 250 pg g~ '), 125 Cu,O (monovalent
copper oxide, 125 pg g ') and 250 Cu,0 (monovalent copper oxide, 250 pg g~ 1),
and by time (day): 26 (purple dots), and 116 (orange dots).

tightly correlated with Streptococcus after 116 days (R = 0.67, P < 0.0001),
however, there was no significant difference between the treatments. The
data from the second time point (day 116) revealed a remarkably tight cor-
relation between the cueO gene and the genus Lactobacillus (R = 0.83,
P < 0.0001; Fig. 7). The correlation was also evident from the first time
point (day 26) with no variation among the treatments (R = 0.92,
P <0.0001).

3.4. Phenotypic resistance to Cu and antibiotics in E. coli isolates

The negligible impacts of dietary Cu on metal resistance gene profiles
(HT-qPCR) prompted us to further investigate phenotypic Cu resistance in
gut bacterial isolates. E. coli was chosen as our indicator species as most
of the strains enriched and isolated on the used non-selective medium
belonged to this species. Supplementation with high levels of dietary Cu se-
lected for Cu resistance in fecal E. coli isolates compared to the NC treat-
ment (GLM, 250 CuSOy,, P < 0.001; 250 Cu,0, P < 0.05; Fig. 8A). Among
the NC treatment (n = 50), only 24 % were Cu resistant, whereas corre-
sponding numbers for the 250 CuSO4 (n = 103) and 250 Cu,0 (n =
131) treatments were 72 % and 41 %, respectively. The fraction of Cu-
resistant E. coli isolates was significantly higher for the 250 CuSO,4 group
as compared to the 250 Cu,O group (GLM, P < 0.05).

Contrary to our hypothesis, Cu resistant E. coli isolates were not more re-
sistant to antibiotics as compared to Cu susceptible isolates (Fig. 8B). By
contrast, Cu sensitive isolates were more resistant to ampicillin and strepto-
mycin than corresponding Cu resistant isolates were (GLM, P < 0.001). A
closer look at the results revealed that this observation could primarily be
linked to isolates derived from the two dietary Cu treatments (Fig. S14).
In particular, Cu sensitive isolates derived from the 250 Cu,O group exhib-
ited a high level of ampicillin and streptomycin resistance. Overall, supple-
mentation of 250 Cu,0, irrespective of Cu sensitivity, increased phenotypic
resistance of E. coli isolates to ampicillin, and streptomycin compared with
the NC and 250 CuSO4 (GLM, P < 0.05; Fig. S15).

4. Discussion
4.1. Gut microbiome composition and bacterial community assembly processes

The gut microbiome was dominated by ASVs belonging to the phylum
Firmicutes across all treatments and time points, which is in line with
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previous studies of the swine gut (Forouzandeh et al., 2022; Lamendella
etal., 2011; Niu etal., 2015). However, the relative abundance of Firmicutes
was 25 to 50 % higher than in our previous study of the same feeding trial
even though some of the samples used for DNA extraction were indeed
taken from the same animals. This can be explained by the different DNA
extraction kits used in the two studies following the commercial discontin-
uation of the kit used in the previous study (Brinck et al., 2023; Sperling
et al., 2018). Nevertheless, the main conclusions regarding the impacts of
dietary Cu on the gut bacterial resistome were similar in the two studies
with a significant gut microbiome maturation effect (time) and rather
minor impacts being observed for the dietary Cu treatments.

Dietary Cu treatments altered the relative abundance of a few genera.
The relative abundance of Lactobacillus was reduced after 116 days in re-
sponse to both dietary Cu treatments in line with our previous study
(Brinck et al., 2023). The lacking effect of Cu supplementation on bacterial
diversity and composition and the analogous effect of Cu supplements on
swine gut microbiome in our experiment was in accordance with former
studies where they compared the effect of 150 and 250 pg g~ ! of Cu,0
and CuSO,4 on the composition of the microbial community in broilers
ileum (Forouzandeh et al., 2021) or swine colon (Forouzandeh et al., 2022).

We investigated the relative importance of contrasting bacterial com-
munity assembly processes using iCAMP. No clear impacts of dietary Cu
treatments on the relative importance of the community assembly pro-
cesses responsible for shaping the bacterial community were observed.
Drift was the most influential community assembly mechanism in the out-
come of this experiment regardless of whether bacterial communities
were stressed by high Cu concentration or not. Counterintuitively, drift be-
came more important with pig age, even though it is generally thought that
stochastic community assembly processes are most important during early
phases of gut colonization (Seki et al., 2022). Our interpretation of the
iCAMP output is that drift became more important over time for explaining
animal-to-animal gut microbiome differences due to the observed conver-
gence of bacterial community composition over time (this study, Brinck
et al., 2023). Hence, the very small differences observed after 116 days
were almost entirely driven by stochastic events.

4.2. Selection and co-selection of bacterial resistance to Cu and other metals

Cu supplementation had a negligible effect on the swine gut bacterial
metal resistome, which was primarily affected by gut microbiome matura-
tion (i.e. time). The absence of dietary Cu treatment effects on CRG and
MRG profiles contrasts with our phenotypic Cu resistance data demonstrat-
ing a significantly higher frequency of Cu-resistant E. coli isolates from the
two high-Cu dietary treatments than from the corresponding control treat-
ment. The higher frequency of Cu-resistant isolates among the dietary Cu
treatment groups indicates that elevated doses of dietary Cu actually had
the ability to select for Cu resistant bacterial strains via toxicant-induced se-
lection. This is in line with previous cultivation-dependent studies demon-
strating that high doses of dietary Cu (125 to 208 pg Cu®>* g~ 1) could be
linked to acquired Cu resistance in Enterococcus faecium and E. faecalis via
the plasmid-borne Cu resistance gene tcrB (Amachawadi et al., 2010,
2011; Hasman et al., 2006). Interestingly, more recent studies did not ob-
tain evidence for an effect of high Cu supplementation on Cu resistance in
E. faecalis or E. coli isolates collected from broilers feces (Forouzandeh
et al., 2021) or in E. faecalis isolates collected from swine feces (Capps
et al., 2020; Villagémez-Estrada et al., 2020).

Under the influence of dietary Cu treatments, only the relative abun-
dance of the CueO gene was affected, but the Cu supplemented diet actually
decreased CueO abundance. CueO encodes for an enzyme with a high cu-
prous oxidase activity, which protects E. coli against Cu toxicity, but the
CueO enzyme may also have other cell functions unrelated to Cu (Singh
et al., 2004). Altogether, the HT-qPCR MRG chip data did thus not provide
any evidence for selection of CRGs even though dietary Cu selected for phe-
notypic Cu resistance in E. coli isolates. This finding demonstrates that the
relative abundances of CRGs targeted by the MRG chip may constitute a
poor proxy for phenotypic Cu resistance in specific groups of bacteria and
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Fig. 4. Heatmap showing the impacts of dietary Cu treatments and time on 86 gene targets related to metal resistance, mobile genetic elements, and multidrug resistance. The
color gradient represents the log-transformed relative gene abundance (normalized to the corresponding 16S rRNA gene copy numbers). Rows represent the results of each
primer set (assay) shown on the y-axis. Columns represent fecal samples (n = 80) grouped by dietary Cu treatments: NC (negative control), 125 CuSO4 (copper sulfate,
125 pg g~ 1), 250 CuSO, (copper sulfate, 250 pg g~ 1), 125 Cu,0 (monovalent copper oxide, 125 pg g~ ') and 250 Cu,0 (monovalent copper oxide, 250 pg g~ ') and by

time (day): 26, and 116. Rows were clustered based on Euclidean distances.

it is thus advised to complement the MRG chip with phenotypic resistance
data for specific species of bacteria to infer whether high levels of dietary
Cu can select for Cu resistance via toxicant-induced succession. In addition,
it should also be mentioned that some CRGs (e.g. pcoA, cusA, and tcrB) were
not covered by the used MRG chip.

Rather than indicating an important role of dietary Cu in shaping the
MRG profiles, our results showed a significant correlation between MRG
profiles and bacterial community composition. This is consistent with our
previous study showing a similar correlation between ARG profiles and
bacterial community composition (Brinck et al., 2023). Although we did
not observe a major treatment effect on the overall gut microbiome, the rel-
ative abundance of Lactobacillus declined in response to Cu treatments after
116 days. Previous studies have demonstrated a similar decrease in Lacto-
bacillus abundance following Cu or Zn supplementation in pigs and poultry
(Forouzandeh et al., 2021; Hgjberg et al., 2005; Mei et al., 2009), and it is
therefore highly likely that Lactobacillus species are directly impacted by
metal toxicity in animals fed with supplements of Cu or Zn. Likewise, the
relative abundance of cueO decreased under the influence of elevated Cu.
These findings exemplify how dietary Cu treatments may affect the compo-
sition of the swine gut bacterial metal resistome via changes in bacterial
community composition.

4.3. Cu-induced co-selection of MGEs

Unlike MRGs, the MGE profiles were in general not well correlated to
changes in the bacterial community composition, but the dietary Cu treat-
ments did affect the MGE profile to some extent. Specifically, the IS1216
transposase gene was significantly more abundant in dietary treatments
with Cuy0 (125 and 250 pg g~ 1) suggesting that this Cu source could pos-
sibly imply an increased risk for horizontal transfer of antibiotic resistance
determinants among gut bacteria. The abundance of the IS1216 transposase
gene was highly correlated with Streptococcus after both 26 and 116 days,
but IS1216 may also play a prominent role for gene transfer in Enterococcus
species of animal origin (Liu et al., 2012; Xu et al., 2010).

4.4. Cu-induced co-selection of antibiotic resistance in pigs

Pig production is generally considered a hotspot for the development
and transfer of antibiotic resistance and since metals such as Cu and Zn
are frequently used in parallel with antibiotics it is often also considered a
hotspot specifically for metal-induced co-selection of antibiotic resistance
(Zhao et al., 2021). Indeed, it has been shown that multi-resistance plas-
mids conferring resistance to both metals and antibiotics are present in
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Fig. 5. Impacts of dietary Cu treatments and time on the prevalence of Cu resistance
genes (CRGs) in pig fecal samples (n = 80) grouped by treatment: NC (negative
control), 125 CuSO,4 (copper sulfate, 125 pg g~ 1), 250 CuSO, (copper sulfate,
250 pg g~ 1), 125 Cu,0 (monovalent copper oxide, 125 pg g~ 1) and 250 Cu,0
(monovalent copper oxide, 250 pg g’l) and by time (day): 26, and 116. A.
Average number of detected CRGs; B. Average cumulative relative abundance of
CRGs. The cumulative relative abundance refers to the sum of relative abundance
for all targeted CRGs. Error bars show the standard deviation.

gut bacteria and that they are probably enriched in bacteria of livestock
fecal origin compared with other environments (Fang et al., 2016; Pél
et al., 2015). It has also been shown that exposure to Cu and Zn can co-
select for increased levels of resistance against 3-lactams in E. coli isolates
from pigs in Germany (Holzel et al., 2012) and against chloramphenicol
and ciprofloxacin in E. coli isolates from pigs in China (Zhang et al.,
2019). Based on our phenotypic resistance data from E. coli isolates from
pigs in Illinois, we could reject the hypothesis that Cu resistant E. coli iso-
lates were more resistant to contrasting classes of antibiotics than corre-
sponding Cu susceptible isolates were. Hence, our data did not indicate
co-selection of Cu resistance and antibiotic resistance in E.coli from pigs
supplemented with dietary Cu supplements in accordance with our previ-
ous microbiome-wide study showing that the studied dietary Cu treatments
did not co-select for ARGs (Brinck et al., 2023). Interestingly, our data are
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Fig. 6. Boxplot showing the impacts of dietary Cu treatments on the average relative
abundance of the cueO gene after 116 days of experiment. Relative gene abundance
grouped by treatment: NC (negative control), 125 CuSO4 (copper sulfate,
125 pg g~ 1), 250 CuSO4 (copper sulfate, 250 pg g~ '), 125 Cu,0 (monovalent
copper oxide, 125 pg g~ ') and 250 Cu,O (monovalent copper oxide, 250 pg g~ ).
Boxes represent the interquartile range between the first and third quartiles (25th
and 75th percentiles, respectively), and the horizontal line inside the boxes
defines the median. Whiskers show the lowest and highest values within 1.5
times the IQR from the first and third quartiles. Outliers are represented by black
dots. A one-way ANOVA test was used to evaluate differences in relative
abundance between samples of different treatment groups (P-value is shown).

consistent with recent studies showing no co-occurrence of ARGs and
MRGs in assembled metagenomes derived from dairy slurry containing
elevated levels of both Cu and Zn (Baker et al., 2022).

In conclusion, we propose that the lacking evidence for Cu-induced co-
selection of antibiotic resistance in our pig feeding trial (Brinck et al., 2023;
this study) can be explained at least in part by the negligible impacts of the
imposed dietary Cu treatments on the gut bacterial metal resistome as ob-
served in this study. Hence, dietary Cu did not select for known CRGs or
multidrug resistance genes targeted by the used HT-qPCR MRG Chip indi-
cating a low risk for co-selection via co-resistance or cross-resistance mech-
anisms, respectively (Baker-Austin et al., 2006). We hypothesize that the
negligible impacts of dietary Cu on the gut microbiome reflect the fact
that high levels of dietary Cu have been in use for many pig generations
and associated legacy effects of this agricultural practice. Hence, CRGs
may already have become stably integrated into the fecal microbiome con-
sistent with the weaker impacts of dietary Cu on Enterococci in recent stud-
ies (Capps et al., 2020; Villagémez-Estrada et al., 2020) as compared to
older studies (Amachawadi et al., 2010, 2011; Hasman et al., 2006). Similar
legacy effects have previously been proposed for feeding trials with ele-
vated doses of antibiotics in pigs showing no development of antibiotic
resistance (Pollock et al., 2020) and may have important consequences
such as enhanced persistence of resistance to antimicrobial agents even at
low concentrations (Salyers and Amabile-Cuevas, 1997; Andersson and
Hughes, 2011).

Despite the growing knowledge on the antimicrobial activity of Cu
(Espinosa and Stein, 2021), much remains to be learned about the impacts
of dietary Cu supplements on the swine gut bacterial resistome and its im-
plications for transmission and dissemination of antibiotic resistance to
humans. Cu-based feed additives can reduce the amount of total microbial
protein in the gut and have significant growth-promoting effects in pigs
(Espinosa et al., 2019), but clearly benefits must be carefully balanced
against the potential risks for co-selection and persistence of antibiotic re-
sistance in pig gut bacteria and the subsequent transfer of antibiotic resis-
tance to humans via various pathways (Zhao et al., 2021).
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