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ABSTRACT Zinc is an essential nutritional trace ele-
ment for all forms of life as it plays an important role in
numerous biological processes. In poultry, zinc is pro-
vided by in-feed supplementation, mainly as zinc oxide
or zinc sulfate. Alternatively zinc can be supplemented
as organic sources, which are characterized by using an
organic ligand that may be an amino acid, peptide, or
protein to bind zinc and have a higher bioavailability
than inorganic zinc sources. There are limited number
of studies directly comparing the effects of inorganic
vs. organic zinc sources on performance and intestinal
health in broilers. Therefore, a digestibility and a per-
formance study were conducted to evaluate and com-
pare the effect of an amino acid-complexed zinc source
vs. an inorganic zinc source on intestinal health. The ex-
periment consisted of 2 treatments: either a zinc amino
acid complex or zinc sulfate was added to a wheat–rye
based diet at 60 ppm Zn, with 10 replicates (34 broil-
ers per pen) per treatment. Effects on performance,

intestinal morphology, microbiota composition, and
oxidative stress were measured. Supplementing zinc
amino acid complexes improved the zinc digestibility
coefficient as compared to supplementation with zinc
sulfate. Broilers supplemented with zinc amino acid
complexes had a significantly lower feed conversion ra-
tio in the starter phase compared to birds supplemented
with zinc sulfate. A significantly higher villus length
was observed in broilers supplemented with zinc amino
acid complexes at days 10 and 28. Supplementation
with zinc amino acid complexes resulted in a decreased
abundance of several genera belonging to the phylum
of Proteobacteria. Plasma malondialdehyde levels and
glutathione peroxidase activity showed an improved ox-
idative status in broilers supplemented with zinc amino
acid complexes. In conclusion, zinc supplied in feed as
amino acid complex is more readily absorbed, poten-
tially conferring a protective effect on villus epithelial
cells in the starter phase.
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INTRODUCTION

Zinc is an essential nutritional trace element for
all forms of life as it plays an important role in nu-
merous biological processes (Faa et al., 2008; Ranaldi
et al., 2013; Bonaventura et al., 2015). Zinc not only
contributes to the synthesis, stability, and catalytic
activity of many proteins (Stefanidou et al., 2006), but
also influences nucleic acid metabolism and immuno-
logical responses. Moreover, it plays an important role
in wound healing and in restoring the integrity of dam-
aged tissues (Batal et al., 2001; Jahanian and Rasouli,
2015). Zinc also has antioxidant effects (Gammoh and
Rink, 2017) as it is a cofactor of the Cu/Zn superoxide
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dismutase, which plays a crucial role in the protection
of cells against oxygen radicals (Oteiza, 2012). Finally,
zinc ensures normal growth, health and fertility, devel-
opment of bones and feathers, and regulates appetite
in broilers (Shao et al., 2014; Kwiecien et al., 2017).

Cellular zinc homeostasis is strictly regulated by
uptake and elimination of zinc through specialized
transporters and by sequestration of zinc by carrier
proteins such as metallothioneins (Bonaventura et al.,
2015). Even minor changes in zinc homeostasis can
lead to clinical consequences which are most distinct
in tissues with a high cell turnover, such as the skin,
the gastro-intestinal mucosa, and the immune system
(Bonaventura et al., 2015). Due to the absence of a
specialized zinc storage system, a daily intake of zinc
through the diet is necessary to ensure the homeostasis
that allows zinc to maintain and support its numerous
functions (Bonaventura et al., 2015). In plants, zinc is
mostly bound to phytate, forming an insoluble complex
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that hampers absorption. This can be solved by adding
phytases to poultry diets (Lönnerdal, 2000; Tamim and
Angel, 2003). Nevertheless, additional supplementation
is recommended to meet the dietary requirements as
described by NRC (1994), Mohanna and Nys (1999)
and Ma et al. (2011). A diet without supplemental
zinc provides insufficient zinc; therefore, supplementing
broiler diets with zinc is a common industry practice
(Sunder et al., 2008).

The source of zinc in the feed impacts the absorp-
tion rate of zinc. Mainly inorganic zinc, such as ZnO
and ZnSO4, is supplemented in poultry feed (Summers,
1997). In organic zinc sources, zinc is coupled to an or-
ganic ligand, typically an amino acid, peptide, or pro-
tein, and these have a higher bioavailability than inor-
ganic zinc sources (Star et al., 2012; Swiatkiewicz et al.,
2014). Research has already been conducted to evaluate
the effects of different zinc sources on bioavailability in
broilers, but there is little information available in the
literature on effects on performance directly comparing
supplementation with ZnSO4 (ZnS) vs. zinc amino acid
complexes (ZnAA) included at the same level in the
feed. Moreover, to the best of our knowledge, no infor-
mation is available in the literature regarding the effects
of zinc source in broilers on intestinal health and mi-
crobiota composition. Therefore, the aim of the present
study was to compare ZnAA as opposed to inorganic
ZnSO4 in the feed of broilers, focusing on performance
and on intestinal and general health parameters.

MATERIALS AND METHODS

All experimental procedures in this study were in
compliance with the European guidelines for the care
and use of animals in research (Directive 2010: 63: EU)
and were approved by the Ethical committee of the
Research Institute for Agriculture, Fisheries and Food
(ILVO), Merelbeke, Belgium, under authorization num-
ber 2016: 301.

Trial 1: Performance Study

Experimental Design and Dietary Treatments
A total of 680 one-day-old male Ross 308 broilers were
randomly allocated to 20 floor pens (10 pens per treat-
ment and 34 broilers per pen) in an alternating block
design, 1 replicate per treatment in each block. Broilers
were housed on a solid floor covered with wood shav-
ings (2.38 kg/m2). Up to day 7, the broilers were sub-
jected to a light schedule of 23 h light and 1 h dark.
From day 7 onwards the animals were subjected to a
light schedule of 18 h light and 6 h dark. Broilers were
orally vaccinated with Paracox-5 (Intervet UK Ltd.,
Milton Keynes, UK) on day 3. Dietary treatments in-
cluded a wheat–rye based diet (Table 1) supplemented
with 60 ppm Zn either as ZnSO4 (ZnS, ZnSO4.7H2O,
Sigma-Aldrich, St. Louis, MO) or 60 ppm Zn as ZnAA
(AvailaZn, Zinpro Corporation, Eden Prairie, MN)

(Table 2). AvailaZn is a zinc chelate based on sin-
gle amino acids from hydrolyzed soy protein and zinc
bound in a one to one molar ratio. The wheat–rye based
diet contained a high level of crude protein (20%) and
non-starch polysaccharides (15%) (NSP) without the
addition of NSP enzymes in order to create a nutri-
tional challenge at the intestinal level. All feed contain
zinc levels that comply with the dietary needs as de-
scribed by NRC (1994). The starter diet was fed from
day 0 up to day 10 and was provided in a crumbled
form. The grower and finisher diets were fed as pel-
lets from day 10 up to day 28 and from day 28 up to
day 36, respectively. Feed and drinking water were pro-
vided ad libitum. The levels of zinc present in the total
feed were measured by Inductive Coupled Plasma-Mass
Spectrometry after microwave destruction in closed re-
cipients (Agilent 7500ce ICP-MS, Agilent Technologies,
Santa-Clara, CA), according to the method described
by Ashoka, et al. (2009) (Table 2). The total amount
of zinc is delivered by zinc naturally present in the feed
ingredients and by supplemented ZnS or ZnAA.

Mortality was recorded daily, and this information
was used to correct the performance parameters. At
days 10, 28, and 36, all broilers and feed left overs
were weighed per pen to determine body weight gain
(BWG), feed intake (FI), and feed conversion ratio
(FCR). At the same time point, 3 broilers per pen
were euthanized by an intravenous overdose of sodium
pentobarbital 20% (Kela NV, Hoogstraten, Belgium)
and venous blood samples were collected in serum and
heparin tubes (Vacutest Plast, Kima, Arzergrande,
Italy). Tissue samples of the duodenal loop were col-
lected for fixation in 4% of formaldehyde at days 10
and 28. Content of ileum and cecum was collected
aseptically (day 10) and stored at –20°C. At the end
of the trial, litter quality was scored (per pen, scores
ranging from 0 to 3). Footpad and hock lesions were
scored (of 8 birds per pen, scores ranging from 0 to 4)
based on the Welfare quality assessment protocols
(Welfare Quality Consortium, 2009) (Table 3).

Intestinal Morphology Formalin-fixed intestinal
segments of the duodenum were dehydrated in xy-
lene, embedded in paraffin, and sectioned in 4 μm
slides for hematoxylin-eosin staining and CD3 im-
munohistochemistry. The sections were automatically
(Shandon Varistain-Gemini, Thermofisher Scientific,
Cheshire, UK) deparaffinized in xylene and rehydrated
in isopropylene, 95% ethanol, and 50% ethanol, and
stained with hematoxylin and eosin. The sections
were examined using a light microscope (Leica DM
LB2 Digital, Leica Microsystems, Wetzlar, Germany).
Villus length was measured from the tip of the villus to
the crypt–villus junction. Crypt depth was measured
from the crypt base up to the crypt–villus junction.
Measurements were performed on 12 random selected
duodenal villi and crypts per section (one section per
animal) using Leica DM LB2 Digital and a computer-
based image analysis program, Leica Application Suite
V4.1. The average villus length and crypt depth were
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Table 1. Dietary composition of the diets.

Starter diet Grower diet Finisher diet

Ingredient (%)
Wheat 49.29 55.62 59.00
Rye 5.00 5.00 5.00
Soybean meal (48) 29.37 23.16 20.11
Soybeans 7.50 7.50 7.50
Rapeseed meal 2.00 2.00 2.00
Animal fat 2.50 2.60 2.70
Soy oil 1.00 1.00 1.00
Vitamin + trace (vitamix)1 1.000 1.000 1.000
CaCO3 0.820 0.908 0.826
Di-Ca-phosphate 0.650 0.361 0.107
NaCl 0.264 0.226 0.268
Na-bicarbonate 0.104 0.157 0.101
L-Lys-HCl 0.160 0.175 0.154
DL-Methonine 0.256 0.208 0.167
L-Threonine 0.071 0.064 0.049
Phytase 0.020 0.020 0.020

Calculated nutrient composition
Crude protein (%) 23.00 21.00 20.00
Crude fat (%) 6.43 6.41 6.46
Non-soluble polysaccharides (%) 15.37 15.00 14.83
Metabolizable energy (MCal/kg) 2.63 2.70 2.75
Dig. Lysine (%) 1.12 1.03 0.95
Dig. Methionine + Cysteine (%) 0.86 0.77 0.71
Dig. Threonine (%) 0.75 0.67 0.62
Dig. Valine (%) 0.89 0.81 0.76
Ca (%) 0.85 0.80 0.70
Available P (%) 0.40 0.35 0.31
NaCl + KCl (mEq/kg) 254 226 213
Linoleic acid (18:2) (%) 2.10 2.07 2.06

1Provided per kg of diet: vitamin A (retinylacetate 3a672a, 10,000 IU), vitamin D3 (E671, 3,000 IU),
vitamin E (all-rac-α-tocopherol acetate, 50 IU), vitamin K (2.5 mg), vitamin B1 (thiamine mononitrate, 2 mg),
riboflavin (5 mg), calcium D-pantothenate (15 mg), vitamin B6 (4 mg), vitamin B12 (0.025 mg), niacinamide
(30 mg), folic acid (1 mg), biotin (0.2 mg), choline (choline chloride, 689.7 mg), Cu (CuSO4.5H2O, 12 mg), Mn
(MnSO4.H2O, 95.9 mg), Fe (FeSO4.H2O), 49.2 mg; I (KI, 1.2 mg), Se (Na2SeO3, 0.4 mg), sepioliet (7.0 mg),
propylgallate (2.0 mg), BHT (3.0 mg).

Table 2. Analyzed zinc concentrations in the diets for broilers
(mg/kg, as-fed basis).

Zinc source Analyzed Zn (mg/kg)

Starter Grower Finisher

ZnS 115 ± 1.4 104 ± 5.9 97 ± 1.3
ZnAA 129 ± 4.2 112 ± 4.9 109 ± 12.0

ZnS: ZnSO4; ZnAA: zinc amino acid complexes.
Data represent mean ± standard deviation expressed in mg/kg.

calculated per animal. The thickness of the tunica mus-
cularis was determined at 20 locations per section (1
section per animal) of which the average was calculated
per animal. The above-mentioned measurements were
performed for 3 birds per pen (10 pens per treatment).

CD3 Immunohistochemistry CD3 immunohisto-
logical staining of duodenal sections was performed as
described by Aguirre et al. (2019). Slides were analyzed
with Leica DM LB2 Digital and a computer-based
image analysis program LAS V4.1 (Leica Application
Suite V4, Germany). The CD3+ area percentage in the
duodenal tissue was quantified using 3 representative
fields of view per section (1 section per animal) in 3
birds per pen (10 pens per treatment).

Microbiota Composition DNA was extracted from
the cecal and ileal content of broilers aged 10 D us-

ing the CTAB method as previously described (De
Maesschalck et al., 2015). Amplification and sequencing
of the V3-V4 regions of the 16S rRNA gene was done
by Macrogen (Seoul, South Korea), using the primers
S-D-Bact-0341-b-S-17 and S-D-Bact-0785-a-A-21, as
described by Klindworth et al. (2013), extended with
Illumina-specific adaptors. Amplicons were sequenced
in a single run using Illumina MiSeq v3 technology
(2 × 300 bp, paired-end) and using 30% PhiX DNA as
spike-in. Demultiplexing of the amplicon dataset and
deletion of the barcodes were done by the sequencing
provider (Macrogen). The sequences were processed
using a pipeline combining PANDAseq (Masella
et al., 2012) and QIIME (v1.9.1). The paired-end
sequences were assembled using PANDAseq, with
a quality threshold of 0.9 and length cut-off values
for the merged sequences between 400 and 500 bp.
Open-reference operational taxonomic unit (OTU)
picking was performed at 97% sequence similarity us-
ing USEARCH (v6.1) and converted to an OTU table
(Edgar, 2010). OTU taxonomy was assigned against
the Silva database (v123, clustered at 97% identity)
using the PyNast algorithm with QIIME default pa-
rameters (Caporaso et al., 2010; Quast et al., 2013).
OTUs with a total abundance below 0.01% of the total
sequences were discarded (Bokulich et al., 2013). Alpha
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Table 3. Score system for litter quality and lesion scoring.

Score system litter quality

Score 0 Score 1 Score 2 Score 3

Dry or nearly
sticky litter

Litter starts to
stick

Litter starts to
clot

The litter is very greasy and
forms a “cake” like structure

Score footpad lesions and hock burns

Score 0 Score 1 Score 2 Score 3 Score 4

No damage or
inflammation

Minor damaging Intermediate
damaging

Severe damage and clear
inflammation

Severe damage
and clear
inflammation of
larger areas

rarefaction curves were generated using QIIME, and
a subsampling depth of 10,000 reads was selected. No
samples were eliminated following subsampling.

Bioinformatics and Statistical Analysis of 16S
rRNA Gene Amplicon Data Further analysis of al-
pha diversity (observed OTUs, Chao1 richness estima-
tor, and Shannon diversity estimator) and beta diver-
sity (Bray–Curtis dissimilarities) was performed using
the phyloseq (McMurdie and Holmes, 2013) pipeline in
R (v3.4.3). Normality of the alpha diversity data was
tested using the Shapiro–Wilk test, and subsequently a
t-test was used for normal distributed data. Differences
in beta diversity were examined using the ANOSIM
function from the Vegan package. Differences in rela-
tive abundance at the phylum level were assessed using
the 2-sided Welch t-test from the mt wrapper in phy-
loseq. To detect differentially abundant taxa between
the different diet groups, DESeq2 was applied on the
non-rarified community composition data for either ce-
cal or ileal communities (Love et al., 2014). Significant
differences were calculated using a Wald test followed
by a Benjamini–Hochberg multiple hypothesis correc-
tion. For all tests, a P-value < 0.05 was considered sig-
nificant and considered as tendency at 0.05 < P < 0.1.

Metabolic Function Prediction of the Microbial
Communities To gain more insight into the possible
functional pathways of the microbial communities
in the ileum, the functional composition was pre-
dicted using PICRUSt (Phylogenetic Investigation
of Communities by Reconstruction of Unobserved
States; Langille et al., 2013). PICRUSt uses precom-
puted ancestral state reconstructions based on the
Greengenes database. Therefore, OTU picking was
reperformed as described above with following mod-
ifications: closed-reference OTU picking was used,
and OTU taxonomy was assigned against the Green-
genes database (v 13.5) (DeSantis et al., 2006) after
which the OTU counts were normalized by their ex-
pected 16s copy number using QIIME (Kembel et al.,
2012; Angly et al., 2014). Metagenome predictions
were performed against the KEGG database (Ky-
oto Encyclopedia of Genes and Genomes; Kanehisa
and Goto, 2000). The resulting function prediction
(KEGG orthologs [KO]) was analyzed using the HU-
MAnN2 algorithm to get KEGG modules and pathways

(http://huttenhower.sph.harvard.edu/humann2). Al-
pha diversity (observed OTUs, Chao1 richness estima-
tor, and Shannon diversity estimator) was determined
using the phyloseq package. Bray–Curtis dissimilarity
was used to quantify the difference in predicted KO
populations using the phyloseq package. Differences
in Bray–Curtis dissimilarity were examined using the
anosim function from the vegan package as described
above. Differentially abundant KOs were identified
using DESeq2 analysis and plotted in a heatmap using
the pheatmap package in R. Differentially abundant
modules are identified using the phyloseq mt wrapper
(Wilcoxon test with multiple hypothesis correction and
calculation of false discovery rate).

Biochemical Analyses Serum zinc concentrations
were determined as described by van Riet et al. (2015).
Shortly, serum samples were mixed with an equal
volume of trichloroacetic acid to deproteinate sam-
ples before centrifugation at 10,000 × g for 10 min.
The remaining supernatant was used within 2 h to
determine serum zinc concentrations. Therefore, the
deproteinated serum was diluted 5 times with a color
reagent (Randox kit ZN2341, Randox Laboratories
Limited, Crumlin, UK), and incubated 5 min at 25°C.
Absorbance was measured at 560 nm. Serum zinc
concentration was calculated from a zinc standard cal-
ibration curve. Malondialdehyde (MDA) concentration
in plasma was measured by the reaction of MDA with
thiobarbituric acid as described by Vossen et al. (2011).
The absorbance of the colored complex was measured
spectrophotometrically at 532 nm. A standard curve
with 1,1,3,3-tetramethoxypropane was used, and the
thiobarbituric acid reactive substance (TBARS) con-
centration was expressed in nmol MDA per mL of
plasma. Glutathione peroxidase (GPx) activity was de-
termined in plasma samples by measuring the oxidation
of nicotinamide adenine dinucleotide phosphate in the
presence of reduced glutathione and hydrogen peroxide.
A decrease in absorbance was kinetically monitored at
340 nm for 5 min as described by Vossen et al. (2011).

Trial 2: Digestibility Study

Birds used for the digestibility study were housed
under the same conditions as the broilers of the
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performance study up to day 9. From day 9 on, the
broilers were housed in digestibility cages. The di-
gestibility study consisted of 6 replicates per treatment
with 4 or 5 male broilers (Ross 308) per replicate.
After a 5-D adaptation period, the balance period was
executed during 5 consecutive days between 14 and 18
D of age according to the European reference method
of Bourdillon et al. (1990). Total FI was monitored
during this balance period, and excreta was collected
daily and stored at –20°C. Excreta was pooled per cage
and was mixed to prepare a representative sample and
subsequently freeze-dried and grounded. Dry matter
(EC 1971), crude protein (ISO 5983-2, 2009), and crude
fat (ISO 6492, 1999) were determined from the pooled
samples according to ISO standards to calculate di-
gestibility coefficients. Zinc content in feed and excreta
(2 samples per treatment were analyzed in duplicate)
was determined with Inductively Coupled Plasma Mass
Spectrometry after microwave destruction in closed
recipients (Agilent 7500ce ICP-MS, Agilent Technolo-
gies), according to the method described by Ashoka
et al. (2009).

Statistical Analysis

Statistical analysis was performed in R for
Windows (version 3.5.1). The pen was considered
as the experimental unit for all analyzed variables
except for the nutrient digestibility, where the di-
gestibility cage was considered as the experimental
unit. All data were checked for outliers and normality
of the residuals. Normality of the sample distribution
was performed with the Kolmogorov–Smirnov test.
Data were compared using an independent samples
t-test. Mortality and lesion scores (footpad lesions and
hock burn) and litter quality were analyzed using an
ordered logistic regression model with treatment as
a fixed factor and animal or pen as the experimental
unit. Statistical analysis on the gut microbiota was
performed using R, as described above. The differences
were considered statistically significant at P ≤ 0.05
and considered as tendency at 0.05 < P < 0.1.

RESULTS

Digestibility

A higher zinc digestibility coefficient (P = 0.02)
was observed for broilers fed a diet supplemented with
ZnAA (N = 5) compared to broilers fed a diet supple-
mented with ZnS (N = 6) (36.4 vs. 32.5%) (Table 4).
Zinc contents were determined in all experimental diets
in order to exclude that there was a difference in zinc
concentration in the diets of the different treatments
(Table 2). There were no distinct differences in zinc
concentration between treatments, so the difference in
digestibility coefficient is not due to a difference in zinc
intake. There were no differences found in FI or amount

Table 4. Effect of supplementation with ZnS or ZnAA on di-
gestibility parameters and calculated digestibility coefficients in
broilers.

ZnS ZnAA P-value

Parameters
Feed intake (FI) (g) 1,256 ± 49 1,168 ± 90 0.059
Wet excreta (WE) (g) 1,797 ± 72 1,720 ± 146 0.271
WE/FI* 0.300 ± 0.02 0.304 ± 0.01 0.731

Digestibility coefficients (%)
Gross energy 72.0 ± 2.3 71.8 ± 1.7 0.878
Crude protein 58.2 ± 2.9 57.1 ± 2.2 0.512
Crude fat 78.8 ± 2.5 77.0 ± 4.3 0.423
Zinc 32.7 ± 1.3 36.4 ± 2.7 0.020

ZnS: ZnSO4; ZnAA: zinc amino acid complexes.
Data represent mean ± standard deviation (ZnS, N = 6; ZnAA,

N = 5).

of excreta (P > 0.01) nor were there significant differ-
ences in proximate nutrient digestibility.

Performance Parameters

A decreased FCR was observed for the starter
(day 0 to 10) period for broilers fed the diet supple-
mented with ZnAA (P = 0.03) (Table 5). Moreover,
there was a trend for a higher body weight from day 0
to 10 and improved FCR from day 0 to 28 for broilers
supplemented with ZnAA as compared to ZnS. There
was no effect of the source of supplemented zinc on
the performance parameters during the overall period.
Dietary treatment did not affect mortality rates, litter
quality, or lesion scores (data not shown).

Intestinal Morphology and T-cell Abundance

Duodenal villus length and crypt depth were mea-
sured and villus length/crypt depth ratio were calcu-
lated at the end of the starter (day 10) and grower
periods (day 28). At the end of the starter period and
the grower period, an increase in villus length (P <

0.05) and villus length to crypt depth ratio (P < 0.05)
was observed in broilers fed a diet supplemented with
ZnAA as compared to birds fed a diet supplemented
with ZnS (Table 6). The supplementation of different
zinc sources did not affect the thickness of the tunica
muscularis. The amount of CD3+ T cells was deter-
mined in duodenal sections as a marker for intestinal
inflammation. No changes were observed in the duo-
denal T-cell abundance at the end of the starter and
grower periods.

Blood Parameters

Zinc levels were determined in serum samples col-
lected from broilers included in the performance trial.
No differences in serum zinc levels were observed be-
tween dietary treatments at different ages (Table 7).

MDA concentration and GPx activity were measured
in plasma to evaluate oxidative status. MDA is com-
monly known as a marker for oxidative stress and is
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Table 5. Effect of supplementation with ZnSO4 or ZnAA on performance in broilers.

BW BWG FI
Period (g/animal) (g/animal/day) (g/animal/day) FCR

0–10 D ZnS 284.7 ± 5.6 24.4 ± 0.5 28.6 ± 0.9 1.172 ± 0.018
ZnAA 290.5 ± 5.8 25.0 ± 0.5 28.7 ± 0.9 1.149 ± 0.012

P-value 0.063 0.061 0.860 0.029

10–28 D ZnS 1,572 ± 38 71.5 ± 2.0 104.2 ± 3.2 1.456 ± 0.022
ZnAA 1,597 ± 40 72.6 ± 2.0 104.7 ± 2.8 1.441 ± 0.017

P-value 0.207 0.283 0.720 0.167

28–36 D ZnS 2,423 ± 43 106.4 ± 3.1 171.6 ± 3.9 1.613 ± 0.051
ZnAA 2,456 ± 46 107.4 ± 3.7 174.7 ± 3.9 1.627 ± 0.046

P-value 0.188 0.487 0.170 0.405

0–28 D ZnS 54.7 ± 1.4 77.2 ± 2.2 1.411 ± 0.019
ZnAA 55.6 ± 1.4 77.5 ± 2.0 1.394 ± 0.014

P-value 0.207 0.733 0.073

0–36 D ZnS 67.3 ± 1.2 98.2 ± 2.4 1.459 ± 0.019
ZnAA 68.2 ± 1.3 99.1 ± 2.1 1.453 ± 0.016

P-value 0.187 0.405 0.375

ZnS: ZnSO4; ZnAA: zinc amino acid complexes.
Body weight (BW) was determined at the last day of each period (day 10, 28, and 36). Body weight gain

(BWG), feed intake (FI), and feed conversion ratio (FCR) were determined at the end of the 3 periods.
ZnSO4 (ZnS) and zinc amino acid complexes (ZnAA). Data represent mean ± standard deviation (N = 10).

Table 6. Effect of supplementation of ZnS or ZnAA on intestinal
morphology and T-cell abundance in broilers on days 10 and 28
in duodenal sections.

ZnS ZnAA P-value

Day 10
Villus length (VL) 1,206 ± 221 1308 ± 155 0.046
Crypt depth (CD) 314.5 ± 76.6 301.6 ± 62.1 0.494
Ratio (VL:CD) 3.99 ± 1.05 4.52 ± 1.04 0.049
Thickness tunica muscularis 94.8 ± 30.4 91.3 ± 21.8 0.626
CD3+ 7.68 ± 2.51 6.32 ± 1.61 0.167

Day 28
Villus length (VL) 1,489 ± 230 1,667 ± 262 0.012
Crypt depth (CD) 313.6 ± 62.3 311.4 ± 63.2 0.896
Ratio (VL:CD) 5.06 ± 1.13 5.80 ± 1.47 0.046
Thickness tunica muscularis 132.8 ± 36.3 129.7 ± 35.1 0.758
CD3+ 12.29 ± 2.82 11.54 ± 1.70 0.480

ZnS: ZnSO4; ZnAA: zinc amino acid complexes.
Analysis based on 10 measurements per section per bird for villus

length (μm) and crypt depth (μm) or 3 microscopic fields per section
for CD3+ measurements (area %). Data represent mean ± standard
deviation (N = 10).

Table 7. Effect of supplementation with ZnS or ZnAA on serum
zinc levels (ug/dL) in broilers measured on days 10, 28, and 36.

ZnS ZnAA P-value

Serum zinc level
Day 10 212.7 ± 7.4 216.2 ± 5.2 0.703
Day 28 206.6 ± 5.7 195.6 ± 5.0 0.160
Day 36 210.4 ± 8.2 210.2 ± 13.1 0.987

ZnS: ZnSO4; ZnAA: zinc amino acid complexes.
Data represent mean ± standard deviation (N = 10) and are expressed

in μg/dL.

an end product of lipid peroxidation. Glutathione per-
oxidase plays an important role in the cascade which
protects cells from oxidative damage. A lower MDA
level (P < 0.01) was observed at the end of the starter
period level in broilers fed a diet supplemented with
ZnAA (Table 8). There was no difference in plasma
MDA level at slaughter age. However, a lower plasma
GPx (P = 0.02) was observed at slaughter age in broil-

Table 8. Effect of supplementation with ZnS or ZnAA sup-
plementation on plasma malondialdehyde concentration (MDA,
mmol/L) measured on days 10, 28, and 36 and effect on plasma
glutathione peroxidase activity (GPx, μmol/min. mL) at day 36.

ZnS ZnAA P-value

MDA day 10 16.72 ± 0.90 15.08 ± 1.16 0.007
MDA day 28 13.88 ± 2.72 14.32 ± 1.85 0.678
MDA day 36 12.64 ± 0.60 12.00 ± 0.76 0.140
GPx day 36 0.72 ± 0.04 0.60 ± 0.15 0.021

ZnS: ZnSO4; ZnAA: zinc amino acid complexes.
Data represent mean ± standard deviation (N = 10, expressed as

mmol/L for MDA and expressed as μmol/min.mL plasma for GPx).

ers supplemented with ZnAA as compared to broilers
supplemented with ZnS (Table 8).

Microbiota Composition

Influence on the Cecal and Ileal Microbial Diver-
sity No differences were observed in either the cecal
or ileal bacterial richness or diversity (Figure 1), which
was determined by calculating the number of observed
OTUs, the estimated OTU richness (Chao1), and the
estimated community diversity (Shannon index).

Bray–Curtis dissimilarity was used to investigate
beta diversity between either the cecal or ileal micro-
biota in broilers fed a diet supplemented with ZnS
or ZnAA complexes (Figure 2). A trend for a chang-
ing microbial composition was observed in the ileum
(ANOSIM statistic R = 0.1177, P = 0.069), but no
differences could be observed in the cecum (ANOSIM
statistic R = 0.002333, P = 0.447).

Influence on the Taxonomic Composition of the
Microbiota The ileal microbiota was characterized by
a high abundance of Firmicutes (94.4% in the ZnS
supplemented group, 96.6% in the ZnAA supplemented
group), followed by Actinobacteria as the second
most abundant phylum (1.0% and 2.6%, respectively).
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Figure 1. Alpha diversity metrics of the ileal and cecal microbial community from birds fed a diet supplemented with ZnS or ZnAA complexes.
Observed: observed OTUs, Chao1: estimated OTU richness, and Shannon: estimated community diversity. ZnS: ZnSO4; ZnAA: zinc amino acid
complexes.

The phylum Proteobacteria accounted for 3.2% in the
ileal content of the broilers supplemented with ZnS,
whereas a relative abundance of 0.7% was observed in
broilers supplemented with ZnAA (Figure 3). In the ce-
cum, Firmicutes (82.6 or 82.8% for birds supplemented
with ZnS or ZnAA, respectively) and Bacteroidetes
(9.1 or 11.6% for birds supplemented with ZnS or
ZnAA, respectively) were the most abundant phyla.
The phylum Proteobacteria accounted for 4.3% of the
total sequences found in the ceca of birds fed a diet
supplemented with ZnS, whereas a relative abundance
of 2.4% was observed in the ceca from birds receiving a
diet supplemented with ZnAA. Dietary treatment did
not significantly affect the above-mentioned differences
in both ileum and cecum.

Differentially abundant genera (Table 9) in the ce-
cal and ileal microbial composition were identified us-
ing DESeq2. In the ileal content, the relative abun-
dance of 13 genera was decreased in broilers fed a
diet supplemented with ZnAA compared to broilers
fed a diet compared to ZnS. The other genera be-
longed to the families Lachnospiraceae, Ruminococ-
caceae, and Streptococcaceae, which belong to the

phylum Firmicutes and the families Helicobacteraceae,
Sphinghomonadaceae, Comamonadaceae, Burkholderi-
aceae, and Pseudomonaceae which belong to the phy-
lum Proteobacteria. In the cecal content of broilers fed
a diet supplemented with ZnAA, the abundance of the
genus Defluviitaleaceae UCG-011 was decreased com-
pared to broilers fed a diet supplemented with ZnS.

Influence on Metabolic Function Prediction of
the Microbial Communities Alpha diversity did not
show any significant differences (Additional file 1).
Bray—Curtis dissimilarity (Additional file 2) was used
to quantify the difference in predicted KO between
treatments populations (ANOSIM statistic R = 0.138,
P = 0.043). In total, 1,215 differentially abundant KO
were identified using DESeq2 and plotted in a heatmap.
Samples were clustered based on the similarity of these
KOs and resulted in clustered samples according to the
treatment (Additional file 3). In order to get more in-
sight into the physiological processes these KOs con-
tribute to, all predicted KOs are grouped into KEGG
modules. Two modules were significantly affected
(P < 0.05 and FDR < 0.05) and for another 5 mod-
ules there was a tendency (P < 0.01 and FDR < 0.05)
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Figure 2. Principle coordinate analysis (PCoA) plot with of Bray–Curtis dissimilarities of the ileal or cecal microbiota of broilers fed either
the ZnS (ZnSO4) or ZnAA (zinc amino acid complexes) supplemented diet. Each dot represents a single chicken.

Figure 3. Relative abundance (%) of the 4 most abundant phyla in the ileum or cecum from broilers fed a diet supplemented with a ZnS or
ZnAA. ZnS: ZnSO4; ZnAA: zinc amino acid complexes.

(Table 10). Some systems which are characterized by
oxidative processes like complex IV cytochrome c ox-
idase and pyruvate ferredoxin oxidoreductase are en-
riched in ZnS group (Furdui and Ragsdale, 2000). Pu-
trescine transport system is also enriched in the ZnS
group. Putrescine is a cellular polyamine produced by
both eukaryotic and prokaryotic cells and which is pro-

duced by some bacteria (mainly Escherichia coli) in re-
sponse to oxidative stress (Shah and Swlatlo, 2008).
Capsular polysaccharide transport system and microcin
C transport system are enriched in the ZnS group
and are mainly produced by enterobacteria as part of
their defense mechanism triggered in stress conditions
(Severinov and Nair, 2012; He et al., 2016) (Figure 4).
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Table 9. Significant differences in genus level abundance in the ileal and cecal microbiota from broilers fed ZnS (ZnSO4) or ZnAA
(zinc amino acid complexes) supplemented.

Phylum Class Order Family Genus
Mean relative

abundance (%)
Log2 fold

change
Adjusted
P-value

ZnAA ZnS

Ileum
Firmicutes Clostridia Clostridiales Lachnospiraceae uncultured 0.039 0.499 –3.35 0.00081
Firmicutes Clostridia Clostridiales Lachnospiraceae Blautia 0.020 0.158 –3.20 0.00119
Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae

NK4A136 group
0.018 0.176 –5.20 0.00115

Firmicutes Clostridia Clostridiales Ruminococcaceae Butyriciccocus 0.007 0.086 –3.70 3.54E-05
Firmicutes Clostridia Clostridiales Ruminococcaceae Anaerotruncus 0.001 0.025 –4.96 0.00132
Firmicutes Clostridia Clostridiales Ruminococcaceae uncultured 0.004 0.026 –3.49 0.00209
Firmicutes Clostridia Clostridiales Ruminococcaceae Subdoligranulum 0.047 0.560 –2.97 0.02537
Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus 0.021 0.872 –3.932 0.00196
Proteobacteria Epsilonproteobacteria Campylobacterales Helicobacteraceae Helicobacter 0.019 0.510 –4.78 4.63E-05
Proteobacteria Alphaproteobacteria Sphingomonadales Sphingomonadaceae Sphingomonas 0.013 0.313 –4.87 4.63E-05
Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae Delftia 0.045 0.455 –3.41 0.00030
Proteobacteria Betaproteobacteria Burkholderiales Burkholderiaceae Ralstonia 0.030 0.384 –4.35 4.63E-05
Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas 0.023 0.475 –2.90 0.02537
Cecum
Firmicutes Clostridia Clostridiales Defluviitaleaceae Defluviitaleaceae

UCG-011
0.003 0.002 –5.93 0.00094

The taxonomic classification, the mean relative abundance and the log2 fold change (of the DESeq2 normalized abundance of each species are
shown).

Table 10. Significantly enriched modules in broilers fed a diet supplemented with ZnS compared
to broilers fed a diet supplemented with ZnAA.

ZnS enriched Functional description Adjusted P-value FDR

M00249 Capsular_polysaccharide_transport_system 0.016 0.03
M00156 Complex_IV_Cytochrome_c_oxidase_ 0.042 0.03

cytochrome_c_oxidase_cbb3_type
M00310 Pyruvate_ferredoxin_oxidoreductase 0.053 0.03
M00038 Tryptophan_metabolism_tryptophan_ 0.063 0.03

kynurenine_2_aminomuconate
M00349 Microcin_C_transport_system 0.072 0.03
M00072 Oligosaccharyltransferase 0.072 0.03
M00300 Putrescine_transport_system 0.089 0.04

ZnS: ZnSO4; ZnAA: zinc amino acid complexes; FDR: False Discovery Rate.

DISCUSSION

In the present study, we observed a higher di-
gestibility coefficient for ZnAA complexes compared
to ZnS, confirming the higher bioavailability reported
by Star et al. (2012). Supplementation with ZnAA
complexes did not influence the digestibility of other
nutrients which is in accordance with studies where
the supplementation of zinc-glycine chelates was com-
pared to ZnS (Ma et al., 2011; Kwiecien et al., 2017).
The bioavailability of zinc supplements is affected
by competition with other minerals or inhibition by
antagonists present in the diet (Lönnerdal, 2000; Sauer
et al. 2017). Therefore, it is important to supply a
zinc source which is taken up by a route which is not
inhibited or saturated by Zn and other trace metals. It
has been shown that ZnAA complexes are taken up by
amino acid transporters as opposed to zinc salts which
are taken up by zinc transporters (Gao et al., 2014;
Sauer et al., 2017). The latter can be inhibited by zinc
uptake antagonists (Lönnerdal, 2000). This alternative
supply route of zinc might explain the higher bioavail-

ability of ZnAA. Although ZnAA are characterized
by an increased bioavailability, no differences in zinc
serum levels were observed, which is in accordance
with previous observations (Abd Mohanna and Nys,
1999; Zakaria et al., 2017; El-Hack et al., 2018).

A lower level of zinc was observed in excreta from
broilers fed a diet supplemented with ZnAA as opposed
to ZnS due to the improved bioavailability of ZnAA. To
our knowledge, no literature is available about the ef-
fect of supplementation of different zinc sources on the
microbiota composition in broilers. A study conducted
by Ishaq et al. (2019) in yearling rams revealed that
supplementation of ZnAA supplementation alters bac-
terial communities compared to the supplementation
of ZnS. In the present study, the microbial composi-
tion in the ileum did not differ in bacterial diversity
or richness but does show a trend towards a changing
microbial composition. Single genera belonging to the
phylum Firmicutes were reduced when supplementing
ZnAA without affecting the overall relative abundance
of the phylum. Several genera belonging to the phy-
lum Proteobacteria were less abundant in the ileum
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Figure 4. Significantly enriched modules in broilers fed a diet supplemented with ZnS compared to broilers fed a diet supplemented with ZnAA.
ZnS: Zn sulfate, ZnSO4; ZnAA: zinc amino acid complexes.

content of the group supplemented with ZnAA com-
pared to the ZnS group and overall relative abundance
was also reduced. Expansion of Proteobacteria has been
proposed as a microbial signature of gut dysbiosis and
epithelial dysfunction (Litvak et al., 2017; Weiss and
Hennet, 2017), and this may partly explain the lower
villus length and villus length to crypth depth ratio ob-
served in broilers supplemented with ZnS as compared
to ZnAA.

This study showed that the use of ZnAA instead
of ZnSO4 significantly reduced FCR. This decrease
in FCR is not due to an increased FI, but seems to
be an effect of increased weight gain when zinc is
provided as ZnAA complexes as opposed to ZnS. A
performance study conducted by Saenmahayak et al.
(2010) showed that partially replacement of ZnS sup-
plementation by ZnAA supplementation was able to im-
prove body weight and FCR. Jahanian et al., (2008)

showed that supplementation with Zn-methionine im-
proved performance as compared to ZnS in broilers.

Supplementation with ZnAA increased villus length
and villus length to crypt depth ratio up to day 28.
The crypts constantly renew the epithelial cells lining
the intestinal lumen by migration of new cells from the
crypts to the villus tip. During this migration cells ma-
ture and become more efficient in nutrient absorption.
The villous epithelial cells come directly in contact with
the lumen content and are therefore prone to damage,
which often results in an increased loss of villous epithe-
lial cells in cases of intestinal health problems (Zhang
et al., 2015). The improved villus length without ac-
companying increase in crypt depth may indicate that
there is less villous epithelial cell loss at the villus tip
compared to supplementation with ZnS. An increased
villus length is associated with an increased digestion
and absorption of nutrients, and an increase of brush
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border enzymes and nutrient transport systems (Awad
et al., 2017). According to Collet (2012), the intesti-
nal surface is directly proportional to digestive and ab-
sorptive efficiency and thus also to feed conversion effi-
ciency. Taking this in consideration, the improved villus
morphology may partly explain the lowered FCR dur-
ing the starter and grower phases when supplementing
with ZnAA complexes.

This study showed that supplementation with ZnAA
complexes seems to alleviate oxidative stress by de-
creased MDA plasma levels and reduction in GPx ac-
tivities. MDA has been determined as a marker for ox-
idative stress, as it is the most important end product
in the chain reaction of lipid peroxidation caused by
radicals (Del Rio et al., 2005). This study showed a
decrease of plasma MDA levels in broilers fed a diet
supplemented with ZnAA complexes at day 10 (end of
starter phase). This might indicate a beneficial impact
of ZnAA complexes on the oxidative status in broil-
ers in the starter phase. At slaughter age (day 36), no
differences in plasma MDA levels were found, but sup-
plementation with ZnAA complexes showed a signifi-
cantly lower activity for GPx activity in the plasma in-
dicating a lower need for antioxidant activity for birds
supplemented with ZnAA to maintain the same oxida-
tive status. Analysis of the metabolic function predic-
tion of the microbial communities shows enrichment of
pathways involved in oxidative reactions in the group
of ZnS supplemented broilers. A hypothesis could be
that in the group supplemented with ZnS more pro-
oxidative molecules were present, which led to a higher
activity of the GPx in the plasma of broilers fed a diet
supplemented with ZnS compared to broilers supple-
mented a diet with ZnAA. The observation of metabolic
pathways responding to oxidative stress in the intesti-
nal microbiota is in line with this hypothesis. A study
conducted by Ma et al. (2011) showed that zinc sup-
plementation can decrease MDA levels in liver extracts
compared to a non-supplemented control group, which
confirms the importance of zinc supplementation, al-
though Ma et al. (2011) did not find differences between
ZnS and ZnAA supplementation in liver extracts.

In conclusion, zinc supplied in feed as amino acid
complex is more bioavailable and significantly enhances
broiler performance during the early life. ZnAA com-
plex supplementation results in an increased villus
length and villus length to crypt depth ratio, indicat-
ing an improved intestinal morphology. Moreover, a de-
creased abundance of several genera belonging to the
phylum Proteobacteria was observed when supplement-
ing ZnAA complexes, indicating a positive impact on
intestinal health. A reduction in plasma MDA levels
and GPx activity indicates that supplementation with
ZnAA complexes might have a positive impact on ox-
idative status compared to supplementation with ZnS.
These results open opportunities for further studies,
where the effect of supplementation of ZnAA complexes
on intestinal health and performance under more chal-
lenging conditions should be investigated.
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