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zinc sulfate without (12) or with (IZ 4+) enzyme addition, and zinc proteinate without (OZ) or
with (OZ +) enzyme addition. Enzyme addition significantly affected Faith’s phylogenetic
diversity index, whereas zinc source did not affect either beta or alpha diversity
measures. Linear discriminant analysis effect size detected nine taxa as markers for
organic zinc, 18 for inorganic source, and none for enzyme addition. However, with
the use of a negative binomial generalized linear model, further effects were observed.
Organic zinc was associated with a significantly higher abundance of Firmicutes and
lower Proteobacteria and Bacteroidetes, although at a genus level, the response varied.
The DNA abundance of Clostridium cluster |, Clostridium cluster XIV, Campylobacter
spp., Ruminococcaceae, Turicibacter, and Blautia was significantly higher in dogs fed
IZ and IZ + diets. Higher abundance of genus Lactobacillus was observed in dogs
fed enzyme-supplemented diets. End-products of fecal fermentation were not affected
by zinc source or enzymes. An increase in some taxa of the phyla Actinobacteria and
Firmicutes was observed in feces of dogs fed organic zinc with enzyme addition but
not with inorganic zinc. This study fills a gap in knowledge regarding the effect of zinc
source and enzyme addition on the fecal microbiota of dogs. An association of zinc
bioavailability and bacteria abundance is suggested, but the implications for the host
(dog) are not clear. Further studies are required to unveil the effects of the interaction
between zinc sources and enzyme addition on the fecal microbial community.
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INTRODUCTION

Zinc is the second most abundant transition metal in the
body, and it is required for catalytic, structural, and regulatory
functions. It is a component of several enzymes being involved in
cell replication and differentiation (National Research Council,
2006). The essentiality of zinc for dogs has long been recognized,
and dietary levels are recommended for puppies (11 mg per
1,000 keal of metabolizable energy (ME)) and adult dogs (15 mg
per 1,000 kcal of ME for dogs at maintenance, 24 mg per
1,000 kcal of ME for female dogs in late gestation and peak
lactation; National Research Council, 2006). The deficiency of
zinc in dogs has been associated with skin lesions (Colombini,
1999), behavioral problems (Soltanian et al., 2016), alterations in
the immune system, growth, and development, and lesions in the
gastrointestinal tract (Vicente et al., 2013).

Zinc absorption takes place in the small intestine, and its
homeostasis is regulated by absorption and pancreatic/intestinal
excretions (Wang and Zhou, 2010). Regardless of the zinc status
of the dog, the absorption of zinc is determined by its solubility
in the intestinal compartment and potentially affected by food
constituents, such as phytate (a polyanionic molecule with the
capacity to chelate positively charged cations such as zinc,
inhibiting the absorption of these compounds) and fiber (Walk
et al., 2013). Dietary zinc is supplied from raw ingredients and
through additives, and in that sense, the source of zinc (organic
vs. inorganic) is implicated in the success of supplementation.
Inorganic sources dissociate easily in the gastric compartment,
being more susceptible to interactions than organic sources that
usually preserve bonds with organic molecules and might be
absorbed as amino acid chelates (Ashmead, 2012). Moreover,
organic sources (e.g., zinc amino acid chelates or proteinates)
were reported to be more bioavailable for dogs (Lowe et al., 1994;
Lowe and Wiseman, 1998; Wedekind and Lowry, 1998) than
inorganic sources (e.g., zinc oxide). Despite the active role of the
gut microbiome in the health of the host (Guard and Suchodolski,
2016), the effects of zinc sources on the gut microbiome of dogs
have not been studied.

The importance of zinc for gut microbiota was already
recognized, as chronic zinc deficiency was associated with a
decrease in diversity and expansion of species more viable under
zinc-limiting conditions, such as Proteobacteria and Enterococcus
in broilers (Reed et al, 2015). Another study, performed
in weaning piglets, showed that dietary supplementation
with 562.5 mg/kg of coated zinc oxide prevented intestinal
permeability, alterations that usually result in diarrhea, increasing
the antioxidant defense mechanism on the mucosa wall (Dong
etal., 2019), although the direct effect on microbial communities
was not measured.

Generally, zinc modulates the microbiota by promoting
the integrity of the intestinal barrier, reducing inflammation
(Gordon and Vaishnava, 2019), aiding the regeneration of the
epithelium, and controlling the permeation of pathogens (Usama
et al., 2018), with the magnitude of the effects being different
between zinc sources. Indeed, a study performed in broilers
infected with Clostridium perfringens reported that organic
zinc (zinc proteinate derived from partially hydrolyzed soy

protein) enhanced intestinal integrity and partially attenuated
the inflammation in the jejunum and cecal tonsil in comparison
with zinc sulfate (Bortoluzzi et al., 2019). In lactating dairy
cows, supplementation with organic zinc (glycinate) was more
efficient than inorganic zinc in decreasing the relative abundance
of fecal Treponema spp. (Faulkner et al, 2017), a rumen
bacteria associated with bovine digital dermatitis (Zinicola et al.,
2015). This highlights the role of zinc in the regulation of
the permeability and expansion of pathogens that use the
gut as a reservoir.

Moreover, zinc is vital for bacterial physiology, being
present in around 6% of their proteome (Capdevila et al,
2016). It is not known if bacterial uptake of zinc is
different for free zinc and zinc chelates. However, host
defense mechanisms against bacterial infection include zinc
sequestration and chelation to withhold it from invading bacteria
(Hood and Skaar, 2012).

Due to the effects of dietary antagonists (e.g., fiber and
phytate), the addition of exogenous enzymes (containing residual
activity of carbohydrases, phytase, and protease) has been
suggested as a strategy to increase zinc bioavailability in diets
for monogastric animals (Peri¢ and Spring, 2013). Moreover, the
addition of exogenous enzymes can also affect the gut microbiota,
as shown by Didgenes et al. (2018), who reported differences in
community richness and diversity in fish fed diets supplemented
with commercial exogenous complexes—a natural solid-state
fermentation complex of Aspergillus niger with residual enzyme
activity or an enzyme complex of highly purified non-starch
polysaccharidases.

Recently, our group evaluated the effects of supplementing
organic (proteinate) or inorganic (sulfate) zinc sources (75 mg of
supplemental zinc) with or without the addition of a commercial
multi-enzymatic complex from the solid-state fermentation of
A. niger to high-phytate-content diets on the zinc status of
dogs (Pereira et al., 2020). Higher bioavailability of phosphorus
and a potential effect on immune function associated with zinc
proteinate were observed, whereas the addition of exogenous
enzymes did not affect zinc availability or digestibility of both
nutrients and energy (Pereira et al, 2020). The effects of
these zinc sources and enzyme addition on gut fermentation
profile and microbiota are reported in the current study.
For that, end-fermentation products, including volatile fatty
acids (VFA), lactate, and ammonia-N, were determined in
fecal samples of dogs fed the experimental diets; microbial
DNA was extracted, allowing the characterization of the
bacterial community profile and the quantification of selected
bacterial groups.

MATERIALS AND METHODS

The trial was approved by the Local Animal Ethics Committee
of Abel Salazar Biomedical Sciences Institute, University of
Porto, and licensed by the Portuguese Directorate-General
of Food and Veterinary Medicine (permit No. 206/2017).
All the procedures were performed by trained personnel
(FELASA category C).
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Animals and Diets

The study was conducted according to three independent
4 x 4 Latin Squares with a 2 x 2 factorial arrangement of
treatments, with four diets, four consecutive periods (each lasting
5 weeks), and 12 one-year-old Beagles (six males and six females;
11 =+ 1.1 kg of body weight (BW); see Supplementary Figure 1),
totaling 48 fecal samples analyzed. This design was selected
to increase the number of replicas of each treatment with the
minimum number of animals, according to the 3R’s policy.
The length of each period was defined based on evidence that
dogs’ fecal microbiome responds to dietary transition within
4 weeks (Allaway et al., 2020). The four experimental diets
(Table 1) differed on the source of supplemental zinc (zinc sulfate
for diets IZ and IZ +; and zinc proteinate for diets OZ and
OZ +). Also, a commercial multi-enzymatic complex from the
solid-state fermentation product of A. niger (including phytase,
protease, xylanase, 3-glucanase, cellulase, amylase, and pectinase;
Synergen®, Alltech, Nicholasville, KY, United States) was added
to diets IZ + and OZ +, and not to IZ and OZ. Supplemental
zinc sources provided ~75 mg/kg of zinc.

Dogs were individually fed their daily ration in two meals
(9:00 a.m. and 5:00 p.m.), which was calculated to meet dogs’ ME
requirements (National Research Council, 2006) adjusted to their
body condition score (BCS; 9-point scale; Laflamme, 1997).

Sample Collection

Fresh feces were collected within 1 h of defecation on the last
day of each experimental period. Samples were weighed, pooled,
and split to be frozen at —80°C for fecal microbiota analysis and
—20°C for the remaining analyses.

pH, Ammonia-N, Lactate, and Volatile
Fatty Acid Analysis

Feces were thawed and diluted to 1:10 in water for pH
measurement using a potentiometer (pH and Ion-Meter GLP
22, Crison, Barcelona, Spain). Ammonia-N was determined in
1 g of feces diluted in 200 ml of ultrapure water (18.2 MQ
cm; Arium®, Sartorius, Gottingen, Germany) and subjected to a
gas-diffusion microextraction with o-phthalaldehyde labeling for
fluorometric determination in a microplate reader (Synergy HT,
BioTek Instruments, Bad Friedrichshall, Germany), according
to Valente et al. (2017).

For the determination of lactate, 1 g of feces was diluted
into 10 ml of ultrapure water and homogenized by vortexing
and ultrasound (5 min)-assisted mixing. Samples were then
centrifuged for 15 min at 2,415 x g and 4°C and filtered
using a 0.45-pm pore size polyethersulfone syringe filter
(VWR International, Alfragide, Portugal). The supernatant was
recovered and assayed using a commercial kit (D-/L-lactic acid,
NZYTech, Lisbon, Portugal) adapted to a microplate format.
The UV detection was performed using the above-mentioned
microplate reader. Lactic acid is presented as the sum of D- and
L-lactic acids.

For VFA analysis, 1 g of feces was diluted in 10 ml of 25%
ortho-phosphoric acid solution with internal standard (4 mM of
3-methyl valerate, Sigma Aldrich, St. Louis, MO, United States);

the mixture vortexed and centrifuged for 60 min at 5,251 x g,
at 4°C. The supernatant was filtered using a 0.45-pm pore
size polyethersulfone syringe filter (VWR International) and
analyzed by gas chromatography using a Shimadzu GC-2010
Plus (Shimadzu Corporation, Kyoto, Japan) equipped with a
capillary column (HP-FFAP, 30m x 0.25 mm x 0.25 pmg
Agilent Technologies, Santa Clara, CA, United States) and a
flame ionization detector. Individual VFA was identified by
comparison of retention times with a commercial standard
and quantified with the internal standard method as described
by Maia et al. (2016).

TABLE 1 | Ingredient list (g/kg, wet weight) and chemical composition (units/kg
dry matter (DM)) of the experimental diets supplemented with inorganic (IZ and
1Z +) and organic (OZ and OZ +) zinc sources without (IZ and OZ) and with

(IZ + and OZ +) the addition of a multi-enzymatic complex from the solid-state
fermentation of Aspergillus niger.

Ingredient

Wheat bran 188

Wheat 154

Poultry by-product meal 117

Maize 98

Soybean protein concentrate 94

Mammal fat 56

Broken rice 47

Pea starch 47

Hydrolyzed salmon protein 47

Palatability enhancer 38

NuPro® yeast 28

Alfalfa protein concentrate 23

Sugar beet pulp 23

Premix’ 14

Ascophyllum nodosum 9.4

Mono-ammonium phosphate 7.5

Milled salt 5.0

Preservative 3.8

Sodium hexametaphosphate 0.3

Zinc sulfate mono hydrate (mg/kg)? 206

Zinc proteinate (Bioplex®, Alltech; g/kg)® 5

Solid-state fermentation product of A. niger (mg/kg)* 200

Chemical composition 1Z 1Z+ 0z O0Z+
Dry matter, g 922 930 910 911
Ash, g 719 696 709 753
Crude protein, g 274 280 288 291
Ether extract, g 120 118 1156 111
Neutral detergent fiber, g 191 212 217 207
Starch, g 310 310 287 284
Phytic acid, g 106 9.70 11.0 9.70
Zn, mg 159 139 140 150

" Premix per kg of diet: vitamin A, 14,950 Ul; vitamin D3, 1,560 Ul; vitamin E,
98.0 mg; thiamine, 2 mg; riboflavin, 4 mg; niacin, 30 wg; cobalamin, 30 wg; vitamin
B6, 3 mg; folic acid, 495 wg; biotin, 150 wg; vitamin K, 2 mg, pantothenic acid,
20 mg; CuSQy - 5H>0, 8 mg; 1Kl, 2 mg; MnSQOy4 - H20, 5 mg; NaxSeOs, 100 ng.
20nly in diets IZ and IZ +.

30nly in diets OZ and OZ*.

40nly in diets IZ + and OZ +.
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Microbiota Analysis

Sequencing of 16S rRNA Genes

Bacterial genomic DNA was extracted from 200 mg of
frozen fecal samples using a stool DNA isolation kit (Norgen
Biotek Corp., Thorold, ON, Canada) following the procedure
recommended by the manufacturer, including a bead-beating
step. Isolated DNA purity and concentration were assessed
with a spectrophotometer (DS-11, DeNovix®, Wilmington, DE,
United States). Total genomic DNA was diluted to 10 ng/pl
and sent to StarSEQ (Mainz, Germany), which performed the
sequencing of the hypervariable V3-V4 regions of the 16S
rRNA encoding gene by a dual-index strategy based on the
protocol of Caporaso et al. (2012) and Apprill et al. (2015), with
minor modifications.

The sequencing used the F341/R806 primer set (Takahashi
et al., 2014) and AccuStart™ II PCR ToughMix® (Quantabio,
Beverly, MA, United States) in the reaction. The amplification
was performed in a Thermocycler T-Professional (Biometra,
Gottingen, Germany) for a 33-cycle PCR amplification step
according to Bolyen et al. (2019), with modifications to
optimize the overall performance. Amplicons were checked
for quality with QIAxcel® capillary electrophoresis (Qiagen,
Hilden, Germany), normalized, and pooled for quantification.
Over 15% of the PhiX control library was spiked into
the amplicon pool to improve the unbalanced and biased
base composition. The sequencing primers for forward sense
strand (5-GGCTGACTGACT-3’) and reverse sense strand
(5'-CCAATTACCATA-3') were added to MiSeq Reagent Kit
V3 (Ilumina, San Diego, CA, United States) as well as a
positive control (ZymoBIOMICS™ Microbial Community DNA
Standard, Zymo Research Corp., Irvine, CA, United States).
The 2 x 300 bp paired-end sequencing was run on a MiSeq
platform (Illumina). The sequences from the MiSeq Illumina

were analyzed using the QIIME 2 version 2018.6 (Bolyen et al,,
2019). Raw reads were de-multiplexed and quality checked
by FastQC (Andrews, 2010). Paired-end reads were joined by
the tool PEAR. Low-quality reads were removed. Reads were
corrected, chimeras were removed, and amplicon sequence
variants (ASVs) were obtained by the deblur workflow (Amir
et al., 2017). Then, a multiple sequence alignment (Katoh et al,,
2002) and a phylogenetic tree were generated (Price et al,
2009). Alpha diversity rarefaction curves were generated for
each category [zinc source (Zinc), enzyme addition (Enzyme),
and interaction between zinc source and enzyme addition
(Zinc x Enzyme)] and each sample. Taxonomy was assigned to
ASVs using a naive Bayes approach of the scikit learn Python
library (Bokulich et al., 2018) and the SILVA database version
123 (Quast et al.,, 2013). Interactive stacked bar charts of the
taxonomic abundances of each category and each sample were
generated. Alpha and beta diversity metrics were calculated
after normalization by rarefaction (at the lowest sample size).
Alpha diversity metrics were calculated using Shannon’s diversity
index and Faith’s phylogenetic diversity (Faith’s PD) to assess
the community’s richness and Pielou’s evenness to assess the
community’s evenness. Beta diversity metrics calculated were
weighted and unweighted UniFrac distances to assess community
dissimilarity. The principal coordinates analysis (PCoA) was used
to plot the distance matrixes.

Quantitative PCR

To further confirm abundances obtained with 16S rRNA gene
sequencing, qPCR assays were performed in selected bacterial
groups: Campylobacter spp., Blautia spp., Turicibacter spp.,
Ruminococcaceae, Campylobacter jejuni, Campylobacter lari,
Escherichia coli, Clostridium cluster 1, and Clostridium cluster
XIV. Detailed information on the primers used is presented

TABLE 2 | Primers used in the gPCR assay.

Target (amplicon size) Primer Sequence (5'-3') Annealing References
temperature (°C)

Campylobacter spp. (108 bp) R-campF2 CAC GTG CTA CAA TGG CAT AT 62 Lund et al., 2004
R-campR2 GGC TTC ATG CTC TCG AGT T

Blautia spp. (250 bp) BlautiaF TCTGATGTGAAAGGCTGGGGCTTA 59 Suchodolski et al., 2012
BlautiaR GGCTTAGCCACCCGACACCTA

Turicibacter spp. (140 bp) TuriciF CAGACGGGGACAACGATTGGA 62 Suchodolski et al., 2012
TuriciR TACGCATCGTCGCCTTGGTA

Clostridium cluster | (231 bp) Clol-F TACCHRAGGAGGAAGCCAC 62 Song et al., 2004
Clol-R GTTCTTCCTAATCTCTACGCAT

Clostridium cluster XIV (157 bp) CloXIV-F GAWGAAGTATYTCGGTATGT 59 Song et al., 2004
CloXIV-R CTACGCWCCCTTTACAC

Escherichia coli (340 bp) Coli_F GTTAATACCTTTGCTCATTGA 59 Malinen et al., 2003
Coli_R ACCAGGGTATCTAATCCTGTT

Ruminococcaceae (258 bp) Rumi_F ACTGAGAGGTTGAACGGCCA 64 Garcia-Mazcorro et al., 2012
Rumi_R CCTTTACACCCAGTAAWTCCGGA

Campylobacter jejuni (124 bp) CiejF TGCACCAGTGACTATGAATAACGA 62 He et al., 2010
CiejR TCCAAAATCCTCACTTGCCATT

Campylobacter lari (86 bp) ClariF TTAGATTGTTGTGAAATAGGCGAGTT 59 He et al., 2010
ClariR TGAGCTGATTTGCCTATAAATTCG
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in Table 2. Bacterial DNA extracted from each fecal sample
was pooled together, diluted at 50 ng/pl and used to test the
appropriate annealing temperature for each primer. For this
purpose, a gradient qPCR was performed with the following
condition: the reaction contain a total volume of 15 pl, of which
1.5 pl of pooled DNA (50 ng/pl), 7.5 pl of 2x SensiFAST No-
ROX PCR MasterMix (Bioline GmbH, Luckenwalde, Germany),
4.8 pl of nuclease-free water, and 0.6 l of each 10 pmol of
primers. Amplification and detection were carried out in a CFX96
Touch thermal cycler (Bio-Rad, Hercules, CA, United States)
after an initial denaturation of 2 min at 95°C, followed by 40
cycles of 95°C for 5 s, gradient (58°C-66°C) for 10 s, and 72°C
for 12 s. PCR products from the primer test were then purified
using a commercial kit (QIAquick PCR Purification Kit, Qiagen,
Hilden, Germany) following the manufacturer’s instruction.
PCR products were quantified with a DS-11 spectrophotometer
(DeNovix®, Wilmington, DE, United States). The copy numbers
of each amplicon were calculated using the formula (DNA
concentration (jLg/pl) x 6.0233 x 1023 copies/mol)/(DNA size
(bp) x 660 x 10%) (Jin et al., 2018). PCR products were finally
diluted 1:1,000 or 1:100 (v/v), according to the number of
copies in the original solution, in order to reach a concentration
of 10° or 10% copies. A 10-fold dilution series was done for
each standard, reaching a final concentration of 10> or 10!
copies, depending on the bacterial target. Each dilution step was
performed by diluting 5 1 of the stock solution in 45 pl of
nuclease-free water (1:10 v/v). Amplification and quantification
were carried out in a CFX96 Touch thermal cycler (Bio-Rad,
Hercules, CA, United States) after an initial denaturation of 2 min
at 95°C followed by 40 cycles of 95°C for 5 s, primer annealing
(59°C-64°C) for 10 s, and 72°C for 12 s. Amplification was run
in a total volume of 15 1, 1.5 ul of DNA template of each sample
(50 ng/pl), 7.5 pl of 2x SensiFAST No-ROX PCR MasterMix
(Bioline GmbH, Luckenwalde, Germany), 4.8 .l of nuclease-
free water, and 0.6 pl of each 10 pmol of primers. All samples
were determined in duplicate and standards in triplicate. A no-
template control (DNase-free water) was run for each primer
assay. Cycle threshold values were plotted against standard curves
for the quantification of the target bacterial DNA. The copy
numbers for microbial populations were calculated with the
formula above reported (Jin et al., 2018). Results were reported
as log)o copies/g feces.

Statistical Analysis
QIIME 2 workflow was used to select ASVs, sequence alignment,
inferring phylogenetic trees, and phylogenetic and taxon-based
analyses of alpha and beta diversity within and between samples
as described by Caporaso et al. (2010). Given the non-parametric
nature of microbiota data, indices of alpha diversity data were
analyzed using the Kruskal-Wallis test. Differences in beta
diversity were analyzed using the non-parametric permutational
multivariate analysis of variance (PERMANOVA) and the test
for homogeneity of multivariate dispersions (PERMDISP), both
with 999 permutations. p-Values were corrected using the
Benjamini-Hochberg false discovery rate (FDR) method.
Per-sample normalization of the sum of the values to
IM was performed, and the effects of Zinc, Enzyme, and

Zinc x Enzyme on the relative abundance of taxa were tested
using a non-parametric factorial Kruskal-Wallis sum-rank test,
followed by linear discriminant analysis (LDA) effect size (LEfSe;
Segata et al., 2011).

Fermentation parameters data (fecal pH, ammonia-N, lactate,
and VFA) and DNA concentration of selected bacterial groups
were subjected to a least-squares ANOVA for three 4 x 4
Latin Squares with a 2 x 2 factorial arrangement of treatments
using the generalized linear model (GLM) procedure of SAS
(SAS® University Edition 2019, Cary, NC, United States). The
model included the fixed effects of the square, dog within the
square, period, zinc source (Zinc), enzyme addition (Enzyme),
the interaction between zinc source and enzyme addition
(Zinc x Enzyme), and the residual error. Counts of taxa present
in at least 50% of the samples and with a relative abundance
>0.01% were analyzed using a negative binomial GLM (NBGLM;
Proc Glimmix of SAS®) including the fixed effects previously
mentioned. The statistical level of significance was set for
p < 0.05. Tukey’s test was applied for post hoc analysis.

RESULTS
QIIME Analysis of Sequencing Data

The total number of sequences obtained after filtering for quality,
trimming length, and assigning taxonomy was 4,578,668 from 48
samples with an average of 95,398 £ 31,303 reads per sample
(range 25,675-152,153). A total of 2,516 ASVs were identified and
212 assigned to the genus level. After rarefaction and normalizing
to the sample with the lowest number of sequences (3,296),
161,504 sequences were retained (24.7%). Rarefaction curves
were adequate for the analysis, as they all tended to a plateau
(Supplementary Figure 2). The number of observed species per
sample ranged from 62 to 212.

Means of ASVs were 100,317 £ 23,863, 97,961 £ 28,401,
78,753 + 28,894, and 103,404 + 40,870 for diet 1Z, 1Z +, OZ,
and OZ +, respectively. Alpha metrics for Zinc x Enzyme
are presented in Figure 1. Shannon’s diversity index was not
affected by Enzyme (H = 0.86, p = 0.353), Zinc (H = 2.20,
p = 0.138), and Zinc x Enzyme (H = 3.10, p = 0.377). Faith’s
PD was affected by Enzyme (H = 4.00, p = 0.045), but not
Zinc (H = 0.71, p = 0.398) and Zinc x Enzyme (H = 5.95,
p = 0.114). The community evenness (Pielou’s evenness) was
unaffected by Zinc (H = 2.32, p = 0.127), Enzyme (H = 0.49,
p = 0.483), and Zinc x Enzyme (H = 292, p = 0.403).
Pairwise comparisons of alpha metrics for Zinc x Enzyme are
presented as Supplementary Material (Supplementary Table 1);
no differences were observed (g-value > 0.05).

Principal Coordinates Analysis

Unweighted and weighted UniFrac distance analyses were
performed and projected onto two-dimensional plots using
PCoA (Figure 2). Unweighted PCoA showed that samples
were more clustered on the principal coordinate (PC) 2 and
PC 3, except those from the OZ treatment (Figure 2A),
and PERMANOVA on unweighted UniFrac distances
showed a significant effect from Zinc (pseudo-F = 1.750,
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FIGURE 1 | Boxplot of alpha diversity indices calculated for fecal bacteria associated with diets supplemented with inorganic (IZ and 1Z +) and organic (OZ and OZ +)
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p = 0.035) and no effects from Enzyme (pseudo-F = 0.861,
p = 0.602) and Zinc x Enzyme (pseudo-F = 1.160, p = 0.188,
Supplementary Table 2). PERMDISP analysis was significant
for Zinc (pseudo-F = 4.540, p = 0.047) and not significant for
Enzyme (pseudo-F = 0.686, p = 0.179) and Zinc x Enzyme
(pseudo-F = 1.302, p = 0.282, Supplementary Table 3).
Similarly, PERMANOVA on weighted UniFrac distance
showed no effects from Enzyme (pseudo-F = 0.652, p = 0.535)

and Zinc x Enzyme (pseudo-F = 1.840, p = 0.108) and
a significant effect of Zinc (pseudo-F = 4.540, p = 0.019,
Supplementary Table 4). PERMDISP test was not significant for
Zinc (pseudo-F = 6.25, p = 0.028) and Enzyme (pseudo-F = 1.18,
p = 0.194) but was significant for Zinc x Enzyme (pseudo-
F = 3.437, p = 0.029, Supplementary Table 5). In line with this,
Figure 2B exhibits a higher dispersion of samples from dogs fed
diets OZ and OZ + along PC1 than of those fed IZ and IZ + diets.
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FIGURE 2 | Beta diversity metrics. Principal coordinates analysis (PCoA) of
unweighted UniFrac distances of fecal bacteria associated with diets
supplemented with inorganic (IZ and I1Z +) and organic (OZ and OZ +) Zn
sources without (IZ and OZ) and with (IZ + and OZ +) the addition of a
multi-enzymatic complex from the solid-state fermentation of Aspergillus niger
(A) and weighted UniFrac distances of fecal bacteria associated with diets
supplemented with inorganic and organic Zn (B).

Fecal Microbiota Profiling

After normalization of sequences into relative abundances, 11
phyla, 15 classes, 34 orders, 62 families, and 212 genera were
identified. From those, five phyla, eight classes, nine orders,
and 13 families presented relative abundances > 1% and 62
genera > 0.01% (Figure 3). Regardless of the zinc source
and enzyme addition, the phyla Bacteroidetes, Firmicutes,
and Fusobacteria, the classes Bacteroidia, Fusobacteriia, and
Clostridia, and orders Bacteroidales, Fusobacteriales, and
Clostridiales were the three most abundant in each taxon. At the
family level, Muribaculaceae, Prevotellaceae, Fusobacteriaceae,
and Bacteroidaceae were the four most abundant families,
irrespective of zinc source and enzyme addition. At the genus
level, Fusobacterium was the most abundant genus, for all
experimental diets. Additionally, Turicibacter, [Ruminococcus]
torques group, Faecalibacterium, Ruminococcaceae UCG-005,
and Collinsella were present in all 48 fecal samples, whereas the
remaining genera were not detected in at least one sample.

Effects on Taxa Abundance

The LEfSe was employed to identify the bacterial groups that,
independent of their relative abundance, were significantly
affected by Zinc or Enzyme, considering the hierarchical
relationships inherent in 16S-based taxonomies. Setting an LDA
score > 3, 27 taxa were differentially abundant according to zinc
source (Figure 4) and none according to enzyme addition (data
not shown). At the genus level, Rikenellaceae RC9 gut group,
Parasutterella, Lachnospira, Megamonas, Phascolarctobacterium,
Tyzzerella 4, and Campylobacter were detected as markers for
1Z diets, whereas Turicibacter, Anaerostipes, Paraburkholderia,
and Rhizobium as markers for OZ diets. At class and phylum
levels, Negativicutes, Gammaproteobacteria, Proteobacteria, and
Bacteroidetes were marked for IZ diets, and Erysipelotrichia and
Alphaproteobacteria for OZ diets.

A further analysis using an NBGLM (Table 3;
Supplementary Table 6) enabled the identification of effects of
Enzyme and Zinc x Enzyme and confirmed the effect of Zinc
obtained with LEfSe with the only exception being the genus
Phascolarctobacterium, which was similar among zinc sources
(p = 0.193). In addition to the taxa previously identified by
LEfSe, the NBGLM revealed that genera Coriobacteriaceae-002
(p = 0.035), Parabacteroides (p = 0.022), Peptococcus (p = 0.040),
Erysipelatoclostridium (p = 0.049), and Butyricicoccus (p = 0.023)
were also affected by Zinc, being more abundant in feces of
dogs fed inorganic zinc, except for Butyricicoccus, which was less
abundant (p = 0.023).

Enzyme was associated with higher counts of genus
Lactobacillus (p = 0.048). The phyla Actinobacteria (p = 0.029)
and Tenericutes (p = 0.006), the genera Alloprevotella (p = 0.031)
and Paraprevotella (p = 0.015), [Eubacterium] brachy group
(p = 0.013), [Ruminococcus] gnavus group (p = 0.015),
Lachnoclostridium (p = 0.032), Ruminococcaceae UCG-014
(p = 0.016), Holdemanella (p = 0.019), and Anaeroplasma
(p = 0.006) were significantly affected by Zinc x Enzyme, with
similar counts in dogs fed IZ and IZ +, whereas there was a
higher number in dogs fed OZ + compared with OZ, except for
Anaeroplasma for which the contrary was observed.

Fecal pH, Ammonia-N, Lactate, and
Volatile Fatty Acids

Fecal pH, ammonia-N and lactate contents, total VFA
production, and individual VFA concentrations are presented in
Table 4. None of the fermentation parameters were affected by
Zinc, Enzyme, or Zinc x Enzyme (p > 0.05).

DNA Abundance of Selected Bacteria

The abundance of selected bacteria (Table 5) was significantly
affected by Zinc. Clostridium cluster 1 (p = 0.028), Clostridium
cluster XIV (p = 0.006), Campylobacter (p = 0.013),
Ruminococcaceae (p = 0.012), Turicibacter (p = 0.014), and
Blautia (p = 0.024) were higher in feces of dogs fed inorganic
zinc. In turn, Enzyme and Zinc x Enzyme did not affect the
abundance of selected bacteria (p > 0.05).
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TABLE 3 | Most abundant bacterial genera (—log copies) in each phylum extracted from feces of dogs fed diets supplemented with inorganic (IZ and IZ +) and organic
(OZ and OZ +) Zn sources without (IZ and OZ) and with (IZ + and OZ +) the addition of a multi-enzymatic complex from the solid-state fermentation of Aspergillus niger.

Taxa Diets’ SEM? p-Value
1z 1Z + oz 0oz + Zn Enzyme Zn x Enzyme

p_Actinobacteria 4,413 4.28P 4.29b 4.872 0.156 0.148 0.172 0.029
g_Coriobacteriaceae UCG-002 1.34 1.31 0.28 0.63 0.372 0.035 0.676 0.596
p_Bacteroidetes 8.79 8.84 8.25 8.6 0.177 0.035 0.293 0.392
g_Alloprevotella 6.762 6.582 5.84P 6.712 0.232 0.108 0.165 0.031
g_Paraprevotella 2.074 1.478 0.27° 1.662 0.372 0.037 0.324 0.015
g_Rikenellaceae RC9 gut group 2.53 2.31 1.40 1.66 0.372 0.025 0.954 0.538
g_Parabacteroides 3.20 3.44 2.57 2.58 0.307 0.022 0.706 0.705
p_Firmicutes 8.08 7.94 8.3 8.35 0.084 0.001 0.609 0.264
g_Lactobacillus 4.97 5.34 4.29 5.24 0.313 0.244 0.048 0.373
g_[Eubacterium] brachy group 3.972 3.4120 2.89P 3.592 0.244 0.088 0.789 0.013
g_[Ruminococcus] gnavus group 2.98% 2.520 2.920 3.522 0.204 0.032 0.729 0.015
g_Lachnoclostridium 2.66%P 27280 2.27° 3.072 0.163 0.890 0.014 0.032
g_Lachnospira 3.96 4.05 1.96 2.46 0.517 0.004 0.577 0.696
g_Peptococcus 3.09 2.82 2.10 2.53 0.285 0.040 0.802 0.217
g_Butyricicoccus 2.00 2.15 2.58 2.57 0.207 0.023 0.766 0.708
g_Ruminococcaceae UCG-014 3.10° 2.33b 3.28P 4,572 0.360 0.002 0.471 0.016
g_Erysipelatoclostridium 3.35 3.47 3.07 2.95 0.191 0.049 0.974 0.541
g_Holdemanella 1.662° 1.34 1.190 2178 0.272 0.530 0.219 0.019
g_Turicibacter 5.34 5.03 6.66 6.41 0.307 < 0.001 0.398 0.935
p_Proteobacteria 6.60 6.90 6.08 6.40 0.138 < 0.001 0.033 0.923
g_Rhizobium 1.64 1.33 2.98 2.80 0.510 0.031 0.641 0.894
g_Parasutterella 6.34 6.72 5.19 577 0.278 0.001 0.099 0.709
p_Tenericutes 0.19° 1.5580 1.962 0.340c 0.475 0.560 0.788 0.006
g_Anaeroplasma 0.20° 1.4880 1.902 0.18° 0.492 0.694 0.673 0.006

Only taxa significantly affected by diiets are represented. @~ °Values in the same row that share a common superscript are not statistically different (p > 0.05).

Letters before bacterial groups designate taxa: p_: phylum, g_: genus.
"Twelve replicas per treatment.
2Standard error of the mean.

DISCUSSION

The effects of zinc sources on the gut microbiota of dogs remain
unclear; and therefore, the present study seeks to provide further
insights on the topic. Exogenous enzymes were also tested, as
it was surmised that they could improve the bioavailability of
zinc, particularly zinc sulfate, by degrading components that
may interfere with the bioavailability of minerals (e.g., phytates).
Moreover, it was expected that by fermenting undigested
nutrients and enhancing the digestibility of diets, enzymes could
potentially affect the fecal microbiota of dogs. Indeed, it was
observed that bacterial composition was affected differently with
either zinc sulfate or zinc proteinate, supplemented at similar
levels. However, the enzyme addition and interaction between
enzyme addition and zinc source exerted a modest effect on the
bacterial composition.

Effect of Zinc Source

Both Shannon’s diversity index, which summarizes taxonomic
richness and evenness, and Faith’s PD, an index of phylogenetic
diversity, were not affected by Zinc. PERMANOVA was used
to test for differences in beta diversity (Anderson, 2017).

As PERMANOVA is known to be sensitive to differences in
dispersion among groups, PERMDISP test, a non-parametric
multivariate equivalent to a traditional Levenes test, was
conducted to test for homogeneity of dispersions, thus giving
insight on within- and between-group dispersion to enable more
accurate interpretation of the PERMANOVA (Anderson, 2017).
PERMANOVA on unweighted and weighted UniFrac distances
indicated a significant effect of Zinc. However, the significant
PERMDISP results showed that the multivariate dispersions were
not homogenous between zinc sources, with greater dispersion
being observed among organic than inorganic zinc supplemented
diets. Being both PERMANOVA and PERMDISP significant,
a clear dispersion effect exists, not being clear the existence
of Zinc effect. The differential impact of zinc sources on the
dispersion of samples was, however, not possible to elucidate
through the present study.

Compared with the organic source, inorganic zinc was
associated with enrichment of Bacteroidetes phylum, including
the Rikenellaceae family (genus Rikenellaceae RC9 gut). In dogs,
Rikenellaceae was associated with the consumption of high-fat
diets (Moinard et al., 2020), which suggests its involvement in
lipid metabolism. In mice, the Rikenellaceae RC9 gut group
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TABLE 4 | pH, ammonia-N, lactate, and volatile fatty acids (VFA) content and profile of feces collected from dogs fed diets supplemented with inorganic (IZ and IZ +) and
organic (OZ and OZ +) Zn sources without (IZ and OZ) and with (IZ + and OZ +) the addition of a multi-enzymatic complex from the solid-state fermentation of

Aspergillus niger.
Diets’ SEM? p-Value
1z 1Z + 0oz 0oz + Zn Enzyme Zn x Enzyme

pH 6.9 6.7 6.6 6.8 0.11 0.363 0.742 0.174
Ammonia-N, mg/g 48.1 57.5 42.7 51.2 3.52 0.813 0.273 0.214
Lactate, mM 2.67 2.90 2.65 4.05 0.822 0.495 0.333 0.484
Total VFA, wmol/g 159 166 170 170 8.0 0.337 0.681 0.667
Acetate, pmol/g 87.4 92.3 94.9 93.4 417 0.305 0.690 0.447
Propionate, wmol/g 40.8 44.2 46.6 471 3.29 0.199 0.556 0.676
Iso-butyrate, wmol/g 2.08 2.21 2.20 2.53 0.191 0.265 0.245 0.604
Butyrate, wmol/g 22.5 20.7 20.6 20.6 2.39 0.683 0.722 0.716
Iso-valerate, pmol/g 2.59 2.84 2.80 3.12 0.157 0.140 0.080 0.817
Valerate, pmol/g 2.24 214 1.96 1.86 0.424 0.513 0.827 0.998
Iso-caproate, pmol/g 0.99 0.97 0.81 1.05 0.096 0.598 0.258 0.187
Caproate, pmol/g 0.19 0.22 0.21 0.20 0.020 0.807 0.517 0.386
Heptanoate, pmol/g 0.04 0.04 0.04 0.03 0.004 0.772 0.868 0.246

" Twelve replicas per treatment.
2Standard error of the mean.

TABLE 5 | Log1o DNA copies per g of feces collected from dogs fed diets supplemented with inorganic (IZ and 1Z +) and organic (OZ and OZ +) Zn sources without (IZ
and OZ) and with (IZ + and OZ +) the addition of a multi-enzymatic complex from the solid-state fermentation of Aspergillus niger.

Diets! SEM?2 p-Value
1z 1Z + oz 0oZ + Zn Enzyme Zn x Enzyme
Clostridium cluster | 9.00 8.84 8.59 8.54 0.152 0.028 0.485 0.726
Clostridium cluster XIV 9.57 9.60 9.13 9.13 0.151 0.006 0.913 0.914
Campylobacter spp. 6.96 6.86 5.92 5.46 0.460 0.013 0.549 0.689
Campylobacter jejuni 2.92 3.29 3.34 2.31 0.694 0.725 0.655 0.321
Campylobacter lari 4.72 4.58 4.33 2.87 0.542 0.062 0.151 0.232
Escherichia coli 6.80 6.56 6.47 6.42 0.234 0.333 0.539 0.689
Ruminococcaceae 9.03 9.19 8.66 8.61 0.179 0.012 0.788 0.569
Turicibacter spp. 9.76 9.65 9.45 9.54 0.090 0.014 0.890 0.227
Blautia spp. 8.60 8.67 8.30 8.22 0.158 0.024 0.962 0.621

"Twelve replicas per treatment.
2Standard error of the mean.

was positively correlated with acetate and butyrate production
(Wang et al.,, 2020). Despite the significantly higher fat intake
with inorganic zinc diets (reflecting their slightly higher fat
content and dry matter (DM) intake) (complementary data
previously published; Pereira et al, 2020), fecal acetate and
butyrate concentrations remained unaffected. Within the phylum
Actinobacteria, Coriobacteriaceae-002 was more abundant in
feces from dogs fed inorganic zinc. Similarly, the involvement
of Coriobacteriaceae in lipid metabolism has been suggested
(Beloshapka et al., 2013), and the slightly higher fat intake of dogs
fed inorganic zinc might contribute to explain these results.

The phylum Proteobacteria and its genus Parasutterella (class
Gammaproteobacteria) were identified as markers of inorganic
zinc supplementation. This agrees with a study in broilers, in
which inorganic zinc (zinc oxide) promoted an increase of
several genera belonging to the phylum Proteobacteria compared
with organic zinc (amino acid chelate; De Grande et al., 2020).
Although Proteobacteria are the third or fourth most abundant
phylum in the gut of healthy dogs (Suchodolski, 2016; Jha et al.,

2020), a significant increase of this phylum was associated with
dysbiosis by either infectious (Park et al., 2019) or idiopathic
inflammatory diseases (Guard and Suchodolski, 2016). In the
present study, there were no gastrointestinal clinical signs that
could be related to dysbiosis, and the increase of Proteobacteria
was far from the values reported in intestinal diseases. Zinc has
been reported effective in controlling enteropathogenic E. coli
in humans (Crane et al., 2007). Also, a study in mice showed
that treatment with zinc attenuated a-hemolysin E. coli-induced
barrier defects in the colon, decreasing bacterial translocation
and antigen stimulation through the compromised epithelial
barrier, characteristic of infections and inflammatory bowel
diseases (Wiegand et al., 2017). Therefore, the fecal DNA of E. coli
was quantified by qPCR. Results showed no effect of zinc source
on fecal E. coli of healthy dogs; however, it does not exclude
differential effects of inorganic and organic zinc in case of disease,
and therefore, clinical studies are needed.

Another marker of inorganic zinc supplementation was the
enrichment in Campylobacter (class Epsilonproteobacteria), an
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important enteropathogen for dogs. However, it was identified
in only seven of the 48 fecal samples analyzed, with a relative
abundance that did not surpass 0.1%, and was not associated with
signs of gastrointestinal disease. Indeed, Acke (2018) detected
Campylobacter in 56% of healthy dogs’ feces and a greater
prevalence (97%) in feces of diarrheic dogs. As zinc controls
bacterial gene expression, being responsible for general cellular
metabolism and acting as a cofactor of virulence factors (Kehl-
Fie and Skaar, 2010), bacteria such as Campylobacter spp. need
it to grow and infect hosts. In broilers, competition between
C. jejuni and hosts was observed, even limiting zinc availability
for hosts (Gielda and DiRita, 2012). It is not clear whether
bacteria can successfully uptake both free and chelated zinc
(Hood and Skaar, 2012) nor the amount of chelate that remains
bond when it reaches the small and large intestine. To further
investigate the enrichment of Campylobacter with inorganic zinc,
the DNA of Campylobacter spp., C. jejuni, and C. lari was
quantified by qPCR. Higher Campylobacter spp. and C. lari DNA
in the feces of dogs fed inorganic zinc suggest that this might
be a preferred source for bacteria, which may have an impact
on both the host and the microbiota, as both require zinc for
physiological functions. This finding is relevant, on the one hand,
because microorganisms might be limiting the bioavailability of
zinc for the host and, on the other hand, because inorganic
zinc supplementation potentially promotes putative pathogenic
bacteria such as Campylobacter. Also, it is possible that for being
more bioavailable, the absorption of zinc proteinate may be
higher in the small bowel, hindering it from reaching the colon
to be used by bacteria. Indeed, this idea is supported by a study
by De Grande et al. (2020), which reported a lower excretion of
zinc in broilers fed a diet supplemented with organic zinc (amino
acid chelate) in comparison with zinc sulfate.

In contrast, two genera markedly higher in dogs fed
organic zinc were Rhizobium (class Alphaproteobacteria) and
Paraburkholderia (class Betaproteobacteria). Rhizobiales are
symbiotic in root plants, despite some genera and species being
adapted to live in host mammals (Kosoy and Goodrich, 2018).
Genus Rhizobium includes opportunistic bacteria associated
with clinical manifestation in immunocompromised humans.
Although already identified in fecal samples of dogs, there
is no available information concerning its pathogenicity in
dogs (Tabar et al., 2010). Based on pathogenicity, genus
Burkholderia was divided into two taxa, and clinically relevant
and phytopathogenic species were assigned to Burkholderia,
whereas primary environmental species were transferred to
Paraburkholderia (Sawana et al,, 2014). Therefore, according
to this classification, the genus observed in dogs feces is
considered non-pathogenic. Furthermore, the presence of these
microorganisms might be due to undesirable contamination, as
dogs have access to grassed or planted areas during daily walks.

Within phylum Firmicutes, most of the microorganisms
affected by Zinc are positively related to the production of VFA.
For instance, Lachnospira, Tyzzerella 4 (both increased with
inorganic zinc), and Anaerostipes (increased with organic zinc)
belong to the Lachnospiraceae family, known to ferment complex
carbohydrates to VFA (Rodrigues et al., 2016). Turicibacter,
which was increased with organic zinc, ferments organic matter

produced by the Krebs cycle into acetate and succinate (Wu
et al., 2017). Peptococcus, which was more abundant in feces of
dogs fed inorganic zinc, and Butyricicoccus, of low abundance in
feces of dogs fed inorganic zinc, were both positively correlated
with butyrate in dogs feces (Sandri et al, 2017; Xu et al,
2019). The VFA is an energy source for enterocytes, can also
promote mucosal integrity, and regulate immune responses of
the host (Tungland, 2018). Despite the changes in fecal bacterial
composition here observed associated with zinc source, those
were not reflected in differences on the fecal VFA concentration
or other fermentation products (lactate and ammonia), or pH.
However, the gut and its communities encompass highly complex
interactions between microorganisms; and between these and
the host, and the concentration of fecal fermentation products
might not reveal the whole picture. A deeper and complementary
metagenomic analysis could provide further insights into
microbial activity, and thus it is suggested for future work.

The association of the zinc status and dogs’ behavior has been
observed (Soltanian et al., 2016). Interestingly, the abundance
of Megamonas and Phascolarctobacterium in dogs’ feces, which
responded to Zinc, was previously reported to be, respectively,
negatively and positively associated with aggressive and phobic
behaviors (Mondo et al., 2020). Despite that in the present study
dogs did not exhibit a poor zinc status, nor relevant behavior
differences, further studies could elucidate a potential connection
of zinc status, microbiota, and inappropriate dog behavior.

Inorganic zinc promoted a higher DNA abundance of Blautia,
Turicibacter, Ruminococcaceae, and Clostridium cluster XIV,
presumably beneficial due to its higher abundance in the gut of
healthy individuals compared with dogs with intestinal diseases
(Alessandri et al., 2020), as well as Clostridium cluster 1 that
includes the potential pathogen, C. perfringens. As inorganic
zinc promoted both beneficial and potential pathogenic bacteria
and considering that the modulation was not associated with
differences in the fecal metabolites herein evaluated nor health
status of dogs, the implications for the health of the host
remain unclear. However, these results may suggest differences
in the bioavailability of zinc sources. According to Suchodolski
et al. (2008), Clostridium cluster XIV is more abundant in the
colon than in the small bowel of dogs. Therefore, one may
hypothesize that because it is less bioavailable, inorganic zinc
would reach the colon in higher abundance, which is also
supported by a study by Starke et al. (2014), who observed
that Clostridium cluster XIVa was positively correlated with free
zinc in the hindgut of weaned piglets. Ruminococcaceae was
found to have increased in cecal microbiota of chicks fed zinc-
deficient diets (Reed et al., 2015) and in fecal samples with limited
zinc supply (Sauer and Grabrucker, 2019). As Ruminococcaceae
is also more abundant in the large than small intestine of dogs
(Honneffer et al., 2017), this seems to contradict the previous
hypothesis, because, in a deficient diet, less zinc would reach
the colon, since regulation of intestinal absorption of zinc is
an efficient mechanism of homeostasis in healthy individuals.
However, the distribution of taxa in the intestinal tract might
differ between dogs, mice, and broilers. Also, zinc deficiency
has other implications for intestinal microbiota and animal
health, which possibly affect Ruminococcaceae, rather than a
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difference in zinc availability for bacteria. To the best of the
authors’ knowledge, the biogeography of Blautia, Turicibacter,
and Clostridium cluster I along the intestinal segments of dogs has
not been reported, which could have been useful to find a relation
between zinc availability and bacterial abundance. Furthermore,
the mechanisms of bacterial use of zinc are still developing and
will be important to better understand if bioavailability is an
important factor for gut bacteria and how it might affect the host.

Effects of Enzyme Addition

The addition of enzymes did not affect Shannon’s diversity index
but significantly affected Faith’s PD index, thus suggesting that
species found in the feces of dogs fed diets supplemented with
enzyme had more distant phylogenetic relationships. Enzyme
addition increased the abundance of genus Lactobacillus. A study
in broilers showed that adding xylanase to diets increased the
abundance of Lactobacillus in ileal content (Machado et al., 2020).
The addition of carbohydrase can promote degradation of dietary
non-starch polysaccharides, with an increase of lactate, organic
acids, and VFA and lower ammonia-N in chicks excreta (Yadav
and Jha, 2019). The fecal concentration of lactate was similar
with enzyme addition, despite genus Lactobacillus being a major
producer of lactate. This is likely explained by the adaption of
lactate-consuming species that, facing an increased supply of
lactate, can normalize lactate levels, which can happen in 14 days,
according to a study by Swanson et al. (2002). Even though the
interaction of microorganisms is complex, it was observed that
Lachnoclostridium, a lactate consumer that is stimulated by the
presence of lactate producers such as Lactobacillus (Gutiérrez
and Garrido, 2019), was increased with the addition of enzyme,
which supports the idea that lactate results might be related
to cross-feeding.

Phylum Proteobacteria was higher with enzyme addition;
however, an effect on specific members of this phylum was
not observed. Thus, the result is not explained by the response
of a core family or genus of this phylum but likely by
underrepresented species.

Tortola et al. (2013) evaluated high and low levels of enzyme
addition (containing protease, cellulase, pectinase, phytase,
B-glucanase, and xylanase), reporting effects on total VFA
production, acetate, and butyrate contents, using the higher level.
Similarly, De Smet et al. (1999) reported an increase in diet
digestibility and fecal VFA and lactate contents associated with
the addition of a high level of phytase and a-galactosidase, as well
as different outcomes when enzymes were added separately. In
turn, Sé et al. (2013) reported absence of effects on the proportion
of fecal VFA of dogs with the addition of an enzymatic complex
containing a level of enzymes (B-glucanase, xylanase, cellulase,
glucoamylase, phytase, and a-amylase) below the ones used by
Tortola et al. (2013). Similarly, in the present study, the enzymes
showed no effects on the end-products of fecal fermentation,
agreeing with the lack of effects on the digestibility of diets
reported by Pereira et al. (2020). Contrasting reports may be
explained by differences in the amount and/or activity of enzymes
added, which are not always made available, precluding a direct
comparison between studies.

Effect of Interaction Between Zinc

Source and Enzyme Addition

The addition of enzymes was associated with an increase
of some taxa of the phyla Actinobacteria and Firmicutes in
feces of dogs fed organic zinc but not with the inorganic
source. The abundance of Actinobacteria was found to be
higher in obese dogs compared with lean dogs (Handl et al,
2013). However, in the present study, the body condition
score averaged 4.5 (on a 9-point scale), with no differences
being observed between consecutive periods of 35 days each
(Pereira et al., 2020). Higher dietary fiber levels have been also
shown to increase the abundance of species belonging to phyla
Actinobacteria and Firmicutes (Deehan et al,, 2017; Li et al,
2017). Even though these species contain few fibrolytic enzymes,
they are considered to play an important role in the initiation
of substrate degradation (Makki et al,, 2018). In the present
study, the ingredient composition of diets only differed on the
zinc source and the addition of a multi-enzymatic complex.
However, the digestibility of neutral detergent fiber (composed
of cell wall constituents) was affected by the interaction between
zinc source and enzyme addition, the lowest and highest
values being observed for IZ and IZ + diets, respectively,
with OZ and OZ + not differing from the other treatments
(Pereira et al., 2020).

The abundance of genera Alloprevotella and Paraprevotella
was significantly lower in feces from dogs fed the OZ comparing
to 1Z, IZ +, and OZ +. Alloprevotella is one of the main
genera identified in the dog microbiome (Kubinyi et al,
2020), and studies, in dogs and other animal species, have
shown that the dietary ratio of soluble and insoluble fiber can
selectively regulate its intestinal abundance (Chen et al., 2019;
Sandri et al.,, 2019). However, as already stated, fiber content
and type used in the present study did not differ between
dietary treatments. Moreover, despite Paraprevotella having been
shown to positively correlate with propionate concentration
(Mayengbam et al., 2019), no differences were observed in VFA
production or profile.

CONCLUSION

Zinc sources affected the fecal bacterial composition of dogs,
which was reflected in the abundance of bacterial groups
at several taxonomic levels. It was observed that the DNA
abundance of the selected bacterial groups was higher in
the feces of dogs that received diets supplemented with
inorganic zinc, compared with organic zinc. This suggests
differences in the bioavailability of zinc, although knowledge
on requirements and differential bacterial use of zinc sources
is still limited. A higher abundance of genus Lactobacillus
was observed in dogs fed enzyme-supplemented diets. The
abundance of some taxa of the phyla Actinobacteria and
Firmicutes was affected by the addition of enzymes to organic
zinc. Further studies are required to unveil the effects of
the interaction between zinc sources and enzyme addition on
the fecal microbial community, as well as the implications
for the host (dog).

Frontiers in Microbiology | www.frontiersin.org

October 2021 | Volume 12 | Article 688392


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Pereira et al.

Zinc and Enzymes on Dogs’ Microbiota

DATA AVAILABILITY STATEMENT

Raw sequences of 16S rRNA gene are available at NCBI, accession
number PRJEB44253.

ETHICS STATEMENT

The animal study was reviewed and approved by the Local
Animal Ethics Committee of Abel Salazar Biomedical Sciences
Institute, University of Porto, and licensed by the Portuguese
Directorate-General of Food and Veterinary Medicine (permit
N.° 206/2017). All the procedures were performed by trained
personnel (FELASA category C).

AUTHOR CONTRIBUTIONS

AF and AC designed the study. EM supplied the experimental
diets. AP, AC, and MM conducted the trial and collected samples.
AP and MM run end-fermentation product analysis. AP and
CP performed the DNA extraction and the qPCR essays. AP,
MM, CP, GB, AE, and AC analyzed and interpreted data. AP,
MM, and AC wrote the first draft of the manuscript. MS
revised the manuscript. All authors read and approved the
submitted version.

REFERENCES

Acke, E. (2018). Campylobacteriosis in dogs and cats: a review. N. Z. Vet. . 66,
221-228. doi: 10.1080/00480169.2018.1475268

Alessandri, G., Argentini, C., Milani, C., Turroni, F., Cristina Ossiprandi, M., Van
Sinderen, D., et al. (2020). Catching a glimpse of the bacterial gut community
of companion animals: a canine and feline perspective. Microb. Biotechnol. 13,
1708-1732. doi: 10.1111/1751-7915.13656

Allaway, D., Haydock, R., Lonsdale, Z. N., Deusch, O. D., O'flynn, C., and Hughes,
K. R. (2020). Rapid reconstitution of the fecal microbiome after extended diet-
induced changes indicates a stable gut microbiome in healthy adult dogs. Appl.
Environ. Microbiol. 86, €00562-20. doi: 10.1128/ AEM.00562-20

Amir, A, Mcdonald, D., Navas-Molina, J. A., Kopylova, E., Morton, J. T., Zech Xu,
Z., etal. (2017). Deblur rapidly resolves single-nucleotide community sequence
patterns. mSystems 2:e00191-16. doi: 10.1128/mSystems.00191-16

Anderson, M. J. (2017). “Permutational multivariate analysis of variance
(PERMANOVA),” in Wiley StatsRef: Statistics Reference Online, eds N.
Balakrishnan, T. Colton, B. Everitt, W. Piegorsch, F. Ruggeri, and J. L. Teugels
(Chichester: John Wiley & Sons, Ltd), 1-15.

Andrews, S. (2010). FastQC: A Quality Control Tool for High Throughput Sequence
Data. Babraham Institute. Available online at: http://www.bioinformatics.
babraham.ac.uk/projects/fastqc (accessed December 20, 2019).

Apprill, A., Mcnally, S., Parsons, R., and Weber, L. (2015). Minor revision
to V4 region SSU rRNA 806R gene primer greatly increases detection of
SARI1 bacterioplankton Aquat. Microb. Ecol. 75, 129-137. doi: 10.3354/ame0
1753

Ashmead, H. (2012). Amino Acid Chelation in Human and Animal Nutrition. Boca
Raton, FL: CRC Press.

Beloshapka, A. N., Dowd, S. E., Suchodolski, J. S., Steiner, J. M., Duclos, L., and
Swanson, K. S. (2013). Fecal microbial communities of healthy adult dogs fed
raw meat-based diets with or without inulin or yeast cell wall extracts as assessed
by 454 pyrosequencing. FEMS Microbiol. Ecol. 84, 532-541. doi: 10.1111/1574-
6941.12081

Bokulich, N. A., Kaehler, B. D., Rideout, J. R., Dillon, M., Bolyen, E., Knight, R.,
et al. (2018). Optimizing taxonomic classification of marker-gene amplicon

FUNDING

This work was supported by the European Union (FEDER
funds through the Operational Competitiveness Program
(COMPETE) POCI-01-0247-FEDER-017616—Project MinDog)
and by Fundagdo para a Ciéncia e a Tecnologia (FCT) through
national funds (project UIDB/50006/2020). AP was funded by
SANFEED Doctoral Programme, FCT, Soja de Portugal, and
Alltech (Ph.D. grant: PD/BDE/114427/2016). MM acknowledges
FCT for individual support through the DL 57/2016—Norma
transitoria (Ref. SFRH/BPD/70176/2010).

ACKNOWLEDGMENTS

The authors thank Silvia Azevedo, Catia Mota, and Margarida
Guedes from the Abel Salazar Biomedical Sciences Institute,
University of Porto, for their valuable technical assistance.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2021.688392/full#supplementary- material

sequences with QIIME 2's q2-feature-classifier plugin. Microbiome 6:90. doi:
10.1186/540168-018-0470-z

Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al-
Ghalith, G. A,, et al. (2019). Reproducible, interactive, scalable and extensible
microbiome data science using QIIME 2. Nat. Biotechnol. 37, 852-857. doi:
10.1038/541587-019-0209-9

Bortoluzzi, C., Lumpkins, B., Mathis, G. F., Franca, M., King, W. D., Graugnard,
D. E., et al. (2019). Zinc source modulates intestinal inflammation and
intestinal integrity of broiler chickens challenged with coccidia and Clostridium
perfringens. Poult. Sci. 98, 2211-2219. doi: 10.3382/ps/pey587

Capdevila, D. A., Wang, J., and Giedroc, D. P. (2016). Bacterial strategies to
maintain zinc metallostasis at the host-pathogen interface. J. Biol. Chem. 291,
20858-20868. doi: 10.1074/jbc.R116.742023

Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K. Y., Bushman, F. D.,
Costello, E. K., et al. (2010). QIIME allows analysis of high-throughput
community sequencing data. Nat. Methods 7, 335-336. doi: 10.1038/nmeth.
£303

Caporaso, J. G., Lauber, C. L., Walters, W. A., Berg-Lyons, D., Huntley, J., Fierer,
N, et al. (2012). Ultra-high-throughput microbial community analysis on the
Ilumina HiSeq and MiSeq platforms. ISME J. 6, 1621-1624. doi: 10.1038/ismej.
2012.8

Chen, T., Chen, D., Tian, G., Zheng, P., Mao, X., Yu, J., et al. (2019). Soluble fiber
and insoluble fiber regulate colonic microbiota and barrier function in a piglet
model. Biomed Res. Int. 2019:7809171. doi: 10.1155/2019/7809171

Colombini, S. (1999). Canine zinc-responsive dermatosis. Vet. Clin. North Am.
Small Anim. 29, 1373-1383. doi: 10.1016/s0195-5616(99)50133-2

Crane, J. K., Naeher, T. M., Shulgina, I., Zhu, C., and Boedeker, E. C. (2007).
Effect of zinc in enteropathogenic Escherichia coli infection. Infect. Immun. 75,
5974-5984. doi: 10.1128/iai.00750-07

De Grande, A., Leleu, S., Delezie, E., Rapp, C., De Smet, S., Goossens, E., et al.
(2020). Dietary zinc source impacts intestinal morphology and oxidative stress
in young broilers. Poult. Sci. 99, 441-453. doi: 10.3382/ps/pez525

De Smet, B., Hesta, M., Seynaeve, M., Janssens, G., Vanrolleghem, P., and De
Wilde, R. O. (1999). The influence of supplemental alpha-galactosidase and
phytase in a vegetable ration for dogs on the digestibility of organic components

Frontiers in Microbiology | www.frontiersin.org

October 2021 | Volume 12 | Article 688392


https://www.frontiersin.org/articles/10.3389/fmicb.2021.688392/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2021.688392/full#supplementary-material
https://doi.org/10.1080/00480169.2018.1475268
https://doi.org/10.1111/1751-7915.13656
https://doi.org/10.1128/AEM.00562-20
https://doi.org/10.1128/mSystems.00191-16
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
http://www.bioinformatics.babraham.ac.uk/projects/fastqc
https://doi.org/10.3354/ame01753
https://doi.org/10.3354/ame01753
https://doi.org/10.1111/1574-6941.12081
https://doi.org/10.1111/1574-6941.12081
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.3382/ps/pey587
https://doi.org/10.1074/jbc.R116.742023
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1038/ismej.2012.8
https://doi.org/10.1038/ismej.2012.8
https://doi.org/10.1155/2019/7809171
https://doi.org/10.1016/s0195-5616(99)50133-2
https://doi.org/10.1128/iai.00750-07
https://doi.org/10.3382/ps/pez525
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Pereira et al.

Zinc and Enzymes on Dogs’ Microbiota

and phytate phosphorus. J. Anim. Physiol. Anim. Nutr. (Berl) 81, 1-8. doi:
10.1046/j.1439-0396.1999.811144.x

Deehan, E. C,, Duar, R. M., Armet, A. M., Perez-Munoz, M. E., Jin, M., and Walter,
J. (2017). Modulation of the gastrointestinal microbiome with nondigestible
fermentable carbohydrates to improve human health. Microbiol. Spectr. 5, 1-24.
doi: 10.1128/microbiolspec. BAD-0019-2017

Didgenes, A. F., Castro, C., Carvalho, M., Magalhaes, R., Estevao-Rodrigues, T. T.,
Serra, C. R, et al. (2018). Exogenous enzymes supplementation enhances diet
digestibility and digestive function and affects intestinal microbiota of turbot
(Scophthalmus maximus) juveniles fed distillers’ dried grains with solubles
(DDGS) based diets. Aquaculture 486, 42-50. doi: 10.1016/j.aquaculture.2017.
12.013

Dong, X.,, Xu, Q, Wang, C, Zou, X, and Lu, J. (2019). Supplemental-
coated zinc oxide relieves diarrhoea by decreasing intestinal permeability in
weanling pigs. J. Appl. Anim. Res. 47, 362-368. doi: 10.1080/09712119.2019.164
5673

Faulkner, M. J., Wenner, B. A., Solden, L. M., and Weiss, W. P. (2017). Source
of supplemental dietary copper, zinc, and manganese affects fecal microbial
relative abundance in lactating dairy cows. J. Dairy Sci. 100, 1037-1044. doi:
10.3168/jds.2016- 11680

Garcia-Mazcorro, J. F., Suchodolski, J. S., Jones, K. R., Clark-Price, S. C., Dowd,
S. E., Minamoto, Y., et al. (2012). Effect of the proton pump inhibitor
omeprazole on the gastrointestinal bacterial microbiota of healthy dogs. FEMS
Microbiol. Ecol. 80, 624-636. doi: 10.1111/§.1574-6941.2012.01331.x

Gielda, L. M., and DiRita, V. J. (2012). Zinc competition among the intestinal
microbiota. mBio 3:e00171-12. doi: 10.1128/mBio.00171-12

Gordon, S. R., and Vaishnava, S. (2019). Zinc supplementation modulates T helper
17 cells via the gut microbiome. J. Immunol. 202:191.113.

Guard, B. C., and Suchodolski, J. S. (2016). HORSE SPECIES SYMPOSIUM:
canine intestinal microbiology and metagenomics: from phylogeny to function.
J. Anim. Sci. 94, 2247-2261. doi: 10.2527/jas.2015-0029

Gutiérrez, N., and Garrido, D. (2019). Species deletions from microbiome consortia
reveal key metabolic interactions between gut microbes. mSystems 4:e00185-19.
doi: 10.1128/mSystems.00185-19

Handl, S., German, A. J., Holden, S. L., Dowd, S. E., Steiner, ]. M., Heilmann, R. M.,
et al. (2013). Faecal microbiota in lean and obese dogs. FEMS Microbiol. Ecol.
84, 332-343. doi: 10.1111/1574-6941.12067

He, Y., Yao, X., Gunther, N. W,, Xie, Y., Tu, S.-I., and Shi, X. (2010). Simultaneous
detection and differentiation of Campylobacter jejuni, C. coli, and C. lari in
chickens using a multiplex real-time PCR assay. Food Anal. Methods 3,321-329.
doi: 10.1007/s12161-010-9136-6

Honneffer, J. B., Steiner, J. M., Lidbury, J. A., and Suchodolski, J. S. (2017). Variation
of the microbiota and metabolome along the canine gastrointestinal tract.
Metabolomics 13:26. doi: 10.1007/s11306-017-1165-3

Hood, M. L, and Skaar, E. P. (2012). Nutritional immunity: transition metals at
the pathogen-host interface. Nat. Rev. Microbiol. 10, 525-537. doi: 10.1038/
nrmicro2836

Jha, A. R., Shmalberg, J., Tanprasertsuk, J., Perry, L., Massey, D., and Honaker,
R. W. (2020). Characterization of gut microbiomes of household pets in the
United States using a direct-to-consumer approach. PLoS One 15:€0227289.
doi: 10.1371/journal.pone.0227289

Jin, D. X, Zou, H. W, Liu, S. Q., Wang, L. Z,, Xue, B., Wu, D,, et al. (2018). The
underlying microbial mechanism of epizootic rabbit enteropathy triggered by a
low fiber diet. Sci. Rep. 8:12489. doi: 10.1038/s41598-018-30178-2

Katoh, K., Misawa, K., Kuma, K., and Miyata, T. (2002). MAFFT: a novel method
for rapid multiple sequence alignment based on fast Fourier transform. Nucleic
Acids Res. 30, 3059-3066. doi: 10.1093/nar/gkf436

Kehl-Fie, T. E., and Skaar, E. P. (2010). Nutritional immunity beyond iron: a role
for manganese and zinc. Curr. Opin. Chem. Biol. 14, 218-224. doi: 10.1016/j.
cbpa.2009.11.008

Kosoy, M., and Goodrich, I. (2018). Comparative ecology of Bartonella and
Brucella infections in wild carnivores. Front. Vet. Sci. 5:322. doi: 10.3389/fvets.
2018.00322

Kubinyi, E., Bel Rhali, S., Sandor, S., Szabo, A., and Felfoldi, T. (2020). Gut
microbiome composition is associated with age and memory performance in
pet dogs. Animals (Basel) 10:1488. doi: 10.3390/ani10091488

Laflamme, D. P. (1997). Development and validation of a body condition score
system for dogs. Canine Pract. 22, 10-15.

Li, Q., Lauber, C. L., Czarnecki-Maulden, G., Pan, Y., and Hannah, S. S. (2017).
Effects of the dietary protein and carbohydrate ratio on gut microbiomes in
dogs of different body conditions. mBio 8:¢01703-16. doi: 10.1128/mBio.017
03-16

Lowe, J. A., and Wiseman, J. (1998). A comparison of the bioavailability of three
dietary zinc sources using four different physiologic parameters in dogs. J. Nutr.
128, 2809S-28118. doi: 10.1093/jn/128.12.2809S

Lowe, J. A., Wiseman, J., and Cole, D. J. (1994). Absorption and retention of
zinc when administered as an amino-acid chelate in the dog. J. Nutr. 124,
25725-25748S. doi: 10.1093/jn/124.suppl_12.2572S

Lund, M., Nordentoft, S., Pedersen, K., and Madsen, M. (2004). Detection
of Campylobacter spp. in chicken fecal samples by real-time PCR. J. Clin.
Microbiol. 42, 5125-5132. doi: 10.1128/JCM.42.11.5125-5132.2004

Machado, N. D. J. B,, Cruz, F. G. G,, Brasil, R. J. M., Rufino, J. P. F., De
Freitas, L. W., Dilelis, F., et al. (2020). Effects of xylanase and probiotic
supplementation on broiler chicken diets. R. Bras. Zootec. 49:€20190216. doi:
10.37496/rbz4920190216

Maia, M. R., Fonseca, A. J., Oliveira, H. M., Mendonca, C., and Cabrita,
A. R. (2016). The potential role of seaweeds in the natural manipulation of
rumen fermentation and methane production. Sci. Rep. 6:32321. doi: 10.1038/
srep32321

Makki, K., Deehan, E. C., Walter, J., and Backhed, F. (2018). The impact of dietary
fiber on gut microbiota in host health and disease. Cell Host Microbe 23,
705-715. doi: 10.1016/j.chom.2018.05.012

Malinen, E., Kassinen, A., Rinttila, T., and Palva, A. (2003). Comparison of real-
time PCR with SYBR Green I or 5'-nuclease assays and dot-blot hybridization
with rDNA-targeted oligonucleotide probes in quantification of selected
faecal bacteria. Microbiology (Reading) 149, 269-277. doi: 10.1099/mic.0.25
975-0

Mayengbam, S., Lambert, J. E., Parnell, J. A., Tunnicliffe, J. M., Nicolucci, A. C.,
Han, J., et al. (2019). Impact of dietary fiber supplementation on modulating
microbiota-host-metabolic axes in obesity. J. Nutr. Biochem. 64, 228-236. doi:
10.1016/j.jnutbio.2018.11.003

Moinard, A., Payen, C., Ouguerram, K., André, A, Hernandez, J., Drut, A, et al.
(2020). Effects of high-fat diet at two energetic levels on fecal microbiota,
colonic barrier, and metabolic parameters in dogs. Front. Vet. Sci. 7:566282.
doi: 10.3389/fvets.2020.566282

Mondo, E., Barone, M., Soverini, M., D’amico, F., Cocchi, M., Petrulli, C,, et al.
(2020). Gut microbiome structure and adrenocortical activity in dogs with
aggressive and phobic behavioral disorder. Heliyon 6:€03311. doi: 10.1016/j.
heliyon.2020.e03311

National Research Council (2006). Nutrient Requirements of Dogs and Cats.
Washington DC: National Academies Press.

Park, J. S., Guevarra, R. B, Kim, B. R, Lee, J. H,, Lee, S. H., Cho, J. H,, et al.
(2019). Intestinal microbial dysbiosis in beagles naturally infected with canine
Parvovirus. J. Microbiol. Biotechnol. 29, 1391-1400. doi: 10.4014/jmb.1901.
01047

Pereira, A. M., Guedes, M., Matos, E., Pinto, E., Almeida, A. A., Segundo, M. A.,
et al. (2020). Effect of zinc source and exogenous enzymes supplementation
on zinc status in dogs fed high phytate diets. Animals (Basel) 10:400. doi:
10.3390/ani10030400

Peri¢, L., and Spring, P. (2013). Effect of a by-product of solid state fermentation
(Synergen™) on broiler performance. J. Appl. Anim. Nutr. 2,1-5. doi: 10.1017/
jan.2013.13

Price, M. N., Dehal, P. S., and Arkin, A. P. (2009). FastTree: computing large
minimum evolution trees with profiles instead of a distance matrix. Mol. Biol.
Evol. 26, 1641-1650. doi: 10.1093/molbev/msp077

Quast, C., Pruesse, E., Yilmaz, P., Gerken, J., Schweer, T., Yarza, P., et al. (2013).
The SILVA ribosomal RNA gene database project: improved data processing
and web-based tools. Nucleic Acids Res. 41, D590-D596. doi: 10.1093/nar/gks
1219

Reed, S., Neuman, H., Moscovich, S., Glahn, R. P., Koren, O., and Tako, E. (2015).
Chronic zinc deficiency alters chick gut microbiota composition and function.
Nutrients 7, 9768-9784. doi: 10.3390/nu7125497

Rodrigues, H. A., Proctor, L. M., Surette, M. G., and Suchodolski, J. S. (2016).
The microbiome: the trillions of microorganisms that maintain health and
cause disease in humans and companion animals. Vet. Pathol. 53, 10-21. doi:
10.1177/0300985815595517

Frontiers in Microbiology | www.frontiersin.org

October 2021 | Volume 12 | Article 688392


https://doi.org/10.1046/j.1439-0396.1999.811144.x
https://doi.org/10.1046/j.1439-0396.1999.811144.x
https://doi.org/10.1128/microbiolspec.BAD-0019-2017
https://doi.org/10.1016/j.aquaculture.2017.12.013
https://doi.org/10.1016/j.aquaculture.2017.12.013
https://doi.org/10.1080/09712119.2019.1645673
https://doi.org/10.1080/09712119.2019.1645673
https://doi.org/10.3168/jds.2016-11680
https://doi.org/10.3168/jds.2016-11680
https://doi.org/10.1111/j.1574-6941.2012.01331.x
https://doi.org/10.1128/mBio.00171-12
https://doi.org/10.2527/jas.2015-0029
https://doi.org/10.1128/mSystems.00185-19
https://doi.org/10.1111/1574-6941.12067
https://doi.org/10.1007/s12161-010-9136-6
https://doi.org/10.1007/s11306-017-1165-3
https://doi.org/10.1038/nrmicro2836
https://doi.org/10.1038/nrmicro2836
https://doi.org/10.1371/journal.pone.0227289
https://doi.org/10.1038/s41598-018-30178-2
https://doi.org/10.1093/nar/gkf436
https://doi.org/10.1016/j.cbpa.2009.11.008
https://doi.org/10.1016/j.cbpa.2009.11.008
https://doi.org/10.3389/fvets.2018.00322
https://doi.org/10.3389/fvets.2018.00322
https://doi.org/10.3390/ani10091488
https://doi.org/10.1128/mBio.01703-16
https://doi.org/10.1128/mBio.01703-16
https://doi.org/10.1093/jn/128.12.2809S
https://doi.org/10.1093/jn/124.suppl_12.2572S
https://doi.org/10.1128/JCM.42.11.5125-5132.2004
https://doi.org/10.37496/rbz4920190216
https://doi.org/10.37496/rbz4920190216
https://doi.org/10.1038/srep32321
https://doi.org/10.1038/srep32321
https://doi.org/10.1016/j.chom.2018.05.012
https://doi.org/10.1099/mic.0.25975-0
https://doi.org/10.1099/mic.0.25975-0
https://doi.org/10.1016/j.jnutbio.2018.11.003
https://doi.org/10.1016/j.jnutbio.2018.11.003
https://doi.org/10.3389/fvets.2020.566282
https://doi.org/10.1016/j.heliyon.2020.e03311
https://doi.org/10.1016/j.heliyon.2020.e03311
https://doi.org/10.4014/jmb.1901.01047
https://doi.org/10.4014/jmb.1901.01047
https://doi.org/10.3390/ani10030400
https://doi.org/10.3390/ani10030400
https://doi.org/10.1017/jan.2013.13
https://doi.org/10.1017/jan.2013.13
https://doi.org/10.1093/molbev/msp077
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.3390/nu7125497
https://doi.org/10.1177/0300985815595517
https://doi.org/10.1177/0300985815595517
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Pereira et al.

Zinc and Enzymes on Dogs’ Microbiota

S4, F. C., Vasconcellos, R. S., Brunetto, M. A., Filho, F. O., Gomes, M. O., and
Carciofi, A. C. (2013). Enzyme use in kibble diets formulated with wheat bran
for dogs: effects on processing and digestibility. J. Anim. Physiol. Anim. Nutr.
(Berl) 97(Suppl. 1), 51-59. doi: 10.1111/jpn. 12047

Sandri, M., Dal Monego, S., Conte, G., Sgorlon, S., and Stefanon, B. (2017).
Raw meat based diet influences faecal microbiome and end products of
fermentation in healthy dogs. BMC Vet. Res. 13:65. doi: 10.1186/s12917-017-
0981-z

Sandri, M., Sgorlon, S., Conte, G., Serra, A., Dal Monego, S., and Stefanon, B.
(2019). Substitution of a commercial diet with raw meat complemented with
vegetable foods containing chickpeas or peas affects faecal microbiome in
healthy dogs. Ital. J. Anim. Sci. 18, 1205-1214. doi: 10.1080/1828051x.2019.
1645624

Sauer, A. K., and Grabrucker, A. M. (2019). Zinc deficiency during pregnancy
leads to altered microbiome and elevated inflammatory markers in mice. Front.
Neurosci. 13:1295. doi: 10.3389/fnins.2019.01295

Sawana, A., Adeolu, M., and Gupta, R. S. (2014). Molecular signatures and
phylogenomic analysis of the genus Burkholderia: proposal for division of
this genus into the emended genus Burkholderia containing pathogenic
organisms and a new genus Paraburkholderia gen. nov. harboring
environmental species. Front. Genet. 5:429. doi: 10.3389/fgene.2014.
00429

Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S,
etal. (2011). Metagenomic biomarker discovery and explanation. Genome Biol.
12:R60. doi: 10.1186/gb-2011-12-6-r60

Soltanian, A., Khoshnegah, J., and Heidarpour, M. (2016). Comparison of serum
trace elements and antioxidant levels in terrier dogs with or without behavior
problems. Appl. Anim. Behav. Sci. 180, 87-92. doi: 10.1016/j.applanim.2016.0
4.012

Song, Y., Liu, C., and Finegold, S. M. (2004). Real-time PCR quantitation of
clostridia in feces of autistic children. Appl. Environ. Microbiol. 70, 6459-6465.
doi: 10.1128/AEM.70.11.6459-6465.2004

Starke, I. C., Pieper, R., Neumann, K., Zentek, J., and Vahjen, W. (2014). The impact
of high dietary zinc oxide on the development of the intestinal microbiota in
weaned piglets. FEMS Microbiol. Ecol. 87, 416-427. doi: 10.1111/1574-6941.
12233

Suchodolski, J. S. (2016). Diagnosis and interpretation of intestinal dysbiosis in
dogs and cats. Vet. J. 215, 30-37. doi: 10.1016/j.tvjl.2016.04.011

Suchodolski, J. S., Camacho, J., and Steiner, J. M. (2008). Analysis of bacterial
diversity in the canine duodenum, jejunum, ileum, and colon by comparative
16S rRNA gene analysis. FEMS Microbiol. Ecol. 66, 567-578. doi: 10.1111/j.
1574-6941.2008.00521.x

Suchodolski, J. S., Markel, M. E., Garcia-Mazcorro, J. F., Unterer, S., Heilmann,
R. M., Dowd, S. E,, et al. (2012). The fecal microbiome in dogs with acute
diarrhea and idiopathic inflammatory bowel disease. PLoS One 7:¢51907. doi:
10.1371/journal.pone.0051907

Swanson, K. S., Grieshop, C. M., Flickinger, E. A., Bauer, L. L., Healy, H.-
P., Dawson, K. A, et al. (2002). Supplemental fructooligosaccharides and
mannanoligosaccharides influence immune function, ileal and total tract
nutrient digestibilities, microbial populations and concentrations of protein
catabolites in the large bowel of dogs. J. Nutr. 132, 980-989. doi: 10.1093/jn/
132.5.980

Tabar, M. D., Altet, L., Roura, X,, Sanchez, A., Ferrer, L., and Francino, O.
(2010). Presence of opportunistic bacteria (Rhizobium spp.) with potential for
molecular misdiagnosis among canine and feline clinical samples. Can. Vet. J.
51, 885-897.

Takahashi, S., Tomita, J., Nishioka, K., Hisada, T., and Nishijima, M. (2014).
Development of a prokaryotic universal primer for simultaneous analysis of
Bacteria and Archaea using next-generation sequencing. PLoS One 9:€105592.
doi: 10.1371/journal.pone.0105592

Tortola, L., Souza, N. G., Zaine, L., Gomes, M. O., Matheus, L. F., Vasconcellos,
R.S., etal. (2013). Enzyme effects on extruded diets for dogs with soybean meal
as a substitute for poultry by-product meal. J. Anim. Physiol. Anim. Nutr. (Berl)
97(Suppl. 1), 39-50. doi: 10.1111/jpn.12009

Tungland, B. (2018). “Short-chain fatty acid production and functional aspects on
host metabolism,” in Human Microbiota in Health and Disease, ed. B. Tungland
(London: Academic Press), 37-106.

Usama, U., Khan, M. J.,, and Fatima, S. (2018). Role of zinc in shaping the
gut microbiome; proposed mechanisms and evidence from the literature.
J. Gastroenterol. Dig. Dis. 8:548. doi: 10.4172/2161-069X.1000548

Valente, I. M., Oliveira, H. M., Vaz, C. D., Ramos, R. M., Fonseca, A. J. M.,
Cabrita, A. R. ], et al. (2017). Determination of ammonia nitrogen in solid and
liquid high-complex matrices using one-step gas-diffusion microextraction and
fluorimetric detection. Talanta 167, 747-753. doi: 10.1016/j.talanta.2017.01.091

Vicente, I. S. T., Elias, F., and Fonseca-Alves, C. E. (2013). Zinc-responsive
dermatosis in a mixed breed dog. J. Vet. Adv. 3, 325-328.

Walk, C. L., Srinongkote, S., and Wilcock, P. (2013). Influence of a microbial
phytase and zinc oxide on young pig growth performance and serum minerals.
J. Anim. Sci. 91, 286-291. doi: 10.2527/jas2012-5430

Wang, B., Kong, Q., Li, X, Zhao, J., Zhang, H., Chen, W, et al. (2020). A high-
fat diet increases gut microbiota biodiversity and energy expenditure due to
nutrient difference. Nutrients 12:3197. doi: 10.3390/nu12103197

Wang, X., and Zhou, B. (2010). Dietary zinc absorption: a play of Zips and ZnTs in
the gut. IUBMB Life 62, 176-182. doi: 10.1002/iub.291

Wedekind, K. J., and Lowry, S. R. (1998). Are organic zinc sources efficacious in
puppies? J. Nutr. 128, 25935-2595S. doi: 10.1093/jn/128.12.2593S

Wiegand, S., Zakrzewski, S. S., Eichner, M., Schulz, E., Gunzel, D., Pieper, R,, et al.
(2017). Zinc treatment is efficient against Escherichia coli alpha-haemolysin-
induced intestinal leakage in mice. Sci. Rep. 7:45649. doi: 10.1038/srep4
5649

Wu, X., Zhang, H., Chen, J., Shang, S., Yan, J., Chen, Y., et al. (2017). Analysis
and comparison of the wolf microbiome under different environmental factors
using three different data of Next Generation Sequencing. Sci. Rep. 7:11332.
doi: 10.1038/s41598-017-11770-4

Xu, H., Zhao, F., Hou, Q., Huang, W, Liu, Y., Zhang, H., et al. (2019). Metagenomic
analysis revealed beneficial effects of probiotics in improving the composition
and function of the gut microbiota in dogs with diarrhoea. Food Funct. 10,
2618-2629. doi: 10.1039/c9f000087a

Yadav, S., and Jha, R. (2019). Strategies to modulate the intestinal microbiota and
their effects on nutrient utilization, performance, and health of poultry. J. Anim.
Sci. Biotechnol. 10:2. doi: 10.1186/s40104-018-0310-9

Zinicola, M., Lima, F., Lima, S., Machado, V., Gomez, M., Dopfer, D., et al. (2015).
Altered microbiomes in bovine digital dermatitis lesions, and the gut as a
pathogen reservoir. PLoS One 10:¢0120504. doi: 10.1371/journal.pone.0120504

Conflict of Interest: AP’s Ph.D. scholarship was co-funded by Alltech Portugal.
Alltech Portugal approved the publication of the manuscript without interfering
in any stage of the study, including experimental design, analysis, and report of
the results. EM was employed by the company Sorgal, which produced the diets
according to the design of the study.

The remaining 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.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Pereira, Maia, Pinna, Biagi, Matos, Segundo, Fonseca and Cabrita.
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 Microbiology | www.frontiersin.org

October 2021 | Volume 12 | Article 688392


https://doi.org/10.1111/jpn.12047
https://doi.org/10.1186/s12917-017-0981-z
https://doi.org/10.1186/s12917-017-0981-z
https://doi.org/10.1080/1828051x.2019.1645624
https://doi.org/10.1080/1828051x.2019.1645624
https://doi.org/10.3389/fnins.2019.01295
https://doi.org/10.3389/fgene.2014.00429
https://doi.org/10.3389/fgene.2014.00429
https://doi.org/10.1186/gb-2011-12-6-r60
https://doi.org/10.1016/j.applanim.2016.04.012
https://doi.org/10.1016/j.applanim.2016.04.012
https://doi.org/10.1128/AEM.70.11.6459-6465.2004
https://doi.org/10.1111/1574-6941.12233
https://doi.org/10.1111/1574-6941.12233
https://doi.org/10.1016/j.tvjl.2016.04.011
https://doi.org/10.1111/j.1574-6941.2008.00521.x
https://doi.org/10.1111/j.1574-6941.2008.00521.x
https://doi.org/10.1371/journal.pone.0051907
https://doi.org/10.1371/journal.pone.0051907
https://doi.org/10.1093/jn/132.5.980
https://doi.org/10.1093/jn/132.5.980
https://doi.org/10.1371/journal.pone.0105592
https://doi.org/10.1111/jpn.12009
https://doi.org/10.4172/2161-069X.1000548
https://doi.org/10.1016/j.talanta.2017.01.091
https://doi.org/10.2527/jas2012-5430
https://doi.org/10.3390/nu12103197
https://doi.org/10.1002/iub.291
https://doi.org/10.1093/jn/128.12.2593S
https://doi.org/10.1038/srep45649
https://doi.org/10.1038/srep45649
https://doi.org/10.1038/s41598-017-11770-4
https://doi.org/10.1039/c9fo00087a
https://doi.org/10.1186/s40104-018-0310-9
https://doi.org/10.1371/journal.pone.0120504
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/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Effects of Zinc Source and Enzyme Addition on the Fecal Microbiota of Dogs
	Introduction
	Materials and Methods
	Animals and Diets
	Sample Collection
	pH, Ammonia-N, Lactate, and Volatile Fatty Acid Analysis
	Microbiota Analysis
	Sequencing of 16S rRNA Genes
	Quantitative PCR

	Statistical Analysis

	Results
	QIIME Analysis of Sequencing Data
	Principal Coordinates Analysis
	Fecal Microbiota Profiling
	Effects on Taxa Abundance
	Fecal pH, Ammonia-N, Lactate, and Volatile Fatty Acids
	DNA Abundance of Selected Bacteria

	Discussion
	Effect of Zinc Source
	Effects of Enzyme Addition
	Effect of Interaction Between Zinc Source and Enzyme Addition

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


