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Abstract: The olive oil sector is currently adapting its traditional function to also become a supplier
of high-value by-products that possess antioxidant, anti-inflammatory and antimicrobial properties.
In this study, we evaluated the effect of the fermented defatted alperujo (FDA) on the intestinal health
of laying hens. The morphology of the duodenal and cecal mucosa, the composition of the intestinal
microbiota and the productivity of a batch of laying hens were evaluated after FDA supplementation.
At early life stages, significant differences (p < 0.001) were observed in duodenal villi height and
in crypt depth of both the duodenum and the cecum in the FDA-supplemented group, indicating
improved intestinal health in this group. Microbiota composition in the hatchery group supplemented
with FDA had a higher abundance of Actinobacteria, Firmicutes and Proteobacteria, and higher
bacterial diversity. During the production period, significant differences (p < 0.05) were observed in
the number of broken eggs from the supplemented group. We conclude that FDA supplementation
improves the absorption capacity of the intestinal mucosa and modifies the intestinal microbiota to
favor a greater immune response, leading to an increase in egg production.

Keywords: fermented defatted alperujo (FDA); olive oil by-products; intestinal health; laying hens;
histomorphology; microbiota

1. Introduction

The European Union, particularly the Mediterranean countries, is the main producer of olive oil
worldwide [1]. Spain is by far the largest manufacturer: a total of 1,260,000 tons were produced in
the 2017-2018 campaign [1,2], with a mean worth of about 1.9 billion euros per year [3]. The olive oil
industry has a major economic impact in the producing countries, accounting for around 46 million jobs
per production cycle (from seed to final product). This industry also has cultural and environmental
implications [3,4].

The centrifugation process used in olive oil production generates by-product wastes, which is
of great concern due to their polluting activity and, thus, significant environmental impact [4,5].
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Nowadays, the olive oil production process consists of two centrifugation phases, which has resulted
in a reduction of waste products. As a result of this process, a solid by-product called two-phase
olive mill waste, sometimes referred to as olive cake or olive pulp but commonly known as alperujo,
is obtained [6]. The production of approximately one ton of olive oil generates four tons of this
by-product [4,6].

Despite its pollutant nature, olive-oil by-products have been described as having antioxidant,
anti-inflammatory, antimicrobial and anti-tumoral proprieties [7]. Furthermore, a significant proportion
of this by-product is comprised of non-soluble fibers, carbohydrates, high-quality fats and proteins [6].
Some of these bioactive compounds are polyphenols, primarily hydroxytyrosol and tyrosol [8]. These
molecules act as antioxidants by inhibiting oxidative reactions thus protecting the cell from oxidative
damage and as anti-inflammatories by mediating a reduction in cytokine secretion [8,9]. In addition,
the phenols and polyphenols contained in olive oil by-products have antibacterial activity against
Gram-positive bacteria like Staphylococcus aureus and Gram-negative bacteria like Campylobacter
spp. [8,10-12].

Consequently, the olive oil industry is currently adapting to also become suppliers of high-value
by-products, which may reduce the industry’s environmental impact [13]. One of the proposed uses of
olive oil by-products is in animal feed supplementation, and several studies have tested their effects in
various animal species including poultry [13]. In broiler chickens, feed supplemented with alperujo
have been demonstrated to improve productive performance parameters [14,15], and enhance redox
status in tissues [16,17]. In addition, alperujo has been shown to possess anti-coccidial proprieties [18].
In laying hens, dried olive pomace supplementation has been demonstrated to modulate inflammation
and cholesterol content in eggs through affecting gene expression [19].

Supplementation with alperujo, however, has not been as extensively studied in laying hens.
Alperujo supplementation does not appear to affect production performance in laying hens [20-24].

Alperujo, like other olive oil by-products, is a fat-rich compound. However, although possess
beneficial effects, fat-rich compounds should be limited in the feed formulation to avoid their
counterproductive effects in high percentages [14]. For this reason, in this study alperujo had first
undergone a fermentation process to stabilize the raw material, a hydrolysis to decrease the total fat
content, and desiccation and grinding process in order to adapt it to animal feed, obtaining fermented
defatted alperujo (FDA).

To our knowledge, the impact of alperujo or their derived products on intestinal health has not
been previously evaluated in laying hens. Intestinal health depends mainly on gut environment
and diet [25]. This environment is, in turn, defined by the intestinal mucosa and microbiota, which
constitute the main components of the gut barrier. The intestinal mucosa is the most extensive surface
in the organism: it absorbs nutrients and is equipped with numerous mechanisms that constitute a first
line of defense against potential hazards [26]. Likewise, an adequate microbiota composition seems to
limit pathogenic bacterial colonization [27].

Improvement of the intestinal health in laying hens may optimize nutrient absorption and,
thus, production performance. It may also induce changes in microbiota that could protect against
pathogenic colonization and disease, decreasing the use of antimicrobial agents. Our study assesses
changes in the intestinal mucosa and microbiota, as well as productivity, of FDA-supplemented laying
hens compared with controls during their productive life in a commercial farm.

2. Results

2.1. Histological Study

The results of the histomorphometric analysis of the duodenal and cecal mucosa are shown in
Table 1 and Figure 1. In hatchery-staged hens, duodenal villi height and crypt depth and cecal crypt
number and depth were significantly higher in the FDA-supplemented group (p < 0.05). In hens at the
production phase I stage, the only significant difference observed was an increase in duodenal villi
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number in the FDA-supplemented group. In production phase II hens, only cecal crypt depth was

significantly higher in the supplemented hens.

Table 1. Statistical results as mean and interquartile range (IQR) for villi number and height and crypt
depth in the duodenum and crypt number and depth in the cecum in control and fermented defatted

alperujo (FDA)-supplemented hens at three phases of production.

Control Group FDA-Supplemented Group
Histomorphometric Parameters p-Value !
Mean [IQR] Mean [IQR]
Hatchery
Duodenum
Number of villi 8.00 [2.00] 8.00 [2.00] 0.311
Height of villi (um) 1109.95 [410.00] 1237.85 [492.10] <0.001
Depth of crypts (1um) 161.05 [62.53] 188.10 [90.55] <0.001
Cecum
Number of crypts 14.00 [5.00] 15.00 [9.00] 0.028
Depth of crypts (1um) 325.65 [374.20] 358.15 [356.60] <0.001
Production phase I
Phase I
Duodenum
Number of villi 7.00 [1.00] 7.00 [2.00] <0.001
Height of villi (um) 1309.27 [411.03] 1353.32 [449.94] 0.157
Depth of crypts (1um) 249.66 [81.83] 255.15 [107.59] 0.135
Cecum
Number of crypts 16.50 [16.00] 18.00 [17.00] 0.821
Depth of crypts (1m) 359.12 [411.14] 280.74 [440.91] 0.150
Production phase II
Phase 11
Duodenum
Number of villi 7.00 [2.00] 6.00 [3.00] 0.230
Height of villi (um) 1511.99 [605.57] 1471.92 [476.69] 0.537
Depth of crypts (1um) 272.65 [138.47] 268.46 [102.79] 0.160
Cecum
Number of crypts 14.00 [16.00] 14.00 [12.00] 0.883
Depth of crypts (1m) 402.68 [606.61] 518.50 [576.58] <0.001

! The Mann-Whitney test was used to assess significant differences (p < 0.05) between supplemented (1 = 43) and

control animals (n = 47).
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Figure 1. Graphs showing changes in histomorphometric parameters of the duodenal and the cecal
mucosa from hatchery to phases I and II: (A) number of villi in the duodenum was significantly
increased in phase I in the FDA-supplemented group (treatment); (B) height of villi in the duodenum
was significantly increased in the hatchery in the FDA-supplemented group (treatment); (C) depth of
crypts in the duodenum was significantly increased in the hatchery in the FDA-supplemented group
(treatment); (D) number of crypts in the cecum: no significant differences were observed between
the control and treatment group; (E) depth of crypts in the cecum was significantly increased in the
hatchery and phase I in the FDA-supplemented group (treatment).

2.2. Production Performance

The effects of FDA on production performance of laying hens are shown in Table 2. Hen production
percentages, total eggs (in terms of number and weight) and feed consumption improved with FDA
supplementation; however, the differences observed between the two groups was not significant
(p > 0.05). Mortality rate was higher in the treatment group; however, the differences observed between
the two groups were not significant (p > 0.05). The economic impact of the difference in production
performance between the two groups was a 1.7% increase in egg sale profits and a 1.5% decrease in
feed costs for the treated group. The percentage of cracked or broken eggs eliminated from production
was significantly lower in the treated group (p < 0.05) (Figure 2).
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Table 2. Production performance of control and FDA-supplemented hens.

Productive Parameter Control Group Treatment Group p-Value !
Mortality (%) 0.15 0.16 0.299
Laying (%) 78.00 79.00 0.970
Feed/hens (g) 115.37 113.37 0.124
Egg weight (g) 62.58 62.59 0.720
Egg mass (g/d) 48.04 49.28 0.730
Extra-large eggs (%) 5.20 5.40 0.989
Large eggs (%) 44.25 43.94 0.467
Medium eggs (%) 39.04 40.39 0.917
Small eggs (%) 5.8 54 0.084
Dirty eggs (%) 2.3 21 0.424
Broken eggs (%) 3.47 2.83 0.001
Total eggs (number) 21,526,722 21,892,058 0.808
Total eggs (Kg) 1,342,571.52 1,363,916.15 0.931

CI (Conversion Index) 0.37 0.35 -

! The Mann-Whitney test was used to assess significant differences (p < 0.05) between supplemented (1 = 43) and
control animals (n = 47).

Independent-Samples Mann-Whitney U Test

Group
Control Treatment
N =68 N =68
6.0000 Mean Rank = 80.00 Mean Rank = 57.00 [ 6.0000
& @
2 4.0000] [4.0000 &
§ H
% 2:0000] [-2.0000 @
@ @
0.0000 [-0.0000
T
40.0 30.0 40.0
Frequency Frequency

Total N 136

Mann-Whitney U 1,530.000

Wilcoxon W 3.876.000

Test Statistic 1,530.000

Standard Error 229,733

Standardized Test Statistic -3.404

Asymptotic Sig. (2-sided test) .001

Figure 2. According to the Mann-Whitney U test, there is a statistically significant difference based
on the p-value (Asymptotic Significance (two-sided test) = 0.001). The FDA-supplemented group
(Mean Rank of 57.00) reported a lower number of broken eggs compared to control group (Mean Rank
of 80.00).

2.3. Metagenomics

Bacteroidetes, Firmicutes, Actinobacteria and Proteobacteria were the main bacterial phyla
identified in all samples (Figure 3). The other phyla detected at lower levels were grouped together and
classified as “Rest”. The relative abundance (RA) of Bacteroidetes (43.72 versus 43.42% in treated versus
control, respectively), Actinobacteria (10.72 versus 6.82%) and Proteobacteria (4.30 versus 2.58%) were
higher in the treated group, while the relative abundance of Firmicutes was higher in the control group
(38.67 versus 43.67%). Hens at the hatchery stage showed a higher relative abundance of Actinobacteria
(28.39 versus 14.31%), Firmicutes (45.92 versus 39%) and Proteobacteria (8.29 versus 1.64%) in the
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treated group compared to the control one, whereas the relative abundance of Bacteroidetes was
higher in the latter (17.37 versus 44.60%). In phase-I hens, only Actinobacteria (5.72 versus 4.58%)
and Bacteroidetes (50.19 versus 16.86%) were more abundant in the treated group. In phase-II hens,
Bacteroidetes (55.29 versus 49.47%) was still more abundant in the treated compared to control group,
as was Proteobacteria (2.25 versus 1.98%).

Control Treatment

1 I -
T N - '
1 N - 1

100% 60% 60% 40% 20% 0% 0% 20% 40% 60% 80% 100%

m Firmicutes = Bacteroidetes ™ Actinobacteria ™ Protecbacteria =~ Rest m Firmicutes w Bacteroidetes W Actinobacteria ® Protcobacteria — Rest

Figure 3. Metagenomic results. Phyla distribution by groups over time. Hens showed a higher
relative abundance (RA) of Actinobacteria, Firmicutes and Proteobacteria in FDA-supplemented group
(treatment) compared to control in hatchery. In phase I, the RA of Actinobacteria and Bacteroidetes
was higher in the FDA group. In phase II, the RA of Bacteroidetes and Proteobacteria was higher in the
treated group.

3. Discussion

Olive oil industry wastes have emerged as highly valuable products due to their potential
beneficial properties such as being antimicrobial and anti-inflammatory [7]. One modified by-product,
the fermented defatted alperujo (FDA), contains molecules like polyphenols, which make it interesting
as a potential supplement in animal feed [8], as demonstrated by the capacity of polyphenols-containing
olive oil by-products to modulate gene expression in vivo [19]. FDA supplementation has not been
previously used for animal feed, although alperujo supplementation has been tested in several species
with the objective of improving performance or exploiting the product’s antioxidant capacity [28].
Iannaccone et al. [19] demonstrated that olive oil pomace supplementation in laying hens affects gene
expression and thus enhance oxidative status and improves inflammatory response, which suggests
that alperujo may contribute to hens welfare and health. However, the effects of this natural compound
on intestinal health have not been studied extensively, at least in laying hens.

Nutrient absorption and innate immune response depend on the mucosal structure of the
intestine. Therefore, we performed a histomorphometric analysis to evaluate the effects of FDA on the
morphology of the intestinal mucosa. Although no previous studies have focused on the impact of
olive oil by-products on the intestinal morphology of laying hens, several have assessed the effects
of other plant-derived compounds, whose fiber and bioactive compounds content has shown to
improve intestinal morphology in broilers, particularly after oligosaccharides supplementation [29].
Therefore, the high fiber, high-quality fat and phenolic content of FDA may enhance intestinal health
in supplemented hens.

The majority of these studies focused on the small intestine, mainly the jejunum mucosa, with only
a few evaluating the duodenum [30-37], despite its very high absorption potential [38]. In one case,
supplementation with bamboo vinegar or polyunsaturated fatty acid from an extruded flax product
resulted in a significant increase in duodenal villi height in aged hens, suggesting that diet composition
affects the duodenal mucosal structure [29,36]. In another study, an increase in duodenal crypt depth
was observed in 33-week-old hens supplemented with rapeseed expeller cake [34]. In these studies,
changes induced by different substances on the intestinal mucosa were evaluated during the productive
phase. In contrast, in our study, the impact of FDA was assessed during the production cycle of laying
hens, from hatchery to late phases. The significant increase in duodenal villi height that we observed
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in supplemented pullets supposes a concomitant increase in absorptive area, as has been proposed by
other authors [36], which, in turn, leads to increased productivity. Changes in intestinal morphology
during the initial phases, which are thought to influence digestion and performance, are critical for
later intestinal functions during the productive phase [39].

The large intestine, particularly the cecum, has been rarely assessed in intestinal morphometric
studies. In a recent study on the effects of essential oils and organic acids, no significant differences
were reported in these segments [31]. In our study, however, cecal crypt depth proved to be a relevant
parameter in our assessment of the impact of FDA on mucosal morphology. The increase in cecal crypt
depth in pullets and aged hens appears to not only improve nutrient absorption but also influence a
non-specific immune response by better responding to potential superficial epithelial damage. Due to
the function of intestinal crypts in epithelial renewal [38,40], an increase in crypt depth could favor
fermentation, digestion and water absorption capacity, prevent the emergence of disease in pullets and
extend productive life in aged hens.

The goals of livestock feed supplementation are species-dependent. However, for all species,
production performance must be maintained at an acceptable level [12], and egg production is not an
exception. Our analysis of production performance indicates that FDA-supplemented hens performed
better than control-fed hens. Feed is one of the most important costs in animal production [25];
therefore, the increase in profit from the sale of eggs from the supplemented group may be, in part,
attributed to a decrease in feed consumption. To our knowledge, shell hardness has not been previously
correlated with any olive oil by-product feed supplement. The intestine has a central role on calcium
absorption, and thus, influences calcium metabolism [41]. The increase of villi height and crypt depth
in the intestine increases duodenal and cecal absorption capacity, and therefore, the positive impact on
eggshell hardness observed here may be in relation to the augmented mineral and absorption in the
intestine as previously suggested [30,42]. In addition, other authors have shown that oligosaccharides
present in dietary fiber may increase mineral uptake, and thus, the high fiber content of FDA may be in
relation with an improvement of calcium absorption in the intestine [29]. The smaller percentage of
broken eggs observed in the supplemented group may have also contributed to the economic increase.
However, further studies are needed to determine whether FDA directly or indirectly improves
shell hardness.

Itis important to study the molecular and metabolic mechanisms behind the productive parameters
in order to correctly manage animal feed [19]. In poultry, as in other species, the intestinal microbiota
collectively acts as a metabolic organ, facilitating nutrient absorption and the immune response against
pathogens [31,43]. Microbiota is determined by host genes and the environment, with diet being one
of the most important factors. Modifications in dietary composition may, therefore, induce changes in
microbiota [31]. Microbiota composition in poultry, especially in laying hens, has become an important
area of research in veterinary medicine [27]. Although some studies have focused on microbiota
variation in laying hens at different phases [44—47] and under diverse production systems [47,48],
analyses of microbiota in laying hens fed with plant-derived supplements is limited [49,50]. Given the
main role of microbiota in fermentation and digestive processes in laying hens [47], we focused on its
composition in the cecum in our analyses.

According to the literature, cecal microbiota variations in laying hens are expected during
the production cycle [44,47]. Consistent with this, we observed phyla fluctuations in our analyses.
The metagenomics results showed the predominance of Bacteroidetes and Firmicutes, as has been
previously reported in other studies [27,40,44,46,47]. In addition, our results suggest a decrease in
bacterial diversity over time in both groups. For instance, we observed a progressive and proportional
increase in Bacteroidetes compared to the other phyla in treated adult laying hens. Similar results have
been reported by other studies [44,46]. Decreased microbial diversity has been related to a reduction
in the production of short chain fatty acids, which leads to reduced intestinal barrier function [48].
According to some studies and in contrast to adult hens, Firmicutes abundance in pullets is expected
to be higher than that of Bacteroidetes [44,46]. Our results are in agreement with these previous
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studies. Moreover, we observed that the relative abundance of Firmicutes was higher than that of
Bacteroidetes in treated animals at the early hatchery phase, suggesting greater bacterial diversity in
animals supplemented with FDA. Finally, we observed that Actinobacteria comprised a significant
proportion of the microbiota at the hatchery stage but progressively decrease over time. Our results
contrast with other studies in which Actinobacteria was considered a minority phylum, accounting for
less than 1% of the total bacterial community [44,49]. In our study, the proportion of Actinobacteria
was higher in treated animals, up to 25 weeks-old, compared with the control group. Similarly,
the abundance of Proteobacteria, which progressively decreased over time, was present at higher
levels in the treated group during the first post-hatching weeks. Although the relative abundance of
Proteobacteria was higher in pullets, it was far from the 50% reported in the cecum of one-week-old
laying hens [44].

4. Materials and Methods

4.1. Ethical Approval

This project has been carried out in accordance with animal welfare standards for the species
with ethical approval from the Complutense University of Madrid and the Community of Madrid
(PROEX 152/19).

4.2. Animals and Rearing Conditions

The study was performed in a commercial farm using a whole batch of Hy-Line 2015 laying hens
(122,250 animals in total). The animals were randomly divided into two groups, control and treated,
and raised from the hatchery stage to the end of the production cycle. The hens were kept in an
intensive housing system in the same place and under the same controlled environmental conditions
(24-32 °C, depending on the phase, and 50-70% humidity). Feed and water were supplied ad libitum.

4.3. Experimental Diets

Both groups were fed the same commercial formulation, according to the production phase,
as routinely used at the farm. Feed of the treated group was supplemented with fermented defatted
alperujo (FDA), which had first undergone a controlled anaerobic bacterial fermentation and was then
defatted with chemical solvents (fat hydrolysis). Finally, it was desiccated at 80 °C in a low oxygen
content atmosphere and then suffered a grinding process. FDA composition was determined by
Labocor S.L. (Colmenar Viejo, Spain) (Table 3).

Table 3. Fermented defatted alperujo (FDA) composition.

Determination Results
Moisture 103° (Y%ow.w.) 12.2
Crude protein (Kjeldahl) (%ow.w.) 6.4
Brute fat (%ow.w.) 3.0
Ash content (%ow.w.) 7.7
Lignin (%w.w.) 23.3
Acid detergent fiber (%ow.w.) 39.2
Neutral detergent fiber (%ow.w.) 49.3
Tannins (Y%w.w.) 0.06
Oleic acidity index (%ow.w.) 46.1
Peroxide value (%ow.w.) 7.9
Total polyphenols (meq/kg) 0.89

Crude fiber (Y%ow.w.) 27.7
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4.4. Production Performance

Productive parameters were registered for all production phases using the business management
enterprise resource planning software Navision from Microsoft. The conversion rate was expressed as
kg of feed consumed in relation to the number of eggs produced. Egg production and mortality were
recorded daily; feed consumption was measured weekly. Eggs were collected over a 24 h period and
weighed for determination of egg weight and grade.

4.5. Samplings and Necropsy

A total of 11 samplings across the three phases of the production cycle were performed during the
study: hatchery (1-16 weeks old, four samplings), phase I (laying hens until peak laying, 16-23 weeks
old, two samplings) and phase II (from 24-weeks old to the end of production, five samplings).

For all samplings, 15 hens of each group were sacrificed by the gas-stunning method. A complete
necropsy was carried out for each animal. During the necropsy, a gross survey was performed,
and duodenal and cecal samples were collected and fixed in a 4% formaldehyde-buffered solution for
48 h (Panreac Quimica SLU, Barcelona, Spain). In addition, fresh cecal feces were collected from each
animal and preserved at —80 °C for the metagenomics analysis.

4.6. Histology

After fixation, intestinal tissues were dehydrated through an ethanol series and xylene substitute
(Citadel 2000 Tissue Processor, Thermo Fisher Scientific, Waltham, MA, USA), then embedded in
synthetic paraffin. After paraffin block formation (Histo Star Embedding Workstation, Thermo Fisher
Scientific), 4-um sections were cut (Finesse ME+ Microtome, Thermo Fisher Scientific), stained with
hematoxylin and eosin (Panreac Quimica SLU) and mounted and examined under a light microscope
(Leica, Wetzlar, Germany).

A histomorphometric study was performed using an image analyzer (Leica Application Suite,
Leica), which measured different parameters of the duodenum and the cecum in each animal in five
fields at 40x magnification. In each case, the number of duodenal villi and duodenal and cecal crypts
were counted. Duodenal villi height was measured from the top of the villus to the villus—crypt
junction; duodenal and cecal crypt depth was measured from the villus—crypt junction to the muscularis
mucosae. A minimum of seven well-oriented villi and 14 crypts were measured from different sections
of each hen.

4.7. Metagenomics

DNA was isolated from cecal samples using the QlAamp DNA Stool Mini Kit (Qiagen NV,
Hilden, Germany). The next-generation sequencing and bioinformatics analyses of the bacterial 16S
rRNA gene were performed by Stab Vida (Caparica, Portugal) and Era7 Bioinformatics (Granada,
Spain). Regions V3 and V4 of 165 rRNA were sequenced on the [llumina Miseq platform using 300 bp
paired-end sequencing.

4.8. Statistical Analysis

IBM SPSS Statistics Software (IBM; Armonk, NY, USA) was used for statistical analysis. Differences
in production performance and histomorphological parameters between control and treated groups
were assessed using Mann-Whitney test and statistical significance was considered at p < 0.05.

5. Conclusions

Dietary fermented defatted alperujo (FDA) supplementation in laying hens significantly improved
duodenal villi height in pullets, which may enhance intestinal function during their productive life,
as suggested by the significant decrease of broken eggs eliminated from production. Additionally,
the increase of cecal crypt depth in pullets and aged hens appears to improves nutrient absorption.



Antibiotics 2019, 8, 215 10 of 12

It may also influence non-specific immune responses by being able to better respond to potential
harmful events, contributing to the intestinal health of laying hens. Our findings also suggest that diet
composition can modulate intestinal microbiota at early life stages. Specifically, FDA supplementation
seems to increase intestinal bacterial diversity by increasing the relative abundances of Firmicutes
and Proteobacteria. Establishing a diverse microbiota early in life may enhance intestinal health by
providing metabolic substances, improving immune response and competing with pathogenic bacteria,
thus potentially reducing antimicrobial usage.

Author Contributions: Conceptualization, M.U.-R., L.D. and A.R.-B.; methodology, A.R.-M., C.B,, M.U.-R,, N.P,,
FJM.-A., LT.-S, L.D,, and A R.-B.; software, A.R.-M., C.B. and M.U.-R; validation, A.R.-M., C.B.,, M.U.-R,, L.D. and
A.R.-B.; formal analysis, A.R.-M., C.B. and M.U.-R; investigation, A.R.-M., C.B,, M.U.-R,, N.P, E].M.-A. and I.T.-S.;
resources, M.U.-R,, L.D. and A.R.-B.; data curation, A.R.-M., C.B. and M.U.-R.; writing—original draft preparation,
A.R-M. and M.U.-R; writing—review and editing, A.R.-M., C.B.,, M.U.-R,, L.D. and A R.-B,; visualization, A.R.-M.,
C.B, M.U.-R,, L.D. and A.R.B; supervision, M.U.-R,, L.D. and A.R.-B.; project administration, M.U.-R. and L.D.;
funding acquisition, M.U.-R. and L.D.

Funding: This research was funded by the Spanish Ministry of Economy, Industry, and Competitiveness, grant
number RTC-2015-3621-2; and the Autonomous Community of Madrid, grant number S2013/ABI-2747.

Acknowledgments: The authors wish to thank the technicians Sonia Cruz and Gabriela Torre for histopathological
processing at the Pathology and Forensic Veterinary Medicine Unit at VISAVET Health Surveillance Centre (UCM);
Maria Garcia, Estefania Rivero, Nisrin Maasoumi and Estefania Martinez for their assistance at the Foodborne
Zoonoses and Antimicrobial Resistance Unit at VISAVET Health Surveillance Centre (UCM); and Vicente Lopez
Chavarrias for technical support.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. International Olive Council. Available online: http://www.internationaloliveoil.org/ (accessed on 9
October 2019).

2. European Commission. Available online: https://ec.europa.eu/ (accessed on 9 October 2019).

3. Ministerio de Agricultura, Pesca y Alimentacién. Available online: https://www.mapa.gob.es/en/ (accessed
on 9 October 2019).

4.  Banias, G.; Achillas, C.; Vlachokostas, C.; Moussiopoulos, N. Environmental impacts in the life cycle of olive
oil: A literature review. J. Sci. Food Agric. 2017, 97, 1686-1697. [CrossRef] [PubMed]

5. Kapellakis, L.E.; Tsagarakis, K.P.; Crowther, ].C. Olive oil history, production and by-product management.
Rev. Environ. Sci. Biotechnol. 2008, 7, 1-26. [CrossRef]

6. Alburquerque, J.A.; Gonzalvez, J.; Garcia, D.; Cegarra, J. Agrochemical characterisation of “alperujo”, a solid
by-product of the two-phase centrifugation method for olive oil extraction. Bioresour. Technol. 2004, 91, 195-200.
[CrossRef]

7. Duborija-Kovacevic, N.; Shavrina, K. New findings on the pharmacodynamic actions of olive oil: Our
contribution to better evidence about its remedial properties. Prog. Nutr. 2018, 20, 30-38.

8. Leouifoudi, I.; Harnafi, H.; Zyad, A. Olive mill waste extracts: Polyphenols content, antioxidant,
and antimicrobial activities. Adv. Pharmacol. Sci. 2015, 2015, 714138. [CrossRef]

9.  Alu'datt, M.H.; Allj, I; Ereifej, K.; Alhamad, M.; Al-Tawaha, A.R.; Rababah, T. Optimisation, characterisation
and quantification of phenolic compounds in olive cake. Food Chem. 2010, 123, 117-122. [CrossRef]

10. Aissa, I.; Kharrat, N.; Aloui, F,; Sellami, M.; Bouaziz, M.; Gargouri, Y. Valorization of antioxidants extracted
from olive oil mill wastewater. Biotechnol. Appl. Biochem. 2017, 64, 579-589. [CrossRef]

11.  Sabino, M.; Cappelli, K.; Capomaccio, S.; Pascucci, L.; Biasato, I.; Verini-Supplizi, A.; Valiani, A.;
Trabalza-Marinucci, M. Dietary supplementation with olive mill wastewaters induces modifications on
chicken jejunum epithelial cell transcriptome and modulates jejunum morphology. BMC Genom. 2018, 19, 576.
[CrossRef]

12.  Roila, R;; Ranucci, D.; Valiani, A.; Galarini, R.; Servili, M.; Branciari, R. Antimicrobial and anti-biofilm activity
of olive oil by-products against Campylobacter spp. isolated from chicken meat. Acta Sci. Pol. Technol. Aliment.
2019, 18, 43-52.

13. Berbel, J.; Posadillo, A. Review and analysis of alternatives for the valorisation of agro-industrial olive oil
by-products. Sustainability 2018, 10, 237. [CrossRef]


http://www.internationaloliveoil.org/
https://ec.europa.eu/
https://www.mapa.gob.es/en/
http://dx.doi.org/10.1002/jsfa.8143
http://www.ncbi.nlm.nih.gov/pubmed/27859279
http://dx.doi.org/10.1007/s11157-007-9120-9
http://dx.doi.org/10.1016/S0960-8524(03)00177-9
http://dx.doi.org/10.1155/2015/714138
http://dx.doi.org/10.1016/j.foodchem.2010.04.011
http://dx.doi.org/10.1002/bab.1509
http://dx.doi.org/10.1186/s12864-018-4962-9
http://dx.doi.org/10.3390/su10010237

Antibiotics 2019, 8, 215 11 0f12

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Al-Harthi, M.A. The efficacy of using olive cake as a by-product in broiler feeding with and without yeast.
Ital. ]. Anim. Sci. 2016, 15, 512-520. [CrossRef]

Herrero-Encinas, J.; Blanch, M.; Pastor, ].J.; Mereu, A.; Ipharraguerre, I.R.; Menoyo, D. Effects of a bioactive
olive pomace extract from Olea europaea on growth performance, gut function, and intestinal microbiota in
broiler chickens. Poult. Sci. 2019. [CrossRef] [PubMed]

Shimao, R.; Muroi, H.; Furukawa, K.; Toyomizu, M.; Kikusato, M. Effects of low-dose oleuropein diet
supplementation on the oxidative status of skeletal muscles and plasma hormonal concentration of growing
broiler chickens. Br. Poult. Sci. 2019. [CrossRef]

Gerasopoulos, K.; Stagos, D.; Kokkas, S.; Petrotos, K.; Kantas, D.; Goulas, P.; Kouretas, D. Feed supplemented
with byproducts from olive oil mill wastewater processing increases antioxidant capacity in broiler chickens.
Food Chem. Toxicol. 2015, 82, 42-49. [CrossRef]

Debbou-Iouknane, N.; Nerin, C.; Amrane, M.; Ghemghar, M.; Madani, K.; Ayad, A. In vitro anticoccidial
activity of olive pulp (Olea europaea L. var. chemlal) extract against Eimeria oocysts in broiler chickens.
Acta Parasitol. 2019. [CrossRef]

Tannaccone, M.; Ianni, A.; Ramazzotti, S.; Grotta, L.; Marone, E.; Cichelli, A.; Martino, G. Whole blood
transcriptome analysis reveals positive effects of dried olive pomace-supplemented diet on inflammation
and cholesterol in laying hens. Animals 2019, 9, 427. [CrossRef]

Afsari, M.; Mohebbifar, A.; Torki, M. Effects of dietary inclusion of olive pulp supplemented with probiotics
on productive performance, egg quality and blood parameters of laying hens. Annu. Res. Rev. Biol.
2014, 4, 198-211. [CrossRef]

Zarei, M.; Ehsani, M.; Torki, M. Productive performance of laying hens fed wheat-based diets included olive
pulp with or without a commercial enzyme product. Afr. J. Biotechnol. 2011, 10, 4303-4312.

Zangeneh, S.; Torki, M. Effects of b-mannanase supplementing of olive pulp-included diet on performance
of laying hens, egg quality characteristics, humoral and cellular immune response and blood parameters.
Glob. Vet. 2011, 7, 391-398.

Ghasemi, R.; Torki, M.; Ghasemi, H.A.; Zarei, M. Single or combined effects of date pits and olive pulps
on productive traits, egg quality, serum lipids and leucocytes profiles of laying hens. J. Appl. Anim. Res.
2013, 42, 103-109. [CrossRef]

Al-Harthi, M.A; Attia, Y.A. Effect of citric acid on the utilization of olive cake diets for laying hens. Ital. |.
Anim. Sci. 2015, 14, 3966. [CrossRef]

Yegani, M.; Korver, D.R. Factors affecting intestinal health in poultry. Poult. Sci. 2008, 87, 2052-2063.
[CrossRef]

Graziani, C.; Talocco, C.; de Sire, R.; Petito, V.; Lopetuso, L.R.; Gervasoni, J.; Persichilli, S.; Franceschi, F.;
Ojetti, V.; Gasbarrini, A.; et al. Intestinal permeability in physiological and pathological conditions: Major
determinants and assessment modalities. Eur. Rev. Med. Pharmacol. Sci. 2019, 23, 795-810. [PubMed]
Rubio, L.A. Possibilities of early life programming in broiler chickens via intestinal microbiota modulation.
Poult. Sci. 2019, 98, 695-706. [CrossRef] [PubMed]

Al-Harthi, M.A. The effect of olive cake, with or without enzymes supplementation, on growth performance,
carcass characteristics, lymphoid organs and lipid metabolism of broiler chickens. Braz. ]. Poult. Sci.
2017, 83-90. [CrossRef]

Ding, X.M.; Li, D.D.; Bai, S.P.; Wang, J.P.; Zeng, Q.F,; Su, ZW.; Xuan, Y.; Zhang, K.Y. Effect of dietary
xylooligosaccharides on intestinal characteristics, gut microbiota, cecal short-chain fatty acids, and plasma
immune parameters of laying hens. Poult. Sci. 2018, 97, 874-881. [CrossRef]

Rattanawut, J.; Pimpa, O.; Yamauchi, K.E. Effects of dietary bamboo vinegar supplementation on performance,
eggshell quality, ileal microflora composition, and intestinal villus morphology of laying hens in the late
phase of production. Anim. Sci. J. 2018, 89, 1572-1580. [CrossRef]

Wang, H.; Liang, S.; Li, X.; Yang, X.; Long, F.; Yang, X. Effects of encapsulated essential oils and organic acids
on laying performance, egg quality, intestinal morphology, barrier function, and microflora count of hens
during the early laying period. Poult. Sci. 2019. [CrossRef]

Li, L,; Li, H.; Zhou, W.; Feng, J.; Zou, X. Effects of zinc methionine supplementation on laying performance,
zinc status, intestinal morphology, and expressions of zinc transporters’ mRNA in laying hens. . Sci. Food
Agric. 2019, 99, 6582-6588. [CrossRef]


http://dx.doi.org/10.1080/1828051X.2016.1194173
http://dx.doi.org/10.3382/ps/pez467
http://www.ncbi.nlm.nih.gov/pubmed/31399739
http://dx.doi.org/10.1080/00071668.2019.1662886
http://dx.doi.org/10.1016/j.fct.2015.04.021
http://dx.doi.org/10.2478/s11686-019-00113-0
http://dx.doi.org/10.3390/ani9070427
http://dx.doi.org/10.9734/ARRB/2014/5212
http://dx.doi.org/10.1080/09712119.2013.822809
http://dx.doi.org/10.4081/ijas.2015.3966
http://dx.doi.org/10.3382/ps.2008-00091
http://www.ncbi.nlm.nih.gov/pubmed/30720188
http://dx.doi.org/10.3382/ps/pey416
http://www.ncbi.nlm.nih.gov/pubmed/30247675
http://dx.doi.org/10.1590/1806-9061-2016-0311
http://dx.doi.org/10.3382/ps/pex372
http://dx.doi.org/10.1111/asj.13080
http://dx.doi.org/10.3382/ps/pez391
http://dx.doi.org/10.1002/jsfa.9941

Antibiotics 2019, 8, 215 12 0of 12

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

Lokaewmanee, K.; Yamauchi, K.; Okuda, N. Effects of dietary red pepper on egg yolk colour and histological
intestinal morphology in laying hens. J. Anim. Physiol. Anim. Nutr. 2013, 97, 986-995. [CrossRef]

Zhu, L.P; Wang, ]J.P.; Ding, XM.; Bai, S.P; Zeng, Q.F; Su, Z.W.; Xuan, Y.; Applegate, T.].; Zhang, K.Y.
The effects of varieties and levels of rapeseed expeller cake on egg production performance, egg quality,
nutrient digestibility, and duodenum morphology in laying hens. Poult. Sci. 2019, 98, 4942-4953. [CrossRef]
[PubMed]

Yuan, Z.H.; Wang, ].P.; Zhang, K.Y.; Ding, X.M.; Bai, S.P.; Zeng, Q.F,; Xuan, Y.; Su, Z.W. Effect of vanadium
and tea polyphenols on intestinal morphology, microflora and short-chain fatty acid profile of laying hens.
Biol. Trace Elem. Res. 2016, 174, 419-427. [CrossRef] [PubMed]

Nain, S.; Renema, R.A.; Zuidhof, M.].; Korver, D.R. Effect of metabolic efficiency and intestinal morphology
on variability in n-3 polyunsaturated fatty acid enrichment of eggs. Poult. Sci. 2012, 91, 888-898. [CrossRef]
Gong, H.Z.; Wu, M.; Lang, W.Y,; Yang, M.; Wang, ].H.; Wang, Y.Q.; Zhang, Y.; Zheng, X. Effects of laying
breeder hens dietary 3-carotene, curcumin, allicin, and sodium butyrate supplementation on the growth
performance, immunity, and jejunum morphology of their offspring chicks. Poult. Sci. 2019. [CrossRef]
[PubMed]

Fletcher, O.J.; Abdul-Aziz, T. Alimentary System. In Avian Histopathology, 4th ed.; Abdul-Aziz, T., Ed.;
The American Association of Avian Pathologists: Jacksonville, FL, USA, 2016; pp. 271-280.

Lilburn, M.S.; Loeffler, S. Early intestinal growth and development in poultry. Poult. Sci. 2015, 94, 1569-1576.
[CrossRef]

Pourabedin, M.; Zhao, X. Prebiotics and gut microbiota in chickens. FEMS Microbiol. Lett. 2015, 362.
[CrossRef]

Beck, M.M.; Hansen, K K. Role of estrogen in avian osteoporosis. Poult. Sci. 2004, 83, 200-206. [CrossRef]
Shalaei, M.; Hosseini, S.M.; Zergani, E. Effects of different supplements on eggshell quality, some characteristics
of gastrointestinal tract and performance of laying hens. Vet. Res. Forum 2014, 5, 277-286.

Boka, J.; Mahdavi, A.H.; Samie, A.H.; Jahanian, R. Effect of different levels of black cumin (Nigella sativa
L.) on performance, intestinal Escherichia coli colonization and jejunal morphology in laying hens. J. Anim.
Physiol. Anim. Nutr. 2014, 98, 373-383. [CrossRef]

Videnska, P.; Sedlar, K.; Lukac, M.; Faldynova, M.; Gerzova, L.; Cejkova, D.; Sisak, F,; Rychlik, I. Succession
and replacement of bacterial populations in the caecum of egg laying hens over their whole life. PLoS ONE
2014, 9, e115142. [CrossRef]

Qi, Z.; Shi, S.; Tu, J.; Li, S. Comparative metagenomic sequencing analysis of cecum microbiotal diversity and
function in broilers and layers. 3 Biotech 2019, 9, 316. [CrossRef] [PubMed]

Videnska, P.; Rahman, M.M.; Faldynova, M.; Babak, V.; Matulova, M.E.; Prukner-Radovcic, E.; Krizek, I.;
Smole-Mozina, S.; Kovac, J.; Szmolka, A.; et al. Characterization of egg laying hen and broiler fecal microbiota
in poultry farms in Croatia, Czech Republic, Hungary and Slovenia. PLoS ONE 2014, 9, e110076. [CrossRef]
[PubMed]

Cui, Y,; Wang, Q.; Liu, S.; Sun, R.; Zhou, Y,; Li, Y. Age-related variations in intestinal microflora of free-range
and caged. Front. Microbiol. 2017, 8, 1310. [CrossRef] [PubMed]

Han, G.P; Lee, K.C.; Kang, HK.; Oh, H.N,; Sul, W]; Kil, D.Y. Analysis of excreta bacterial community after
forced-molting in aged laying. Asian-Australas. |. Anim. Sci. 2019, 32, 1715-1724. [CrossRef] [PubMed]
Wang, WW.; Jia, H].; Zhang, H.].; Wang, J.; Lv, H.Y.; Wu, S.G.; Qi, G.H. Supplemental plant extracts from
Flos lonicerae in combination with Baikal skullcap attenuate intestinal disruption and modulate gut microbiota
in laying hens challenged by Salmonella pullorum. Front. Microbiol. 2019, 10, 1681. [CrossRef]

Song, D.; Wang, Y.W.; Lu, Z.X,; Wang, WW.; Miao, H.].; Zhou, H.; Wang, L.; Li, A K. Effects of dietary
supplementation of microencapsulated Enterococcus fecalis and the extract of Camellia oleifera seed on laying
performance, egg quality, serum biochemical parameters, and cecal microflora diversity in laying hens.
Poult. Sci. 2019, 98, 2880-2887. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1111/jpn.12011
http://dx.doi.org/10.3382/ps/pez254
http://www.ncbi.nlm.nih.gov/pubmed/31134274
http://dx.doi.org/10.1007/s12011-016-0721-4
http://www.ncbi.nlm.nih.gov/pubmed/27147433
http://dx.doi.org/10.3382/ps.2011-01661
http://dx.doi.org/10.3382/ps/pez584
http://www.ncbi.nlm.nih.gov/pubmed/31579917
http://dx.doi.org/10.3382/ps/pev104
http://dx.doi.org/10.1093/femsle/fnv122
http://dx.doi.org/10.1093/ps/83.2.200
http://dx.doi.org/10.1111/jpn.12109
http://dx.doi.org/10.1371/journal.pone.0115142
http://dx.doi.org/10.1007/s13205-019-1834-1
http://www.ncbi.nlm.nih.gov/pubmed/31406638
http://dx.doi.org/10.1371/journal.pone.0110076
http://www.ncbi.nlm.nih.gov/pubmed/25329397
http://dx.doi.org/10.3389/fmicb.2017.01310
http://www.ncbi.nlm.nih.gov/pubmed/28744281
http://dx.doi.org/10.5713/ajas.19.0180
http://www.ncbi.nlm.nih.gov/pubmed/31480206
http://dx.doi.org/10.3389/fmicb.2019.01681
http://dx.doi.org/10.3382/ps/pez033
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Histological Study 
	Production Performance 
	Metagenomics 

	Discussion 
	Materials and Methods 
	Ethical Approval 
	Animals and Rearing Conditions 
	Experimental Diets 
	Production Performance 
	Samplings and Necropsy 
	Histology 
	Metagenomics 
	Statistical Analysis 

	Conclusions 
	References

