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The incidence of enteric infections in broiler chickens may increase worldwide due

to mounting pressure to limit the use of sub-therapeutic antibiotics and ionophores

for coccidia suppression/prevention in the diets of broilers. For this reason, we

need expand our knowledge on the role that micro-minerals have in modulating the

intestinal physiology, immunology, and microbiology of broiler chickens. There are

issues associated with the use of high doses of some micro-minerals in the diets

of animals, such as environmental contamination, bacterial resistance, and gizzard

erosion. Therefore, there is a need to maximize the absorption of these minerals by the

gastrointestinal tract (GIT) of birds when intestinal function may be compromised. Zinc

is an essential micromineral required for growth, and influences intestinal development

and/or regeneration during and after enteric disease. Two studies were conducted

by our lab to determine the effects of Zn source in broilers under coccidia and

Clostridium perfringens challenge. In the first study, Zn proteinate had beneficial effects

on the performance of chickens challenged with coccidia plus C. perfringens by

enhancing intestinal integrity and partially attenuating the inflammatory response. In the

second study, Zn proteinate lowered the expression of pro-inflammatory cytokines and

modulated the ileal microbiota. Additionally, the poultry industry has used prophylactic

concentrations of dietary Cu for its ability to improve feed conversion for a long time.

Copper absorption occurs mainly in the duodenum of chickens and, therefore, injuries

to the intestinal epithelium of duodenum would impair Cu absorption and decrease its

tissue concentration. Although there is a lack of studies relating Mn supplementation

and its different sources on the immune response against coccidiosis in poultry, it is

likely that Mn is beneficial during enteric challenges due to its role in the production

of mucopolysaccharides. Therefore, the proper evaluation of the role of minerals on

mitigating the negative impact of coccidiosis in broilers must consider their properties in

modulating the physiology, immunology, and the intestinal microbiota of the host during

health and disease situation events.
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INTRODUCTION

Coccidiosis is an enteric disease caused by protozoa of the
genus Eimeria that affects several animal species, including
poultry. Eimeriamultiplication in the intestinal epithelium leads
to enterocyte destruction and severe tissue damage, which
negatively affects poultry health and welfare status (1). Although
difficult to predict, researchers have estimated that the loss in
productivity induced by clinical and subclinical coccidiosis in
poultry, together with the expenses in prevention and treatment,
cost to the industry an excess of US$ 2 billion annually (2, 3).

Besides increasing the susceptibility to NE, coccidiosis also
leads to changes in the overall structure of the intestinal
microbiota (4, 5). Wu et al. (5) demonstrated a reduction in
the cecal microbial diversity following Eimeria infection, and
reduction of many members of the family Ruminococcaceae.
Yet, Eimeria infection caused changes in short-chain fatty acids
(SCFA) produced in the ceca of chickens (4).

Macro andmicrominerals have long been known to directly or
indirectly influence poultry gastro-intestinal health, metabolism
and growth performance. Trace minerals like Fe and Cu, for
instance, can act as pro-oxidants, reducing the stability of
vitamins and enzymes and promoting oxidation of lipids (6).
Finely ground CuSO4 results in increased rates of fat oxidation in
the feed, as compared to coarsely ground CuSO4 (7). Zinc and Cu
are acknowledged to be important modulators of the endogenous
mechanisms of defense against infections, inflammations and
oxidative stress (8–13). Also, the antimicrobial effect of Cu
against Escherichia coli and other pathogens in the intestine of
broilers has already been demonstrated (14, 15). However, there
is a clear evidence that bacteria also develop resistance against
minerals specially against Zn and Cu that are used in the feed due
to their antimicrobial properties (16).

Generally speaking, the chemical form in which minerals are

presented in the diet, together with several other factors such

as the total mineral concentration in the feed, particle size, feed
processing, strain and age of the animal, and the potential of

the mineral to interact with other dietary components have been
proved to influence mineral availability and, as a consequence,
their effects on the physiology of animals (7). Additionally,
the distribution of minerals within the body of the animal
may change during enteric infections (17–21), which could be
the consequence of shifts in the mineral metabolism during
the course of the disease and/or simply the result of different
rates of mineral absorption induced by the damage of intestinal
mucosa and disruption of the regular intestinal integrity. Despite
the reason, it is reasonable to argue that when the absorptive
capacity of the intestine is impaired due to enteric infections
such as coccidiosis, sources of minerals of greater availability may
be needed.

Trace minerals supplementation is not novelty to poultry
nutrition, but producers are now feeding them at higher levels
to increase birds’ intestinal health. Several products have been
launched by the feed industry with that objective, most of them
formulated with Zn, Cu, and/or Mn, also the most studied
trace minerals in poultry (22, 23). Although we know that some
trace minerals have antimicrobial effects, there is still a lack

of knowledge whether these minerals also have a direct effect
against Eimeria, or just indirectly through their antimicrobial and
immunomodulatory effect. With that in mind, and considering
that the use of antibiotics or other traditional molecules to
prevent enteric diseases in poultry has been constantly put into
check by consumers, the objective of this study was to review
the literature regarding the role of microminerals, particularly
Zn, Cu, and Mn, in mitigating the negative impact of coccidiosis
in broilers.

MINERALS INTERACTIONS WITHIN THE

GIT

When minerals from inorganic sources are fed and reach the
upper parts of the gastro-intestinal tract (GIT) they tend to
dissociate due to the low pH and be absorbed. In the lower GIT,
however, the higher luminal pH increases the interaction between
mineral cations and other dietary components (9), leading to the
formation of insoluble complexes with much lower availability
to animals. Not by chance, higher rates of mineral absorption
in broilers have been described in the duodenum rather than in
more distal segments of the intestine (24).

The widest known and studied example of these insoluble
complexes is probably phytate, originated from phytic acid and
its 12 reactive sites (6 strongly acidic, 2 weakly acidic, and 4 very
weakly acidic) (25).Macro andmicromineral cations, particularly
Ca, Zn, and Cu, bind readily to phytic acid as pH increases
above 4, forming insoluble complexes that not only decrease
the availability of minerals, but also the hydrolytic function of
phytases (25–27).

Organic or chelated form of microminerals may have
higher bioavailability than inorganic sources, mainly because of
their different route of absorption and lower interaction with
other dietary constituents. Chelated minerals are metallic ions
bound to organic substances, such as amino acids, peptides,
or polysaccharides that create a stable and soluble molecule
with high bioavailability (28). Chelated minerals show superior
absorption than inorganic forms because usually the mineral is
absorbed through the path of the organic ligand that the ion
is bound, avoiding its interaction with other molecules. The
mechanism by which the ligand improves the use of the mineral
depends upon the capacity of the ligand to bind to the mineral
and its capacity to compete with other ligands, creating soluble
complexes with the mineral (29).

The mineral cation-phytate complex that forms within the
GIT theoretically explains much of the differences in efficacy that
it is observed between phytase sources with differing pH profiles,
with much of the improvement with today’s generation of
phytases occurring because the profiles favor hydrolysis at more
acidic pH where the cation-phytin complexes are more soluble
(26, 30). However, the consistency of results observed in vitro
with mineral cations is not always translated into predictable and
quantifiable results across ages and mineral sources within and
between research labs.

For example, across 5 studies with Cu in broiler chicks
(15, 31–33), Cu did not reduce the apparent ileal P or phytate
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P (PP) hydrolysis when included up to 188 mg/kg of diet.
However, when the dietary Cu concentration was increased to
250mg/kg, it reduced apparent ileal P digestibility by 0.03 to 0.05
percentage—units of the diet. There appears to be differences
between Cu sources. For example, as observed by Banks et al.
(32), supplementation of 250mg/kg of Cu chloride or Cu lysinate
improved apparent P retention when compared to Cu citrate or
Cu sulfate.

Similarly, a threshold of dietary concentrations of minerals
needed to affect in vivo P digestibility or PP hydrolysis may
exist. For example, results from a turkey poult study where up
to 161mg/kg of dietary Zn was fed showed no differences in
apparent ileal P digestibility or PP hydrolysis (Applegate et al.,
unpublished results). Thus, the concentration of dietary Cu and
Zn needed to have a consistent negative impact on P digestibility
or PP hydrolysis may be above concentrations used in practical
poultry diets. In addition to the effects on P digestibility, Rochell
et al. (34) observed that Cu supplementation increased apparent
ileal digestibility of total amino acids in birds fed low amino
acid concentration but decreased it in birds fed high amino
acid concentration. Additionally, these authors observed that the
organic matter digestibility was reduced in Eimeria infected birds
and supplemented with Cu.

Calcium, while on one hand forms weaker complexes with
individual phytate molecules, may cause more complications due
to the high quantities used in the diet (35, 36). These authors
demonstrated the effect of Ca on PP digestibility by adding
EDTA, a stronger chelator of Ca (vs. phytate), to a broiler diet
containing 0.7% Ca. When this diet was fed to broilers, PP
digestibility was similar to that seen when a diet devoid of added
Ca (0.21% Ca) was fed in a short-term experiment. Thus, in
practical broiler diets, presence of Ca inhibits 0.03–0.13% of
dietary phytate P hydrolysis (35–37).

Zinc
Zinc is a micromineral with important function during the
recovery of damage caused by enteric diseases (38). The
indispensability of Zn in the diets of animals has been recognized
for years (39), and traditionally inorganic sources have been used
such as oxides and sulfates to supplement the diets of broiler
chickens above the NRC (40) recommended concentrations (41).
Zinc nutrition has become an active area of research, mainly
in broilers. Adequate Zn intake and absorption is essential
for many metabolic and biological functions, including growth,
reproduction, meat quality, and immune response against
pathogens challenge (39).

The distribution of Zn within the animal’s body tends
to change during periods of infection as shown by different
publications over the years (17–21). For example, Bortoluzzi
et al. (13) observed that the Zn concentration in the serum
decreased and, in the liver, it increased 7 days after challenge
with Eimeria maxima. Additionally, Zn concentration in the
serum slightly increased in birds supplemented with 90mg/kg
of ZnSO4 compared to non-supplemented birds (13). Indeed,
severity of growth depression has been observed to be lessened
when supplemental Zn was increased to 85–90mg Zn/kg diet
(17, 18, 42). Nevertheless, it has to be taken into consideration

that a more accurate description of the distribution of Zn within
the body during an intestinal insult (such as that of coccidiosis)
is needed.

Studies have shown the impact of Zn on growth performance
and antioxidant system (9, 43); immune defense and
inflammation (10–13), intestinal permeability (12, 13, 44),
and intestinal microbiota (13). Additionally, organic Zn induced
higher expression of A20, an anti-inflammatory regulator,
downregulated the expression of inflammatory inducers,
including NF-kB p65 (10, 11), and promoted MUC2 and IgA
production, when compared to its inorganic counterpart (10).
Epigenetic mechanisms alter gene expression without changes
in DNA sequence and can explain the effects of Zn on the cell.
The higher expression of A20 promoted by organic Zn is most
likely due to an epigenetic effect by lowering DNA methylation
(11). In two recent publications from our lab (7, 8) it has been
demonstrated that organic Zn had significant impact in lessening
the inflammatory response in the intestine by down-regulating
the expression of pro-inflammatory cytokines, such as IL-8 and
ING-γ, TLR-2 and iNOS. Additionally, it has been reported
that organic Zn reduced the intestinal permeability caused by
Clostridium perfringens challenge on top of coccidiosis (7), but
was not consistent across studies (8).

Looking at the effects of dietary Zn on the intestinal
microbial community, Bortoluzzi et al. (8) reported that organic
Zn supplementation reduced the amount of Lactobacillus in
the ileal digesta, and Coprobacillus in the cecal content.
Furthermore, it seems that high dietary Zn concentrations have
no effect (45) or increase the number of enterobacteria in
the gut (46), and bacterial metabolites in the small and large
intestines were lower in the high dietary Zn group, mainly
because of a decrease in propionate concentration, and partially
due to lower n-butyrate concentrations. On the other hand,
Zn supplementation (120mg/kg) restored the cecal microbial
community of Salmonella Typhimurium infected chickens by
increasing the number of total bacteria and Lactobacillus, and
reducing Salmonella colonization (47).

Copper
The poultry industry has used prophylactic concentrations of
dietary Cu for its ability to improve feed conversion for a long
time. One of the first reports of Cu supplementation having a
growth promoting effect (rather a feed efficiency improvement)
was that of Mehring et al. (48). These authors found that the
feed efficiency was improved when birds were supplemented with
Cu up to the toxic level (500 ppm), suggesting an effect similar
to that of the antibiotics. Furthermore, in studies with penicillin
and streptomycin, Weeks and Sullivan (49) noted no additional
benefit of using Cu in combination with those antibiotics.

Several variables may undergird our knowledge of how
source and/or form of Cu may affect the intestinal microbiota.
For example, Pang et al. (10) reported that classical plate
enumeration of E. coli was linearly reduced from media
inoculated with ileal digesta from birds fed increasing dietary
CuSO4 (to 250mg/kg), but was unaffected by tri-basic copper
chloride (TBCC) supplementation up to 250 mg/kg. Conversely,
Klasing and Nazipipour (14) observed increased bacteriostatic
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activity against E. coli spiked into ileal content collected from
birds fed 150mg Cu/kg diet from TBCC, but not those from
birds fed 150 mg/kg of CuSO4. Interestingly, their report
related differences observed between Cu sources to that of Cu
solubility and extractability from its chemical source. Notably,
when CuSO4 was fed, duodenal luminal soluble Cu and
epithelial metallothionein was increased vs. that from TBCC
fed birds. Along the entire small intestine, TBCC resulted
in more ethylenebis-hydroxyphenylglycine (EHPG; a strong
complexing agent) extractable Cu, thereby suggesting improved
bioavailability throughout the length of the GIT.

Both the vertical (proximal to distal) and horizontal (luminal
to epithelial associated) distribution of microbiota may then be
dependent upon micromineral source and where the mineral
is extracted and subsequently absorbed in the luminal/mucosal
interface. To this end, Pang et al. (10) noted no change in the
number of predominant bacterial populations of either the ileal
digesta or intestinal mucosa utilizing a general bacteria-specific
PCR primer targeting conserved regions of the V3 region of
16S rRNA. Further, source of Cu (TBCC or CuSO4) had no
impact on the diversity of bacteria in the intestinal digesta.
However, feeding of 187.5mg/kg Cu from TBCC increased the
similarity of bacterial microbiota between birds compared to
either control or birds fed 187.5mg/kg Cu from CuSO4. As our
technical ability to determine microbiota shifts and what they
mean from a host-microbial perspective improves, the poultry
science community needs to further elucidate how the chemical
form of Cu affect this interface.

Copper absorption occurs mainly in the duodenum of
chickens (50). Therefore, it is expected that any injury to the
intestinal epithelium of duodenum would impair Cu absorption
and decrease its tissue concentration. Nevertheless, Giraldo and
Southern (51) found that duodenal coccidiosis resulting from
Eimeria acervulina infection increases liver Cu concentration.
This response may be associated with the usual reduction in the
intestinal pH induced by coccidiosis (52), at least during the acute
phase of the disease, which would favor the solubility of minerals
in the intestinal lumen and improve their absorption rate.

Curiously, blood and liver Cu concentration are positively
associated with the plasma ceruloplasmin concentration (53), a
multicopper enzyme of the family of acute phase proteins that
protects cells against the injuries induced by oxidative stress (53).
Therefore, the increment in liver Cu concentration observed
during coccidiosis may be an important mechanism of defense
associated with lower levels of cellular induced apoptosis. This
was already hypothesized by Acetoze et al. (53) when studying the
impact of supplementation of Cu and Zn above the requirements
of broilers under coccidiosis challenge.

While we know the disassociated cation from some macro
and micromineral sources is highly reactive with molecules
such as phytate, the poultry industry has included prophylactic
concentrations of Cu and Zn in the diet well-beyond what has
been indicated to prevent deficiency symptoms. Historically, high
concentrations of Cu were originally “touted” as having benefits
in prevention of crop mycosis. Indeed, field studies indicate
it does have some merit, but reproducibility of induced crop
mycosis in experimental conditions has had less than favorable

results (54). In fact, addition of up to 250mg Cu/kg diet results
in increased erosion to the lining of the gizzard (55, 56) and
results in an “inhibition of normal fermentation” in the ceca of
the chick (57). This observation has been confirmed in in vitro
anaerobic digestion. In particular, volatile fatty acid production
can be inhibited considerably due to reductions in microbial
activity (58).

Manganese
A specific biochemical role for Mn in intermediary energy
metabolism was confirmed when pyruvate carboxylase was
discovered to be amanganesemetalloprotein (59, 60).Manganese
is required for normal lipid and carbohydrate metabolism
through the activity of pyruvate carboxylase. Defects in lipid and
carbohydrate metabolism have been reported in Mn-deprived
rats and guinea pigs and a diet low in manganese can reduce
fat deposition in pigs (61). A second function of Mn has
been identified as member of superoxide dismutase (SOD)
enzyme. This enzyme is needed for added protection against
oxidative stress associated with inflammatory responses to some
infections. Manganese deprivation lowers MnSOD activity and
increases the peroxidative damage caused by high dietary levels
of polyunsaturated fatty acids (PUFA).

Manganese is also needed for the synthesis of
mucopolysaccharides through its activation of
glycosyltransferase. Impaired glycosyltransferase activity
reduces the synthesis of glycosaminoglycan and oligosaccharide
side chains in animals deprived of Mn (62). Manganese-deprived
chicks have less proteoglycan in the cartilage of the tibial growth
plate than Mn replete chicks and the carbohydrate composition
of monomers is changed (63). In laying hens, subnormal egg
production and poor shell formation may result from impaired
mucopolysaccharide synthesis (64). In a work by Ibrahim
et al. (65), it was observed that Mn reduced gastric ulceration
stimulated by intra-gastric injection of acidified ethanol in rats.
Also, the authors showed that Mn increased mucous thickness of
the stomach and increased the activity of SOD. However, there is
a lack of data on the role of Mn on the production of mucus in
the intestine which is considered an important component of the
innate immune system of animals.

On the contrary, excessive Mn may accumulate in the
mitochondria, disturbing oxidative phosphorylation and
increasing the production of reactive oxygen species (ROS)
(66). Corroborating with that reasoning, Jankowski et al. (67)
found evidences that the complete replacement of Mn oxide by
a more available source of the mineral (Mn nanoparticles) in
young turkeys’ diet increased cellular apoptosis due to oxidative
stress. However, the reduction of Mn concentration in the
feed decreased the levels of cellular apoptosis irrespective of
Mn source.

Manganese is described as a trace mineral associated with
better immunity, or to functions that support immunity (67). It
has been reported in broiler chickens that on d 6 post-challenge
with E. acervulina there was a reduction of Mn absorption
by 23 and 34% in two consecutive studies, respectively (68);
however, there was an increase in Mn absorption compared to
uninfected control birds by d 10 after challenge, and then it
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returned to normal rates as the unchallenged birds. Although
there is a lack of studies relating Mn supplementation and its
different presentation forms on the immune response against
coccidiosis and necrotic enteritis in poultry, one can assume that
Mn is beneficial during enteric challenges due to its role in the
production of mucopolysaccharides. Burin Junior et al. (69) have
shown that birds fed organic Mn had a more efficient response
against a Salmonella Enteritidis vaccine when compared to birds
fed its inorganic counterpart. The absence of effect on the growth
performance related to Mn (69) may be attributable to the fact
that the basal diet had enough Mn to support growth, and/or the
immune stimulus was not strong enough to elucidate a deficiency
of Mn. Therefore, it is necessary to understand the dynamics of
use of Mn when submitting the birds to a stronger challenge,
such as the exposure to Eimeria and C. perfringens, and how the
intestinal immune system could be manipulated.

CONCLUSIONS

Several studies have indicated that the supplementation of
microminerals at levels beyond the regular recommendations to
broilers may counteract the negative effects of enteric diseases
on bird’s growth performance and intestinal health. However,
care should be taken to minimize environmental contamination,
microbial resistance, gizzard erosion, and other concerns when
using high concentrations of microminerals in the diets. While

some of the paths used by minerals in those responses are already
established, most of the time the mechanisms of action are
unknown. The high predisposition of minerals to react with each
other and with other components of the diet certainly difficult
the investigation of their individual effects. Therefore, the proper
evaluation of the role of minerals on mitigating the negative
impact of coccidiosis in broilers must consider their properties
as a whole.

Based on some limitations detected during the literature
review process, we suggest for future research that more
comprehensive studies describing the changes in body
distribution of minerals during coccidiosis and other intestinal
diseases should be carried out. Biochemical assays investigating
the role of mineral source on cellular metabolism and immune
defense against Eimeria sp. are desired in order to better explore
the benefits of mineral supplementation, particularly Mn, on
poultry intestinal health. Additionally, studies focusing on the
use of minerals by the Eimeria for its replication, and the changes
in the animal’s requirement of minerals due to coccidiosis must
be better investigated.

AUTHOR CONTRIBUTIONS

CB and BV did the literature review and wrote the manuscript.
TA performed the final review and corrections. All the authors
read and approved the last version of the manuscript.

REFERENCES

1. Chapman HD. Milestones in avian coccidiosis research: a review. Poult Sci.

(2014) 93:501–11. doi: 10.3382/ps.2013-03634

2. Williams RB. Three enzymes newly identified from the genus Eimeria and

two more newly identified from E. maxima, leading to the discovery of some

aliphatic acids with activity against coccidia of the domesticated fowl. Vet Res

Commun. (1999) 23:151–63.

3. Chapman H, Shirley M. The Houghton strain of Eimeria tenella: a review

of the type strain selected for genome sequencing. Avian Pathol. (2003)

32:115–27. doi: 10.1080/0307945021000071588

4. Stanley D, Wu S-B, Rodgers N, Swick RA, Moore RJ. Differential responses

of cecal microbiota to fishmeal, Eimeria and Clostridium perfringens in a

necrotic enteritis challenge model in chickens. PLoS ONE. (2014) 9:e104739.

doi: 10.1371/journal.pone.0104739

5. Wu S-B, Stanley D, Rodgers N, Swick RA, Moore RJ. Two necrotic enteritis

predisposing factors, dietary fishmeal and Eimeria infection, induce large

changes in the caecal microbiota of broiler chickens. Vet Microbiol. (2014)

169:188–97. doi: 10.1016/j.vetmic.2014.01.007

6. Cohen J. Trace mineral nutrition symposium: exploring recent

developments in swine and ruminants. J Anim Sci. (2014) 92:414–5.

doi: 10.2527/jas.2013-7429

7. Miles RD, O’Keefe SF, Henry PR, Ammerman CB, Luo XG. The effect of

dietary supplementation with copper sulfate or tribasic copper chloride on

broiler performance, relative copper bioavailability, and dietary prooxidant

activity. Poult Sci. (1998) 77:416–25. doi: 10.1093/ps/77.3.416

8. Kidd MT, Ferket PR, Qureshi MA. Zinc metabolism with special

reference to its role in immunity. Worlds Poult Sci J. (1996) 52:309–24.

doi: 10.1079/WPS19960022

9. Mwangi S, Timmons J, Ao T, Paul M, Macalintal L, Pescatore A, et al.

Effect of zinc imprinting and replacing inorganic zinc with organic

zinc on early performance of broiler chicks. Poult Sci. (2017) 96:861–8.

doi: 10.3382/ps/pew312

10. Prasad AS, Bao B, Beck FW, Sarkar FH. Zinc-suppressed inflammatory

cytokines by induction of A20-mediated inhibition of nuclear factor-κB.

Nutrition. (2011) 27:816–23. doi: 10.1016/j.nut.2010.08.010

11. Li C, Guo S, Gao J, Guo Y, Du E, Lv Z, et al. Maternal high-zinc diet attenuates

intestinal inflammation by reducing DNA methylation and elevating H3K9

acetylation in the A20 promoter of offspring chicks. J Nutr Biochem. (2015)

26:173–83. doi: 10.1016/j.jnutbio.2014.10.005

12. Bortoluzzi C, Lumpkins B, Mathis GF, França M, King WD, Graugnard DE,

et al. Zinc source modulates intestinal inflammation and intestinal integrity of

broiler chickens challenged with coccidia and Clostridium perfringens. Poult

Sci. (2019) 98:2211–19. doi: 10.3382/ps/pey587

13. Bortoluzzi C, Vieira BS, Lumpkins B, Mathis GF, King WD, Graugnard

Det al. Can dietary zinc diminish the impact of necrotic enteritis on growth

performance of broiler chickens by modulating the intestinal immune-system

and microbiota? Poult Sci. (2019) 98:3181–93. doi: 10.3382/ps/pez045

14. Klasing KC, Nazipipour A. Effect of dietary copper source and level on GI

copper levels and ileal E. coli survival in broiler chicks. In: Poultry Science.

Vol. 89 (2010). p. 498.

15. Pang Y, Patterson JA, Applegate TJ. The influence of copper

concentration and source on ileal microbiota. Poult Sci. (2009) 88:586–92.

doi: 10.3382/ps.2008-00243

16. Argudín M, Deplano A, Meghraoui A, Dodémont M, Heinrichs A, Denis

O, et al. Bacteria from animals as a pool of antimicrobial resistance genes.

Antibiotics. (2017) 6:12. doi: 10.3390/antibiotics6020012

17. Turk DE, Stephens JF. Effect of intestinal damage produced by Eimeria

necatrix infection in chicks upon absorption of orally administered Zinc-65. J

Nutr. (1966) 88:261–6. doi: 10.1093/jn/88.3.261

18. Turk DE, Stephens JF. Upper intestinal tract infection produced by E.

acervulina and absorption of 65Zn and 131I-labeled oleic acid. J Nutr. (1967)

93:161–5. doi: 10.1093/jn/93.2.161

19. Southern LL, Baker DH. Zinc toxicity, zinc deficiency and zinc-copper

interrelationship in Eimeria acervulina-infected chicks. J Nutr. (1983)

113:688–96. doi: 10.1093/jn/113.3.688

Frontiers in Veterinary Science | www.frontiersin.org 5 January 2020 | Volume 7 | Article 13

https://doi.org/10.3382/ps.2013-03634
https://doi.org/10.1080/0307945021000071588
https://doi.org/10.1371/journal.pone.0104739
https://doi.org/10.1016/j.vetmic.2014.01.007
https://doi.org/10.2527/jas.2013-7429
https://doi.org/10.1093/ps/77.3.416
https://doi.org/10.1079/WPS19960022
https://doi.org/10.3382/ps/pew312
https://doi.org/10.1016/j.nut.2010.08.010
https://doi.org/10.1016/j.jnutbio.2014.10.005
https://doi.org/10.3382/ps/pey587
https://doi.org/10.3382/ps/pez045
https://doi.org/10.3382/ps.2008-00243
https://doi.org/10.3390/antibiotics6020012
https://doi.org/10.1093/jn/88.3.261
https://doi.org/10.1093/jn/93.2.161
https://doi.org/10.1093/jn/113.3.688
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Bortoluzzi et al. Micro-Minerals for Broilers Under Coccidiosis Challenge

20. Turk DE. Microelements in the circulation of coccidiosis-infected chicks.

Poult Sci. (1986) 65:2098–103. doi: 10.3382/ps.0652098

21. Richards MP, Augustine PC. Serum and liver zinc, copper, and iron in chicks

infected with Eimeria acervulina or Eimeria tenella. Biol Trace Elem Res.

(1988) 17:207–19. doi: 10.1007/BF02795457

22. Pierce J, Ao T, Charlton P, Tucker LA. Organic minerals for broilers and laying

hens: reviewing the status of research so far. Worlds P Sci J. (2009) 65:493–8.

doi: 10.1017/S004393390900035X

23. Ao T, Pierce J. The replacement of inorganic mineral salts with

mineral proteinates in poultry diets. Worlds P Sci J. (2013) 69:5–16.

doi: 10.1017/S0043933913000019

24. Van Der Klis JD, Verstegen MW, De Wit W. Absorption of minerals and

retention time of dry matter in the gastrointestinal tract of broilers. Poult Sci.

(1990) 69:2185–94. doi: 10.3382/ps.0692185

25. Angel R, Tamim NM, Applegate TJ, Dhandu AS, Ellestad LE. Phytic acid

chemistry: influence on phytin-phosphorus availability and phytase efficacy.

J Appl Poult Res. (2002) 11:471–80. doi: 10.1093/japr/11.4.471

26. Maenz DD, Engele-Schaan CM, Newkirk RW, Classen HL. The effect

of minerals and mineral chelators on the formation of phytase-

resistant and phytase-susceptible forms of phytic acid in solution and

in a slurry of canola meal. Anim Feed Sci Technol. (1999) 81:177–92.

doi: 10.1016/S0377-8401(99)00085-1

27. Vieira BS, Caramori JG, Oliveira CFS, Correa GSS. Combination of

phytase and organic acid for broilers: role in mineral digestibility

and phytic acid degradation. Worlds Poult Sci J. (2018) 74:711–26.

doi: 10.1017/S0043933918000697

28. Mellor D. Historical background and fundamental concepts “of chelation. In:

Dwyer F, Mellor D, editors. Chelating Agents and Metal Chelates. New York,

NY: Academic Press (1964). p. 1. doi: 10.1016/B978-0-12-395499-2.50007-4

29. Kratzer FH, Vohra P, editors. Chelates and chelation. Chelates in Nutrition.

Boca Raton, FL: CRC Press (1996). p. 5–33. doi: 10.1201/9781351070508-2

30. Pang Y, Applegate TJ. Effects of copper source and concentration on in

vitro phytate phosphorus hydrolysis by phytase. J Agric Food Chem. (2006)

54:1792–96. doi: 10.1021/jf052053b

31. Banks KM, Thompson KL, Rush JK, Applegate TJ. Effects of copper source

on phosphorus retention in broiler chicks and laying hens. Poult Sci. (2004)

83:990–96. doi: 10.1093/ps/83.6.990

32. Banks KM, Thompson KL, Jaynes P, Applegate TJ. The effects of copper on the

efficacy of phytase, growth, and phosphorus retention in broiler chicks. Poult

Sci. (2004) 83:1335–41. doi: 10.1093/ps/83.8.1335

33. Pang Y, Applegate TJ. Effects of dietary copper supplementation and copper

source on Digesta pH, calcium, zinc, and copper complex size in the

gastrointestinal tract of the broiler chicken. Poult Sci. (2007) 86:531–7.

doi: 10.1093/ps/86.3.531

34. Rochell SJ, Usry JL, Parr TM, Parsons CM, Dilger RN. Effects of dietary copper

and amino acid density on growth performance, apparent metabolizable

energy, and nutrient digestibility in Eimeria acervulina-challenged broilers.

Poult Sci. (2017) 96:602–10. doi: 10.3382/ps/pew276

35. Tamim NM, Angel R. Phytate phosphorus hydrolysis as influenced by dietary

calcium and micro-mineral source in broiler diets. J Agric Food Chem. (2003)

51:4687–93. doi: 10.1021/jf034122x

36. Tamim NM, Angel R, Christman M. Influence of dietary calcium and phytase

on phytate phosphorus hydrolysis in broiler chickens. Poult Sci. (2004)

83:1358–67. doi: 10.1093/ps/83.8.1358

37. Applegate TJ, Angel R, Classen HL. Effect of dietary calcium, 25-

hydroxycholecalciferol, or bird strain on small intestinal phytase activity in

broiler chickens. Poult Sci. (2003) 82:1140–48. doi: 10.1093/ps/82.7.1140

38. MacDonald RS. The role of zinc in growth and cell proliferation. J Nutr. (2000)

130:1500S−8. doi: 10.1093/jn/130.5.1500S

39. Salim HM, Jo C, Lee BD. Zinc in broiler feeding and nutrition. Avian Biol Res.

(2008) 1:5–18. doi: 10.3184/175815508X334578

40. NRC. Nutrient Requirements of Poultry. 9th ed. Washington, DC: Natl.

Acad. Press (1994).

41. Leeson S. Trace mineral requirements of poultry-validity of the NRC

recommendations In. Tucker LA, Taylor-Pickard JA, editors Re-

defining mineral Nutrition. Nottingham: Nottingham university press.

(2005). p. 107–17.

42. Bafundo KW, Baker DH, Fitzgerald PR. The iron-zinc interrelationship in the

chick as influenced by Eimeria acervulina infection. J Nutr. (1984) 114:1306–

12. doi: 10.1093/jn/114.7.1306

43. Olukosi OA, van Kuijk S, Han Y. Copper and zinc sources and levels

of zinc inclusion influence growth performance, tissue trace mineral

content, and carcass yield of broiler chickens. Poult Sci. (2018) 97:3891–8.

doi: 10.3382/ps/pey247

44. Zhang B, Guo Y. Supplemental zinc reduced intestinal permeability

by enhancing occludin and zonula occludens protein-1 (ZO-

1) expression in weaning piglets. Br J Nutr. (2009) 102:687–93.

doi: 10.1017/S0007114509289033

45. Broom LJ, Miller HM, Kerr KG, Knapp JS. Effects of zinc oxide and

Enterococcus faecium SF68 dietary supplementation on the performance,

intestinal microbiota and immune status of weaned piglets. Res Vet Sci. (2006)

80:45–54. doi: 10.1016/j.rvsc.2005.04.004

46. Højberg O, Canibe N, Poulsen HD, Hedemann MS, Jensen BB. Influence

of dietary zinc oxide and copper sulfate on the gastrointestinal ecosystem

in newly weaned piglets. Appl Environ Microbiol. (2005) 71:2267–77.

doi: 10.1128/AEM.71.5.2267-2277.2005

47. Shao Y, Lei Z, Yuan J, Yang Y, Guo Y, Zhang B. Effect of zinc on growth

performance, gut morphometry, and cecal microbial community in broilers

challenged with Salmonella enterica serovar typhimurium. J Microbiol. (2014)

52:1002–11. doi: 10.1007/s12275-014-4347-y

48. Mehring AL, Brumbaugh JH, Sutherland AJ, Titus HW. The tolerance

of growing chickens for dietary copper. Poult Sci. (1960) 39:713–9.

doi: 10.3382/ps.0390713

49. Weeks RC, Sullivan TW. Influence of cupric sulfate on the “Growth-

Promoting” effect of penicillin and streptomycin in Turkey diets. Poult Sci.

(1972) 51:475–80. doi: 10.3382/ps.0510475

50. Ward TL, Watkins KL, Southern LL. Interactive effects of dietary copper,

water copper, and Eimeria spp. infection on growth, water intake, and

plasma and liver copper concentrations of poults. Poult Sci. (1995) 74:502–9.

doi: 10.3382/ps.0740502

51. Giraldo C, Southern LL. Role of compensatory gain in Eimeria acervulina

induced liver copper accumulation in chicks. J Nutr. (1988) 118:871–6.

doi: 10.1093/jn/118.7.871

52. Ruff M, Reid W. Coccidiosis and intestinal pH in chickens. Avian Dis. (1975)

19:52–8. doi: 10.2307/1588954

53. Acetoze G, Kurzbard R, Klasing KC, Ramsey JJ, Rossow HA. Liver

mitochondrial oxygen consumption and proton leak kinetics in broilers

supplemented with dietary copper or zinc following coccidiosis challenge. J

Anim Physiol Anim Nutr. (2017) 101:e210–15. doi: 10.1111/jpn.12591

54. Underwood PC, Collins JH, Durbin CG, Hodges FA, Zimmerman HE.

Critical tests with copper sulfate for experimental moniliasis (crop mycosis)

of chickens and Turkeys. Poult Sci. (1956) 35:599–605. doi: 10.3382/ps.03

50599

55. Fisher GAP, Laursen-Jones, Hill KJ, Hardy WS. The effect of copper sulphate

on performance and the structure of the gizzard in broilers. Br Poult Sci.

(1973) 14:55–68. doi: 10.1080/00071667308415998

56. Poupoulis C, Jensen LS. Effect of high dietary copper on gizzard integrity of

the chick. Poult Sci. (1976) 55:113–21. doi: 10.3382/ps.0550113

57. Jensen LS, Maurice DV. Effect of high dietary copper on the ceca of chicks.

Poult Sci. (1978) 57:166–70. doi: 10.3382/ps.0570166

58. Yenigün O, Kizilgün F, Yilmazer G. Inhibition effects of zinc and copper on

volatile fatty acid production during anaerobic digestion. Environ Technol.

(1996) 17:1269–74. doi: 10.1080/09593331708616497

59. ScruttonMC, Utter MF, Mildvan AS. Pyruvate carboxylase VI. the presence of

tightly bound manganese. J Biol Chem. (1966) 241:3480–87.

60. Scrutton MC, Griminger P, Wallace JC. Pyruvate carboxylase bound metal

content of the vertebrate liver enzyme as a function of diet and species. J Biol

Chem. (1972) 247:3305–13.

61. Plumlee MP, Thrasher DM, BeesonWM, Andrews FN, Parker HE. The effects

of a manganese deficiency upon the growth, development, and reproduction

of swine. J Anim Sci. (1956) 15:352–67. doi: 10.2527/jas1956.152352x

62. Leach RM Jr, Harris ED. Manganese. In: O’Dell BL, Sunde RA, editors.

Handbook of Nutritionally Essential Mineral Elements. New York, NY: Marcel

Dekker (1997). p. 335–56.

Frontiers in Veterinary Science | www.frontiersin.org 6 January 2020 | Volume 7 | Article 13

https://doi.org/10.3382/ps.0652098
https://doi.org/10.1007/BF02795457
https://doi.org/10.1017/S004393390900035X
https://doi.org/10.1017/S0043933913000019
https://doi.org/10.3382/ps.0692185
https://doi.org/10.1093/japr/11.4.471
https://doi.org/10.1016/S0377-8401(99)00085-1
https://doi.org/10.1017/S0043933918000697
https://doi.org/10.1016/B978-0-12-395499-2.50007-4
https://doi.org/10.1201/9781351070508-2
https://doi.org/10.1021/jf052053b
https://doi.org/10.1093/ps/83.6.990
https://doi.org/10.1093/ps/83.8.1335
https://doi.org/10.1093/ps/86.3.531
https://doi.org/10.3382/ps/pew276
https://doi.org/10.1021/jf034122x
https://doi.org/10.1093/ps/83.8.1358
https://doi.org/10.1093/ps/82.7.1140
https://doi.org/10.1093/jn/130.5.1500S
https://doi.org/10.3184/175815508X334578
https://doi.org/10.1093/jn/114.7.1306
https://doi.org/10.3382/ps/pey247
https://doi.org/10.1017/S0007114509289033
https://doi.org/10.1016/j.rvsc.2005.04.004
https://doi.org/10.1128/AEM.71.5.2267-2277.2005
https://doi.org/10.1007/s12275-014-4347-y
https://doi.org/10.3382/ps.0390713
https://doi.org/10.3382/ps.0510475
https://doi.org/10.3382/ps.0740502
https://doi.org/10.1093/jn/118.7.871
https://doi.org/10.2307/1588954
https://doi.org/10.1111/jpn.12591
https://doi.org/10.3382/ps.0350599
https://doi.org/10.1080/00071667308415998
https://doi.org/10.3382/ps.0550113
https://doi.org/10.3382/ps.0570166
https://doi.org/10.1080/09593331708616497
https://doi.org/10.2527/jas1956.152352x
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles


Bortoluzzi et al. Micro-Minerals for Broilers Under Coccidiosis Challenge

63. Liu AC-H, Heinrichs BS, Leach RM. Influence of manganese deficiency on

the characteristics of proteoglycans of avian epiphyseal growth plate cartilage.

Poult Sci. (1994) 73:663–69. doi: 10.3382/ps.0730663

64. Hill R, Mathers JW. Manganese in the nutrition and metabolism of the

pullet. 1. Shell thickness and manganese content of eggs from birds given

a diet of low or high manganese content. Br J Nutr. (1968) 22:625–33.

doi: 10.1079/BJN19680073

65. Ibrahim MY, Hashim NM, Dhiyaaldeen SM, Al-Obaidi MM, El-Ferjani

RM, Adam H, et al. Acute toxicity and gastroprotection studies of a

new schiff base derived manganese (II) complex against HCl/Ethanol-

induced gastric ulcerations in rats. Sci Rep. (2016) 6:26819. doi: 10.1038/srep

26819

66. Gunter TE, Gavin CE, Aschner M, Gunter KK. Speciation of

manganese in cells and mitochondria: a search for the proximal

cause of manganese neurotoxicity. Neurotoxicology. (2006) 27:765–76.

doi: 10.1016/j.neuro.2006.05.002

67. Kidd M. Nutritional modulation of immune function in broilers. Poult Sci.

(2004) 83:650–7. doi: 10.1093/ps/83.4.650

68. Turk DE, Gunji DS, Molitoris P. Coccidial infections and manganese

absorption. Poult Sci. (1982) 61:2430–34. doi: 10.3382/ps.0612430

69. Burin Junior AM, Fernandes NLM, Snak A, Fireman A, Horn D, Fernandes

JIM. Arginine and manganese supplementation on the immune competence

of broilers immune stimulated with vaccine against Salmonella Enteritidis.

Poult Sci. (2019) 98:2160–68. doi: 10.3382/ps/pey570

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Copyright © 2020 Bortoluzzi, Vieira and Applegate. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Veterinary Science | www.frontiersin.org 7 January 2020 | Volume 7 | Article 13

https://doi.org/10.3382/ps.0730663
https://doi.org/10.1079/BJN19680073
https://doi.org/10.1038/srep26819
https://doi.org/10.1016/j.neuro.2006.05.002
https://doi.org/10.1093/ps/83.4.650
https://doi.org/10.3382/ps.0612430
https://doi.org/10.3382/ps/pey570
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/veterinary-science#articles

	Influence of Dietary Zinc, Copper, and Manganese on the Intestinal Health of Broilers Under Eimeria Challenge
	Introduction
	Minerals Interactions Within the GIT
	Zinc
	Copper
	Manganese

	Conclusions
	Author Contributions
	References


