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Metals such as iron, manganese, copper, and zinc are recognized as essential trace elements. These trace
metals play critical roles in development, growth, and metabolism, participating in various metabolic
processes by acting as cofactors of enzymes or providing structural support to proteins. Deficiency or
toxicity of these metals can impact human and animal health, giving rise to a number of metabolic and
neurological disorders. Proper breakdown, absorption, and elimination of these trace metals is a tightly
regulated process that requires crosstalk between the host and these micronutrients. The gut is a
complex system that serves as the interface between these components, but other factors that contribute

Iéfj};wnzirfrsc;biota to this delicate interaction are not well understood. The gut is home to trillions of microorganisms and
Microbiome microbial genes (the gut microbiome) that can regulate the metabolism and transport of micronutrients
Iron and contribute to the bioavailability of trace metals through their assimilation from food sources or by
Manganese competing with the host. Furthermore, deficiency or toxicity of these metals can modulate the gut
Zinc microenvironment, including microbiota, nutrient availability, stress, and immunity. Thus, understanding
Copper the role of the gut microbiota in the metabolism of manganese, iron, copper, and zinc, as well as in heavy

metal deficiencies and toxicities, and vice versa, may provide insight into developing improved or
alternative therapeutic strategies to address emerging health concerns. This review describes the current
understanding of how the gut microbiome and trace metals interact and affect host health, particularly in

pigs.
© 2021 Chinese Association of Animal Science and Veterinary Medicine. Publishing services by
Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Trace metals are essential in humans and animals as they serve
as critical cofactors and components of enzymes for various bio-
logical processes (Shannon and Hill, 2019). Trace elements include
transition metals such as vanadium, chromium, manganese, iron,
cobalt, copper, zinc, and molybdenum, as well as non-metals such
as selenium, fluorine, and iodine. They are classified as
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micronutrients because the mammalian body requires very small
quantities (generally less than 100 mg/day) of these elements.
Approximately 60% of known enzymes have at least one metal as a
cofactor, with zinc being the most common, followed by iron and
manganese (Andreini et al., 2008). Moreover, trace metals partici-
pate in redox reactions because free radicals interact with metal-
bound superoxide dismutase and promote their decomposition
into less or non-toxic substances. This indicates that trace metals
play critical roles in oxidative stress and numerous metabolic
processes. Despite their importance in various biological activities,
chronic exposure to high levels of trace metals causes health risks
and toxicity. Thus, homeostasis of trace metal elements must be
tightly regulated to prevent certain diseases.

The required dietary amounts of trace metal elements in the
body are provided primarily by food sources. However, trace ele-
ments must be released from food and assimilated in the gastro-
intestinal tract to maintain an adequate supply of micronutrients
and cellular stability. Several studies have identified challenges in
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maintaining this balance because nutrient composition, di-
gestibility, and availability vary among food sources, in addition to
the variability in the resident microbiota (Che et al., 2019). The gut
comprises approximately 10> microorganisms per gram of gut
contents that form a distinct community known as the gut micro-
biota (Niu et al., 2015). Each bacterium contains thousands of
functionally relevant genes and pathways to support essential gut
functions and prevent intestinal dysbiosis (Sitkin et al., 2016;
Pickard et al., 2017). Some of the gut microbiota and microbial
genes (the gut microbiome) promote a healthy gut by maintaining
the diversity of metabolic functions, preserving the integrity of the
gut mucosa, and enhancing innate immunity as the first line of
defense against foreign and toxic substances (Sitkin et al., 2016;
Pickard et al., 2017). In fact, several gut bacteria and pathogens such
as Campylobacter jejuni, certain Yersinia spp., and Salmonella
enterica Typhimurium have shown the ability to transport,
metabolize, and use trace metals for survival (Rakin et al., 2012;
Diaz-Ochoa et al., 2016; Crofts et al., 2018). Interestingly, the gut
microbiome can compete with the host to obtain trace metals
required to persist in the gut, but the host has developed mecha-
nisms to sequester trace metals and prevent bacterial access to
them (Becker and Skaar, 2014). This dynamic interaction between
the host, the gut microbiome, and metals provides an interesting
field of research. However, understanding the mechanisms under-
lying this competition for micronutrients is still underway.

As the gut microbiome participates in maintaining normal gut
functions and immunity, several factors, including host genetics
and environmental conditions, can significantly modulate the di-
versity of the gut microbiome. For instance, genetic factors,
including certain genotypes and gene mutations, have been shown
to modulate the initial bacterial colonization in neonates and the
gut microbiota profile in adult stages (Pajarillo et al., 2014a,b).
Meanwhile, environmental factors such as diet, lifestyle choices,
nutritional deficiencies, treatment interventions, and exposure to
pathogens and toxicants may either promote a healthy gut or
induce intestinal dysbiosis in humans. In addition, breeding
method, geographical region, and feeding strategy can influence
the microbial diversity of the animal gut (Pajarillo et al., 2015).

Both abnormally low and high levels of trace elements in the
body can elicit health problems associated with deficiency and
toxicity, respectively (Chowdhury and Chandra, 1987; Hotz et al.,
2003). For example, deficiency of iron can lead to iron deficiency
anemia (IDA) in humans, a serious illness characterized by low
levels of iron in the body causing a reduction in the number of red
blood cells supplying nutrients and oxygen throughout the body.
Copper deficiency can result from a rare genetic disorder known as
Menkes disease, which can impair the development of connective
tissues, muscles, and the brain. Deficiency of zinc is involved in a
number of gastrointestinal disorders, including Crohn's disease and
irritable bowel syndrome in humans (Han et al., 2017; Higashimura
etal.,, 2020), as well as gut dysbiosis in animals (Satessa et al., 2020).
Thus, metal deficiencies present serious health concerns in the
human population and cause counterproductive problems in the
animal industry. Meanwhile, chronic exposure to high levels of
trace metals can promote toxicities in the liver, kidneys, and brain,
leading to a number of irreversible and debilitating disorders.

This review describes how trace metals such as iron, manga-
nese, zinc, and copper are metabolized, transported, and used by
members of the gut microbiota and the host (Fig. 1). We also pre-
sent evidence of the impacts of mineral supplementation, de-
ficiencies, and toxicities on animal health by modulating the gut
microbiome and function, particularly in pigs. Table 1 shows a
summary of the effects of iron, manganese, zinc, and copper in
modulating the gut microbiota of pigs. Finally, we review the
mechanisms by which the gut microbiota is modulated by trace
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metals and show that the gut microenvironment plays a central
role in mineral bioavailability and mucosal immunity in animals.

2. Iron

Iron is a critical component of hemoglobin and myoglobin which
play vital roles in the metabolism of humans and animals. It is also
the metal at the active site of many important enzymes, such as
catalase, peroxidase, and cytochromes. The absorption of iron is
carried out in the small intestines in the form of Fe?* that binds
with apoferritin to produce ferritin where Fe?* is converted to Fe3*,
Transferrin transports iron to various organs including the liver
where iron is stored in the form of ferritin (Silva and Faustino,
2015). Iron is also essential for the survival of almost all aerobic
organisms except Borrelia burgdorferi (Posey and Gherardini, 2000).
Although iron absorption and assimilation in the body is well
established, the mechanism underlying the modulation of gut
microbiota is not completely understood. In fact, studies are limited
in distinguishing iron's effect in the context of microbiota, focusing
mostly on individual bacterial species. We discuss the current ev-
idence showing key bacterial pathways of uptake, metabolism, and
utilization of iron (Fig. 1).

Iron alters intestinal microbiota by regulating the microbial
acquisition of energy from host-ingested nutrients (Dostal et al.,
2015). Commensal and pathogenic bacteria acquire dietary iron in
the gut in at least 2 ways including: (1) receptor-mediated trans-
port from iron-bound proteins (i.e., transferrin and heme) and (2)
iron capture by releasing siderophores. Studies have shown that
iron transporters such as a ferrous uptake system (FeoAB) and a
putative iron transport system (SitABCD) are expressed in several
bacteria including Salmonella typhimurium (Zhou et al., 1999;
Cartron et al., 2006). Moreover, some bacteria produce haemophore
proteins to transport heme via receptor-mediated uptake
(Krewulak and Vogel, 2008).

A wide array of Gram-positive and Gram-negative bacteria ac-
quire luminal iron by releasing iron-chelating siderophores which
exhibit a higher affinity to iron compared to a host's iron-binding
proteins (Hider and Kong, 2010). Iron-bound siderophores are
transported by various inner and outer membrane transporters
such as enterobactin exporter S (EntS), salmochelin siderophore
ATP-binding cassette (ABC) protein (IroC), and outer membrane
protein (TolC), respectively (Furrer et al., 2002; Bleuel et al., 2005;
Crouch et al., 2008) with the assistance of TonB-dependent outer
membrane siderophore receptor (IroN) and ferric enterobactin
(Fep) siderophore ABC transporter system (Hantke et al., 2003;
Crouch et al., 2008). Some Gram-negative bacteria may also use
ferric citrate transporters for iron uptake (Wagegg and Braun, 1981;
Mahren et al., 2005). Iron is also found in regulatory proteins, which
in the enteric bacterium S. enterica includes ferric uptake regulation
(Fur), fumarate and nitrate reduction regulatory (Fnr) protein,
redox-sensitive transcriptional activator (SoxR), HTH-type tran-
scriptional regulator (IscR) and repressor (NsrR) (Troxell et al.,
2011; Baothman et al., 2013; Vergnes et al., 2017). These findings
indicate that various microorganisms developed complex transport
and acquisition systems to compete for iron with the host.

2.1. Iron impacts gut microbiota

The established dietary iron requirement for young nursery pigs
weighing 5 to 20 kg is 100 mg/kg per day (Shannon and Hill, 2019).
Iron deficiency is a nutrient deficiency disorder that has serious
effects on the host immune response and overall health. Iron
deficiency anemia is a condition characterized by reduction of red
blood cells or hemoglobin in the blood that can be caused by a
plethora of factors, including blood loss, low dietary intake or poor
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Fig. 1. General overview of mechanisms of trace metal homeostasis and utilization by microbiota. Bacteria developed several transport systems for iron, manganese, zinc, and
copper absorption. Trace metals alters bacterial survival and fitness by modulating its ability to fight oxidative stress and produce energy via metabolic processes and metal-bound
enzymes. ROS = reactive oxygen species; Fe = iron; Mn = manganese; Zn = zinc; Cu = copper; ABC-type = ATP-binding protein; AdcABC/YcdHI = zinc transporter system;
ZUR = zinc uptake regulator; PerR = peroxide operon regulator; AdcR = adhesin competence repressor; NRAMP = natural resistance-associated macrophage protein; ZIP = zinc
import proteins; CcoA = copper uptake porter; CusABC = copper uptake system; CopZ = copper chaperone.

absorption of iron from food (Aspuru et al.,, 2011). Since iron is
mainly absorbed in the gut, iron deficiency can modulate mucosal
immunity at least in part by changing the microbial profile and
function (Knight et al., 2019). In addition, studies have shown that
iron deficiency reduces brain tissue integrity (Antonides et al.,
2015; Mudd et al., 2017, 2018), which may induce cognitive defi-
cits (Antonides et al., 2015), indicating that iron is critical for
normal brain development in pigs. Early-life iron deficiency alters
the specific bacterial genera in the colon, promoting the growth of
iron-independent bacterial communities such as Lactobacillus
(Knight et al., 2019). These changes were attenuated when iron-
sufficient diets were introduced at post-weaning, indicating that
dietary supplementation may mitigate the effects of early-life iron
deficiency. Iron deficiency induced microbial shifts in the pig gut,
resulting in increased levels of volatile fatty acids (VFA), including
acetate, propionate, and valerate (Knight et al., 2019). The gut
microbiota affects iron metabolism and absorption throughout the
gut (Cai et al., 2017), including the colon. It has been shown that
VFA such as propionate, which is produced by gut microbes, reg-
ulates iron absorption, indicating that microbial propionate serves
as a compensatory mechanism in response to low iron levels. These
findings suggest that the gut microbiota plays a critical role in the
effects of iron in both gut immunity and brain development;
however, whether modulation of the gut microbiome by iron oc-
curs directly or indirectly requires further study.

Lactoferrin is an iron-binding glycoprotein with a number of
beneficial influences, including antimicrobial, antioxidant, and
immunomodulatory effects (Hu et al., 2012, 2019a; Oda et al., 2014;
Grigorieva et al., 2019). Studies have shown that its ability to bind
iron promoted several beneficial bacteria, such as bifidobacteria
and lactobacilli, under iron-restricted environments (Weinberg,
1997; Vega-Bautista et al., 2019). Increasing evidence has shown
that lactoferrin modulates growth performance as well as intestinal
and brain function, partly by regulating the gut microbiota in pigs
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(Yang et al., 2014; Berding et al., 2016; Grzywacz et al., 2019).
Studies have shown that low iron levels induced better intestinal
function and lower incidence of diarrhea, resulting in increased pig
growth and performance (Hu et al., 2019b). This finding is attrib-
uted to an increased abundance of Lactobacillus and reduced Veil-
lonella and opportunistic Escherichia-Shigella, resulting in a
reduction of pro-inflammatory tumor necrosis factor alpha (TNF-a.)
levels in pigs (Hu et al., 2019b). Most bacteria in the gut need iron to
grow and survive, and they employ various mechanisms to acquire
iron from the diet. Many opportunistic pathogens require iron for
metabolism and replication, creating a competitive environment
for nutrient acquisition (Jaeggi et al., 2015; Constante et al., 2017).
The inclusion of lactoferrin in the diet appears to limit the growth
of bacteria with the propensity to be pathogenic such as Klebsiella
and Escherichia-Shigella, resulting in enhanced metabolic activities
and absorption capabilities in the pig gut (Berding et al., 2016).
Another mechanism of lactoferrin is associated with the elimina-
tion of excess iron in the gut, as iron-bound lactoferrin resists
breakdown and easily passes through the gut (Legrand et al., 2005),
leading to reduced iron availability for pathogens.

2.2. Gut microbiota and iron metabolism

Iron regulates bacterial survival by modulating several key
metabolic pathways including riboflavin biosynthesis, antioxidant
enzyme function (i.e. catalase), anaerobic respiration, butyrate
production as well as virulence of pathogenic bacteria (Tsolis et al.,
1996; Boyer et al., 2002; Anjem and Imlay, 2012; Dostal et al., 2015;
Cisternas et al., 2017), indicating that iron availability is tightly
regulated in the gut and its homeostasis plays a crucial role in
maintaining healthy microbiota. Iron metabolism is vital to
meeting the host demand to maintain normal biological and
metabolic functions, and failing to meet or exceeding the demand
for iron may lead to deficiency or toxicity, respectively. Mammalian
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Table 1

Effect of trace metals on the pig gut microbiota, diversity, composition, and other parameters.'

Trace metal Source/Form Pig breed’ a-Diversity' Bacterial composition Other parameters 2 Sequencing (Sample) Reference
Fe Iron-deficient (2.72 mg/ NA NS 1 Bifidobacterium, Dialister, TVFA 16S rRNA high-throughput Knight et al.
L Fe) Prevotella, Lactobacillus, sequencing (Colon and Feces) (2019)
Megasphaera
| Bacteroides, Clostridium,
Akkermansia, Clostridiaceae,
Lachnospiraceae,
Ruminococcaceae,
Lactoferrin Duroc x Landrace x Yorkshire |Shannon, Chaol 1 Lactobacillus, Roseburia LIL-1B, TNF-a, Diarrhea 16S rRNA high-throughput Hu et al.
| Veillonella, Escherichia- incidence, urinary lactulose-to- sequencing (Jejunum, lleum)  (2019b)
Shigella, Actinobacillus, mannitol ratio
Streptococcus, Fusobacterium tintestinal villi height,
disaccharidase activity
Lactoferrin (with tevenness, Chaol (richness) 1 Erysipelotrichiaceae tferrous ion transport genes 16S rRNA high-throughput Grzywacz et al.
probiotics) | Enterobacteriaceae, ferric ion transport genes sequencing (Colon, Feces) (2019)
Veillonellaceae
Mn®>
Zn 100 or 200 mg/kg ZnO Danish Landrace x Yorkshire = NA 1 Coliforms, enterococci tdigesta, intestinal pH, dry T-RFLP (Cecum and Colon) Hojberg et al.
| Lactic acid bacteria, matter (2,500 mg/kg ZnO) (2005)
Lactobacillus spp. (2,500 mg/kg | SCFA, lactic acid, succinic acid,
Zn0) urease activity
124 or 3,042 mg/kg ZnO German Landrace x Pietrain tShannon, Simpson 1 Lactobacillus spp., Weissella NA 16S rRNA pyrosequencing Vahjen et al.
cibaria, W. confusa, Leuconostoc (Ileum) (2011)
citreum, Streptococcus
lutetiensis, S. equinus
| Sarcina ventriculi
50 to 2,500 mg/kg ZnO Duroc x Pietrain 1 Total bacteria | Enterobacteriaceae 1 Total SCFA tacetate (150 mg/ DGGE (Ileum) Pieper et al.
1 Clostridial cluster XIVa kg ZnO) (2012)
tammonium (50 to 150 mg/kg
Zn0)
| Propionate
57 or 2,425 mg/kg ZnO Landrace NA | Enterobacteriaceae, Tacetate Quantitative real-time PCR Starke et al.
Escherichia group, Lactobacillus | lactate (Stomach, Jejunun, lleum, (2014)
spp. Colon)
Coated ZnO Duroc x Landrace x Yorkshire 1frichness (ACE and Chaol) 1Lachnospiraceae UCG-004 toccludin, zonula occludens-1  16S rRNA high-throughput Legrand et al.
nanoparticles (100 mg/ | Ruminococcus flavefaciens sequencing (Feces) (2005)
kg ZnO)
2,500 mg/kg ZnO Landrace x Yorkshire 1Shannon, evenness 1 Prevotella, Clostridiaceae tvillus height, crypt depth, 16S rRNA high-throughput Satessa et al.
| Lactobacillus villi-to-crypt ratio, mucosal sequencing (Colon) (2020)
thickness
110 and 2,400 mg/kg  Topigs x Piétrain NA | Enterobacteriaceae, coliforms, 1claudin-1, zonula occludens- Plate-counting method and Wang et al.
Zn0O 1, alkaline phosphatase, gut quantitative real-time PCR (2019)
integrity (Stomach, Small intestines)
40, 110 and 2,500 ZnO, Landrace tevenness (40, 110 ZnO) 1 Bacteroides, Parabacteroides,  1feed intake, average daily Shotgun metagenomics (Colon) Pieper et al.,
110 mg/kg Zn-Lysinate 1Shannon (110 ZnO) Collinsella, Acetivibrio, Blautia,  gain, levels of ZnT1, MT1A and 2020
Coprococcus, Faecalibacterium, MT2B (2,500 mg/kg ZnO)
Subdoligranulum, Holdemania  1feed intake, average daily gain
(2500 mg/kg ZnO) (110 mg/kg Zn-Lys)
| Megasphaera, Dialister, lileal digestibility, ZIP4 level
Acidaminococcus, Ruminococcus (2,500 mg/kg ZnO)
(2500 mg/kg ZnO) tcolonic Zn (2,500 mg/kg ZnO)
Cu 300 mg/kg CuSO4 Suhai suckling piglets NS | Roseburia, Acidaminococcus, | TNF-a, SOD, serum albumin  16S rRNA high-throughput Zhang et al.
(high) Lachnospiraceae FCS020 group 1Heptanoic acid sequencing (Feces) (2019a)

1 Coprococcus, Streptococcus

| carbohydrate, amino acid
metabolism

(continued on next page)
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Table 1 (continued )

Reference

Sequencing (Sample)

Other parameters 2

Bacterial composition

a-Diversity'

Pig breed’
NS

Trace metal Source/Form

TMDA, tALT, 1AST and 1 TBA
tserum blood urea nitrogen

1SOD

| Nesterenkonia, Prevotellaceae

UCG-001

Suhai suckling piglets

6 mg/kg CuSO4 (low)

1 Coprococcus, Roseburia,
Acidaminococcus

Plate method-counting (Cecum Di Giancamillo

and Colon)

tduodenal villi height, crypt

depth

1 total bacterial count,
| Enterobacteriaceae,

Streptococcus

NA

Landrace x Large White

150 mg/kg CuSO4

et al. (2018)

Zhang et al.
(2019¢)

16S rRNA high-throughput
sequencing (Cecum)

tvaline, leucine isoleucine,
lysine biosynthesis; lipid

biosynthesis

1 Proteobacteria, Spirochaetes
| Firmicutes, Bacteroidetes

NS

200 mg/kg CuSO4

| peptidases

16S rRNA high-throughput

sequencing (Ileum)

tlipoic acid metabolism,

1 Tenericutes, Cyanobacteria

| Firmicutes

carbohydrate metabolism,
carotenoid biosynthesis

lenergy metabolism, lysine

biosynthesis

Villagomez-

tbody weight, ADG, ADFE, G:F, 16S rRNA high-throughput

mineral status

1 Methanosphaera, Roseburia,

Enterococcus

NS

Large White x Landrace

160 mg/kg CuSO4

Estrada et al.

(2020)

sequencing (Colon)

malondialdehyde;

gain-to-feed ratio; MDA =

Fe = iron; Mn = manganese; Zn = zinc; Cu = copper; NS = not significant; NA = not applicable/not measured; ADG = average daily gain; ADFI = average daily feed intake; G:F

ALT = alanine aminotransferase; AST = aspartate transaminase; TBA = total bile acid; TNF-o. = tumor necrosis factor-alpha; IL-13

interleukin-1beta; SOD = superoxide dismutase; VFA = volatile fatty acids; SCFA = short chain

denaturing gradient gel electrophoresis; T-RFLP = terminal restriction fragment length polymorphism; ZIP = zinc import proteins.

metallothionein 1a and 2b; DGGE =

fatty acids; Znt1 = zinc transporter 1; MT1A and MT2B

1 Compared to control group.
2 Growth and performance may include body weight, daily, immune status, metabolite profile and/or diarrhea incidence.

3 No data exists for the effects of manganese on the pig giut microbiota.
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hosts have various mechanisms to regulate systemic and cellular
iron levels for homeostasis (Anderson and Frazer, 2017). The gut
microbiota also plays a critical role in iron metabolism and ab-
sorption in the animal gut. For instance, germ-free and antibiotic-
treated mice had increased systemic iron levels (Das et al., 2020),
which may have involved the repression of intestinal iron absorp-
tion pathways and enhancement of cellular iron storage (Das et al.,
2020). It appears that Lactobacillus, particularly Lactobacillus john-
sonii and Lactobacillus reuteri, are important in iron homeostasis as
they have the ability to modulate iron homeostasis (Das et al.,
2020). Microbial metabolites such as reuterin and 1,3-
diaminopropane reduced intestinal hypoxia-inducible factor 2
alpha (HIF-2a) activity, resulting in reduced iron levels. HIF-2a di-
merizes with aryl hydrocarbon receptor nuclear translocator,
leading to reduced absorption of iron in mice (Das et al., 2020).
Other mechanisms of the gut microbiota to metabolize iron may
involve modulating mucin secretion in the gut, as studies have
shown that mucin binds to iron, resulting in increased iron ab-
sorption (Conrad and Umbreit, 1993; Conrad et al., 1993). Lacto-
bacilli may also modulate iron absorption in the gut by producing
lactic acid, thereby lowering colonic pH. A low colonic pH seems to
promote the increased conversion of ferric iron (Fe>*) into the more
absorbable ferrous iron (Fe?*) in the gut microenvironment (Bering
et al,, 2006; Hoppe et al., 2015). Gut commensals may also increase
the availability of dietary iron via ellagic acid-urolithin A conver-
sion as urolithin A does not sequester Fe>* compared to ellagic acid
(Saha et al., 2016). Iron overload can cause gut dyshomeostasis by
reducing the abundance of commensal bacteria and stimulating the
growth of pathogenic bacteria (Jaeggi et al., 2015). On the other
hand, the probiotic group Bifidobacteriaceae has been shown to
synthesize siderophores and acquire colonic iron (Vega-Bautista
et al., 2019), resulting in reduction of superoxide and lowering
the risk of intestinal diseases.

Probiotics and prebiotics have been shown to exert different
effects on iron absorption in vitro. For example, Bifidobacterium
infantis decreased iron uptake, whereas Lactobacillus acidophilus
increased iron uptake in colonic intestinal epithelial cell line (Caco-
2) (Laparra et al., 2009). Interestingly, prebiotic inulin failed to in-
fluence iron uptake from beans. The mechanisms by which lacto-
bacilli affect iron absorption may include metabolism of flavonoids
and phytic acid from food sources, which plays an important role in
iron bioavailability. Phytic acid binds iron, and lactobacilli facilitate
the degradation of phytic acid to release bound iron for absorption
in the gut (Fischer et al., 2014). These findings indicate that pro-
biotic effects on iron absorption are species-dependent and proper
selection of bacteria requires careful consideration.

3. Manganese

A wide array of microorganisms requires manganese to main-
tain their microbial physiology and viability as well as the virulence
of several pathogenic bacteria including Salmonella and Escherichia
coli (Kehres and Maguire, 2003; Zaharik and Finlay, 2004; Papp-
Wallace and Maguire, 2006). Bacteria developed several manga-
nese acquisition systems such as (1) ABC-type transporters
(Claverys, 2001; Papp-Wallace and Maguire, 2006), (2) natural
resistance-associated macrophage protein (NRAMP) transporters
(i.e. divalent metal cation transporter [MntH]) (Kehres et al., 2000)
and zinc importer proteins (ZIP) (Karlinsey et al., 2010). Manganese
is involved in bacterial survival and fitness by regulating the
function of proteins involved in detoxification of reactive oxygen
species, metabolism of carbohydrates, lipids and proteins, and DNA
replication (Kehres and Maguire, 2003; Zaharik and Finlay, 2004).
Manganese is utilized by several bacterial enzymes which include
phosphoglyceromutase, enolase, pyruvate kinase,
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phosphoenolpyruvate carboxylase and carboxykinase, type I pro-
tein phosphatases, certain phosphodiesteres and guanosine pen-
taphosphate or tetraphosphate (ppGpp) synthetases (Zaharik and
Finlay, 2004; Papp-Wallace and Maguire, 2006). Growing evi-
dence reveals that manganese can alter DNA replication activities in
bacteria by serving as a cofactor of ribonucleotide reductase which
is involved in synthesis of DNA from RNA (Zaharik and Finlay,
2004), suggesting its increasing importance to bacterial fitness
and survival. Besides its function as an enzyme cofactor, studies
have shown that manganese promotes an antioxidative effect in
bacteria independent of protein activity.

Reactive oxygen species are highly reactive oxygen-containing
molecules (i.e., superoxide) to maintain cell survival, but in excess
can cause severe cellular damage and injury. As a cofactor, man-
ganese is required by superoxide dismutase to break down the toxic
superoxide into water and hydrogen peroxide. Manganese also
protects bacteria against oxidative stress by modulation of Dps
protein, resulting in DNA binding, iron sequestration and inhibition
of ferroxidase activity (Anjem and Imlay, 2012; Ardini et al., 2013).
This prevents the accumulation of hydroxide radicals and subse-
quent damage of DNA-enriched regions (Nguyen and Grove, 2012).
These indicate that manganese plays a crucial role in bacterial
survival and virulence of Gram-positive and Gram-negative bac-
terial pathogens and understanding the mechanisms that a host
employs to tightly regulate and sequester its bioavailability may
provide the means to control and prevent pathogenic outgrowth.

3.1. Manganese alters gut microbiota

Manganese is required for proper enzymatic functions involved
in stress response and development (Fridovich, 1974; Aschner and
Aschner, 2005). Manganese functions as a cofactor for enzyme ac-
tivity. Manganese absorption is influenced by iron as both metals
use the same transporters, including divalent metal transporter-1
(Shannon and Hill, 2019). In fact, low iron induces abnormal
accumulation of manganese, whereas excess or lack of manganese
alters iron levels in pigs (Hansen et al., 2009), suggesting that
manganese metabolism and absorption is influenced by iron.
Manganese is complexed to albumin or an albumin-like protein
when it leaves the intestine. Studies have shown that the liver and
not the pancreas is the main source of endogenous gut losses of
manganese (Davis et al., 1993) and several factors affect manganese
absorption in the gut, including delivery, source of manganese, and
diet (Lee and Johnson, 1988). Studies have also shown that man-
ganese supplementation improved meat quality of pigs (Sawyer
et al., 2007). Manganese may also delay the decomposition of
pork by reducing oxidative damage (Apple et al., 2004, 2007;
Sawyer et al., 2007). These findings indicate that further investi-
gation is warranted on the role of manganese supplementation and
the mechanism of its effect in improving pig growth and
performance.

Adequate supplementation of manganese is required in swine
farming since over- or under-supplementation of manganese cau-
ses problems in pig growth and performance. In one study, 16 mg/
kg of dietary manganese was necessary for optimum metabolic
activity (Pallauf et al., 2012), whereas supplementation with the
National Research Council recommendation of 4 mg/kg did not
fulfill piglet requirements (Pallauf et al., 2012). Low levels of
manganese (0.5 to 6 mg/kg) were reported to support growth and
reproduction in pigs. However, deficiency of manganese results in a
variety of bone abnormalities in poultry and cattle (Spears, 2019).
Manganese in feedstuffs can be released by supplementation with
feed enzymes such as xylanase, B-glucanase, and phytase from
wheat, wheat middlings, barley, soybean meal, corn, and wheat
bran (Yu et al., 2018), indicating that digestive enzymes, whether
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artificially supplemented or produced by the gut microbiota, may
promote the release of manganese and other minerals in pigs.
Higher levels of manganese (>50 mg/kg) appear to be toxic to pigs,
presenting harmful effects on their growth (Grummer et al., 1950);
for instance, excessive manganese induced oxidative stress and
adverse immune responses by increasing lipid peroxidation, and
decreasing neutrophil burst and levels of glutathione and adeno-
sine triphosphate (ATP) in the blood and liver of pigs (Tsebrzhinskii,
1998).

Given the significance of manganese in mammalian health, it is
surprising that there are no studies on the effects of manganese
supplementation, deficiency, and toxicity in the gut microbiota of
pigs, which presents an exciting avenue for future research. How-
ever, several studies have reported that manganese supplementa-
tion alters the gut microbiota of poultry (i.e., broilers) and dairy
cows (Faulkner et al., 2017; Bortoluzzi et al., 2020). In addition,
several reports showed that manganese deficiency exacerbated
dextran sulfate sodium-induced colitis in mice, indicating that
adequate amounts of manganese are required for proper intestinal
function and overall health (Choi et al., 2020). The effect of dietary
manganese on the gut microbiota and diversity requires further
study.

High levels of manganese elicit toxic effects in humans and
animals (Avila et al., 2013). Manganese exposure can occur ubig-
uitously in the environment as manganese is found in various
sources, including industrial emissions, mining sites, fertilizers,
gasoline additives, and contaminated water and soil (de Tollenaer
et al., 2006; Hassani et al., 2012; Harrison Brody et al., 2013;
Wang et al., 2018; Okereafor et al., 2020). Thus, the role of man-
ganese in the development of metabolic and neurological disorders
must be understood. Recent studies have reported that manganese
modulates the gut microbiota of mice (Chi et al., 2017; Wang et al.,
2020a, 2020b). Manganese intoxication may also occur in pigs and
alter their gut microbiota, as studies have detected high levels of
metal pollutants, including manganese, and microbial shifts in pig
feces across commercial farms (Peng et al., 2019), which may lead
to severe problems in swine farming and human health.

4. Zinc

Zinc is the 29th most abundant metal in the Earth's crust. It is a
necessary component of more than 300 enzymes and 1,000 tran-
scription factors (McCall et al., 2000), indicating zinc's critical role
in a wide range of biological functions and activities for immunity
and cell survival. Zinc deficiency is a serious problem that can cause
growth retardation, pathogenic infection, immune dysfunction, and
impaired cognition in the human population, and nearly 2 billion
people are affected in developing countries, particularly children
and the elderly (Ibs and Rink, 2003; Prasad, 2003). Although zinc is
critically involved in promoting good health, excessive zinc expo-
sure can lead to toxic effects including metabolic dysfunction and
oxidative damage (Becker and Skaar, 2014), which indicates that
zinc levels in the body must be tightly regulated and maintained to
prevent severe damage and health complications.

In bacteria, zinc-binding proteins range from 5% to 6% of total
proteins in procaryotes (Andreini et al., 2006), which are involved
in a range of cellular activities including bacterial gene expression,
general metabolism, antioxidant system, and cofactor of virulence
factors (Andreini et al., 2006). The role of zinc to protect against
bacterial infection appears to be associated with its ability to inhibit
pathogenic bacteria to import and utilize manganese (Counago
et al, 2014). These further highlights the critical role that zinc
plays to promote bacterial persistence and the mechanisms by
which bacteria capture the required zinc to maintain its cellular
processes.
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4.1. Zinc impacts the gut microbiota

Zinc in the form of zinc oxide (Zn0O) is commonly used in swine
feeds at various levels (zinc: 125 to 3,000 mg/kg feed) that greatly
exceed the dietary requirements of 50 to 125 mg/kg feed (Lopez-
Alonso, 2012; Debski, 2016). Zinc ameliorates diarrhea incidence
at postweaning by reducing intestinal damage and enhancing anti-
inflammatory factors as well as mucosal integrity through modu-
lating the gut microbiota in pigs. Several studies have reported that
higher concentrations of zinc added to feed increase animal growth
performance and control pathogens. For instance, zinc decreased
enterobacteria and clostridial cluster XIV, increased acetate and
butyrate levels, and enhanced gut functionality in pigs (Pieper et al.,
2012). Zinc also improved growth performance of pigs by pro-
moting intestinal health and mucosal integrity concomitant with
reducing coliforms and E. coli (Kociova et al., 2020; Oh et al., 2020).
In addition, zinc can inhibit pathogenic E. coli by repressing the
expression of alpha-hemolysin (Velasco et al., 2018), an exotoxin
produced in pathogenic strains of E. coli. It attenuated alpha-
hemolysin-induced barrier dysfunction and leaky gut in a mouse
model (Weigand and Egenolf, 2017). Other studies have shown that
reduction of enterobacteria such as E. coli might be linked to the
regulation of metabolic activity along with changes in the overall
gut microbiota in pigs. However, this reduction of E. coli may not be
associated with increased abundance of beneficial bacteria as zinc
reduced lactobacilli and bifidobacteria in the pig gut, indicating that
other mechanisms or bacterial groups play a role in diminishing
pathogenic bacteria. Furthermore, zinc can directly modulate the
host immune response to infection by regulating the innate im-
mune response and cytokine production in the host (Subramanian
Vignesh and Deepe, 2016; Eijkelkamp et al., 2019).

Although the overall health effects of zinc appear to be benefi-
cial in pigs, different sources of zinc may have varying degrees of
effects to the host. Several studies explored the effects of zinc
nanoparticles and other zinc compounds in modulating the gut
microbiota and pig performance (Kociova et al., 2020; Liu et al.,
2020; Oh et al., 2020). Coated ZnO nanoparticles protected the in-
testinal mucosal barrier and enhanced proteins associated with
barrier function such as occludin and zonula occludens in the small
intestines (Liu et al.,, 2020). Coated ZnO nanoparticles increased
microbial richness and diversity as well as Ruminococcus flavefa-
ciens abundance compared to uncoated ZnO (Liu et al., 2020). Zinc
phosphate-based nanoparticles also increased piglet growth per-
formance and decreased the prevalence of E. coli and its virulence
factors (Kociova et al., 2020). Another report showed that hot-melt
extruded ZnO nanoparticles significantly decreased Clostridium
spp. and coliforms concomitant with improved gut integrity
compared to pigs in the control and ZnO-only groups (Oh et al.,
2020). These findings indicate that compared to ZnO, other forms
of zinc supplementation may provide additional benefits to gut
immunity and overall health of pigs and should thus be explored
further. Alternatives to ZnO supplementation in piglet diets are also
being explored to offer diverse options to manage postweaning
disorders, as ZnO will be phased out after 2022 in Europe.

Probiotics and prebiotics appear to be promising candidates for
ZnO and in-feed antibiotic alternatives; however, the mechanisms
involved in probiotic- and prebiotic-induced protection in the pig
gut remain to be understood. Supplementation of lactic acid bac-
teria and fermented rapeseed meal induced similar or significant
improvement of pig growth performance compared with zinc
supplementation by improving mucosal development, inhibiting
intestinal inflammation, and modulating the gut microbiota
(Satessa et al., 2020). Similar to ZnO supplementation, probiotic and
prebiotic supplementation increased the abundance of Prevotella
(Satessa et al., 2020), which has been characterized as a resident gut
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commensal and a major contributor to polysaccharide breakdown
in pigs (Pajarillo et al., 2014a,b). In addition, all treatments
including ZnO reduced Lactobacillus spp. in the pig gut (Satessa
et al., 2020), suggesting that other beneficial bacteria may pro-
mote gut immunity in pigs. Other studies have reported that ZnO
increased Lactobacillus spp. (Oh et al., 2020), and some showed no
effect in the abundance of lactic acid bacteria (Pieper et al., 2012) or
the gut microbiota (Broom et al., 2006) of pigs.

Although zinc has been shown to reduce pathogenic infection
and improve growth performance and survival of piglets at post-
weaning, excessive use of zinc increased the abundance of
antibiotic-resistance genes and antibiotic-resistant bacteria in the
pig gut (Holzel et al., 2012; Bednorz et al., 2013; Pieper et al., 2020).
Extensive use of zinc in feeds may explain the increased antibiotic-
resistant bacteria, as zinc usage was positively correlated with the
isolation of methicillin-resistant Staphylococcus aureus in pigs
(Amachawadi et al., 2015; Slifierz et al., 2015a, 2015b).

Zinc regulates bacterial survival via multiple mechanisms such as
modulating host defense, antioxidant system, gene expression, and
virulence factors as well as inhibiting transport of growth-promoting
factors (Velasco et al,, 2018; Eijkelkamp et al., 2019). Since zinc is
required by important proteins such as superoxide dismutase, pro-
teases, DNA polymerases, and ribosomal proteins, the microbiota
require efficient zinc transport systems to compete with the host and
other bacteria (Hantke, 2005). In fact, several studies revealed that
bacteria developed 2 transport systems for zinc import: (1) high-
affinity zinc uptake system proteins (ZnuABC) (2) zinc transport
systems (AdcABC, YcdHI-YceA or YciABC, which is a collection of
proteins that make up a transporter system) (Hantke, 2005). The
expression of zinc transporters are dependent on zinc uptake regu-
lator ZUR (in E. coli) (Patzer and Hantke, 2000) and peroxide operon
regulator (PerR) (in Bacillus subtilis) (Gaballa and Helmann, 2002). In
Streptococcus spp., zinc transporter genes are regulated by a tran-
scription factor, adhesin competence repressor (AdcR) (Dintilhac
et al., 1997). Some species and strains of Lactobacillus spp. exhibi-
ted a varying affinity to import zinc from the external environment
(Xie et al.,, 2011), suggesting that species- and strain-specific mech-
anisms of bacteria regulate zinc uptake differently. Zinc also regu-
lates the expression of manganese ABC transporter substrate-
binding lipoprotein (PsaA), a substrate-binding protein that facili-
tates nutrient transport for the growth of Streptococcus pneumonia
(Counago et al., 2014). These findings indicate that zinc plays a
critical role in regulating pathogen survival in the gut.

Once zinc enters bacteria, it disrupts key processes for survival
including cell stress response, carbon metabolism, motility, path-
ogenesis, and toxin production (Panina et al., 2003; Xie et al., 2011;
Ong et al., 2015). In C. jejuni, zinc dysregulates stress response genes
such as catalase (katA), alkyl hydroperoxide reductase (ahpC) and
the 70 kDa heat shock proteins (DnaK) chaperone concomitant with
the disruption of cell membrane (Xie et al., 2011). In Group A
Streptococcus, zinc reduced glucose metabolism by inhibiting key
glycolytic enzymes such as phosphofructokinase and glyceralde-
hyde-3-phosphate dehydrogenase, resulting in decreased capsule
biosynthesis and virulence (Ong et al., 2015). Studies have also
shown that zinc regulates the expression of ribosomal proteins
including L36, L33, L31, and S14, indicating that zinc plays a crucial
role in global protein expression and function by dysregulating ri-
bosomal biogenesis (Panina et al., 2003). These findings reveal that
zinc's effects upon its uptake by gut microbiota vary between
species.

5. Copper

Copper is an essential element that acts as a cofactor to several
enzymes involved in antioxidant response (i.e., superoxide
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dismutase), membrane and DNA integrity, and ATP production
(Nargund et al., 2015; Dalecki et al., 2017). Microorganisms employ
several mechanisms for transporting copper across membranes,
trafficking copper between organelles, copper sequestration by
metallothioneins, and oxidation of copper ions to reduce toxicity
and maintain copper homeostasis (Robinson and Winge, 2010;
Hernandez-Montes et al., 2012). Copper can cross the bacterial
membrane via porins and major-facilitator superfamily members
such as copper uptake porter (CcoA) that can transport copper from
the extracellular region (Andrei et al., 2020). Once copper enters
the cells, metallothioneins and chaperones (i.e., copper chaperone
[CopZ]) bind copper to maintain adequate supply for the bacteria,
leading to proper metabolic and enzymatic activities (Andrei et al.,
2020). Excessive amounts of intracellular copper are removed by
copper export systems such as copper uptake system (CusABC)
proteins (Andrei et al., 2020). These represent the general mecha-
nisms of copper homeostasis in bacteria.

Although copper is important to maintain physiological func-
tions, it also exhibits antimicrobial activity against bacterial infec-
tion as intracellular accumulation of copper may cause protein
damage and cell injury in bacteria (Dalecki et al., 2017; Pontin et al.,
2021). But, excessive use of copper regulates copper tolerance of
pathogenic bacteria against its toxicity, enhancing the virulence of
these pathogens (Singh et al., 1986; Medardus et al., 2014; Parsons
et al., 2017, 2020; Arai et al., 2019).

5.1. Copper modulates gut microbiota

High levels of copper exposure may induce toxicity and the
development of copper resistance in various pathogenic bacteria
(Altimira et al., 2012; Agga et al., 2014; Zhang et al., 2019b, 2019c).
Extensive use of copper in industry and mining and the widespread
use of pesticides in agricultural production are major sources of
copper pollution of soils and water (Altimira et al., 2012; Glibota
et al, 2019). Thus, the precise and tight regulation of copper
levels in the body is required to prevent unwanted detrimental
effects or dysbiosis in the host.

For many years, copper was widely used in the pig production
industries of United States and China as a feed additive to promote
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the growth and postweaning survival of pigs at least in part by
enhancing feed intake and metabolic activity (Shelton et al., 2011;
Carpenter et al., 2019). Copper has been frequently used for its
antimicrobial properties in swine feeds at various levels (copper: 10
to 250 mg/kg feed) that exceed dietary requirements (5 to 10 mg/
kg) (Lopez-Alonso, 2012; Debski, 2016). Although the precise
mechanism of dietary copper remains to be elucidated, studies
have shown that copper supplementation improves growth per-
formance, feed intake, and mineral absorption of pigs by decreasing
the relative abundance of potential pathogens, including Entero-
bacter, Escherichia, and Streptococcus (Villagomez-Estrada et al.,
2020). Several studies have shown that copper altered energy and
protein metabolism as well as amino acid biosynthesis concomitant
with modulating the gut microbiota (Zhang et al., 2019a, 2019¢),
indicating that copper modulates the bacterial abundance and di-
versity in the gut, partly by reducing pathogenic bacteria and
improving gut functionality. However, the effects of copper in
modulating the gut microbiota and immunity of pigs may depend
highly on experimental conditions, including pig breed, copper
source, and dosage. In fact, failure to metabolize copper in the gut,
which can lead to its accumulation in the gut, may induce toxic
buildup of pro-inflammatory TNF-o. associated with changes in
microbial composition and function in the gut (Zhang et al., 2017).

Certain bacteria can maintain copper homeostasis by regulating
copper transport and trafficking, preventing its toxic effects
(Robinson and Winge, 2010; Arguello et al., 2012). However,
increasing evidence suggests that increased copper-supplemented
in-feed antibiotics may promote the development of antimicro-
bial resistance of opportunistic and pathogenic bacteria in pigs
(Amachawadi et al., 2015). It has been shown that copper can
modulate the microbial community and metabolic functions in the
gut of pigs (Zhang et al., 2019a). The same study also indicated that
copper may exert changes in the gut microbiota and antimicrobial
resistance profiles of pathogenic bacteria (Zhang et al., 2019a),
suggesting that copper may promote and increase the risk of
infection with multidrug-resistant bacteria. Bacteria may be
conferred resistance to copper via copper-contaminated soil and
water caused by extensive fungicide spraying and mining
(Andreazza et al., 2011; Glibota et al., 2019). Copper also increased

1Pathogenic infection
TMorbidity, tMortality

TImmunity
1Growth
tPerformance

Fig. 2. A summary of the potential role of trace metals such as iron, manganese, zinc and copper, their interaction with the gut microbiota and putative benefits of probiotic and

prebiotic supplementation via gut microbiota modulation.

757



E.A.B. Pajarillo, E. Lee and D.-K. Kang

antibiotic resistance genes and mobile genetic elements in pig feces
(Zhang et al., 2019b). Although copper can prevent bacterial
growth, some bacterial species can tolerate high levels of copper by
acquiring copper-resistance genes via horizontal gene transfer
(Davison, 1999). However, the link between antimicrobial resis-
tance development and increased copper supplementation has
been inconsistent, as other studies reported that copper did not
increase copper-resistant bacteria in pigs (Agga et al., 2014; Capps
et al., 2020).

Recent observations suggest that high cholesterol-induced
copper deficiency may modulate the gut microbiome of Ossabaw
pigs by increasing Enterobacteriaceae and Succinivibrionaceae and
decreasing Bacteroidaceae and Ruminococcaceae (Klevay, 2019;
Panasevich and Rector, 2019). Additional investigation is necessary
to elucidate the effects of copper deficiency on the gut microbiota
and health of pigs.

6. Concluding remarks

Dysregulation of the gut microbiota has been strongly linked to
pathogenesis of various immune disorders. Although host genetics
and environmental factors such as dietary trace metals support the
diversity and pleiotropic functions of the animal gut microbiome,
both deficiency and excess of trace metals such as iron, manganese,
zinc, and copper contribute to the onset and progression of meta-
bolic disorders, pathogenic overgrowth, and immunological
dysfunction (Fig. 2). Accordingly, delineating the molecular mech-
anisms involved in the regulation of the gut microbiota profile and
function is critical to furthering our understanding of diseases
associated with aberrant metal metabolism, deficiency, and
toxicity. Although rapid advancement in DNA sequencing tech-
nology has been significant, researchers still need to overcome
various limitations in these studies, such as sequencing accuracy
and primer bias, sample preparation, and appropriate animal
models, etc. In addition, bioinformatics tools, analysis software and
pipelines should be standardized and streamlined in order to
minimize misinterpretation of data (Poussin et al., 2018). It is also
critical to eliminate potential error and bias in the data by unifying
and standardizing sequence databases (Poussin et al., 2018), and
accelerate our understanding of the characteristics of novel gut
bacteria. Moreover, there is a lack of development and interface for
in vitro studies mimicking the complexity of the gut microenvi-
ronment as well as the dynamic nature of the gut microbiota.
Several methods have the potential to overcome these limitations
such as the use of gnotobiotic or germ-free animals (Al-Asmakh and
Zadjali, 2015; Martin et al., 2016), often limited to rodent studies;
use of human and animal gut simulators (Molly et al., 1993); and
microbiota-intestinal cell co-cultures (Pearce et al., 2018). Likewise,
modulation of the gut microbiota by supplementation with pro-
biotics and prebiotics constitutes an exciting direction for explo-
ration that would extend our collective comprehension of
metabolic and immune disorders and aid in the identification of
potential therapeutic targets.
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