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ABSTRACT Nutraceuticals are not only nutritionally
beneficial for animals but also their use as feed supple-
ments may reduce environmental contamination. The
effect of fermented defatted “alperujo,” an olive oil by-
product, supplementation on the intestinal health of
broiler chickens was assessed by analyzing the intestinal
mucosal morphology of the duodenum and the cecum.
The microbiota of the cecum was also characterized by
analyzing the V3-V4 region of the 16S rRNA gene on
days 7, 14, 21, 28, 35, and 42. Supplemented broilers from
14 to 35D of age showed an increase in villus height in the
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duodenum. This increase likely improved digestibility
and absorption capacity during growth, leading to the
observed increase in BW at day 35 of life. A progressive
increase in crypt depth in both the duodenum and the
cecum was also observed. This modification likely
enhanced epithelial renewal, thus safeguarding the
turnover capacity of the intestinal mucosa. Our molec-
ular analysis of cecal microbiota suggests that this di-
etary supplement may favor the growth of certain
bacteria and may control the spread of pathogenic bac-
teria by means of competitive exclusion.
Key words: intestinal health, olive oil by-product,
 fermented defatted “alperujo”, histology, microbiota

2020 Poultry Science 99:5308–5315
https://doi.org/10.1016/j.psj.2020.07.015
INTRODUCTION

A healthy gut is critical for the general health and wel-
fare of poultry (Ducatelle et al., 2018). Intestinal health
is a permanent balance that is influenced by the interac-
tions between the gastrointestinal mucosa and environ-
mental factors such as diet and infectious agents,
which in turn, affect the microbiota of the gut (Yegani
et al., 2008). Consequently, the mucosa and microbiota
are the main components involved in determining intes-
tinal health, as well as modulating the immune response
(Yegani and Korver, 2008; Lee et al., 2017; Ducatelle
et al., 2018).
The intestinal mucosa is a dynamic organ that un-

dergoes continuous renewal. Damage to the epithelial
surface leads to morphologic changes in the structure
of villi and crypts (Ducatelle et al., 2018), thus inter-
fering with the proper functioning of the intestinal mu-
cosa. Epithelial injuries result in deficiencies in
nutrient and water absorption and cause an unspecific
immune response. A diet-based approach that estab-
lishes an adequate immune response during early pro-
duction phases may prevent infectious diseases, a
common cause of production losses in the poultry indus-
try (Yegani and Korver, 2008; Rubio, 2019). On the
other hand, the intestinal microbiota, and its interac-
tions with the mucosa and other environmental factors,
plays an important role in the intestinal development
and physiology of poultry. Its role in digestion,
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absorption, and metabolism could directly influence im-
munity and performance (Yadav and Jha, 2019).
In general, diet composition is the main factor that in-

fluences the early development and health of the gastro-
intestinal tract (Rubio, 2019). Differential intake of
components of poultry feed produces changes in both
mucosal morphology and microbiota (Ducatelle et al.,
2018) and can even induce the selection and growth of
certain bacterial strains (Kelly et al., 2017; Lee et al.,
2017; Yadav and Jha, 2019). Numerous dietary supple-
ments, particularly those considered probiotic, prebiotic,
or nutraceutical, have been added to broiler chicken
feed.
Nutraceuticals are substances derived from natural

sources that have benefits other than for nutrition
(Nasri et al., 2014). In recent years, a main focus of ani-
mal research, particularly of poultry science, has been on
the ability of natural compounds to promote a healthy
gut by modifying mucosal morphology and microbiota,
thereby improving the overall health status of chickens.
Supplementation with natural compounds has improved
the productive performance of some farms (Rubio,
2019). Some natural compounds, which are primarily ob-
tained from the food industry, may not only be nutri-
tionally valuable for animals but also their use as feed
supplements may help reduce environmental contamina-
tion (Viveros et al., 2011; Berbel and Posadillo, 2018;
Pappas et al., 2019). In particular, olive oil by-
products, given their high polyphenolic content, have
been associated with antioxidant, anti-inflammatory,
antithrombotic, antimicrobial, and anti-coccidian effects
in poultry (Alu’datt et al., 2010; Gerasopoulos et al.,
2015; Nasopoulou et al., 2018).
The two main centrifugation systems used to obtain

olive oil generate different types of wastes
(Alburquerque et al., 2004). The three-phase extraction
system generates olive mill wastewater and olive cake or
pulp, which, as dietary supplements, have been shown to
improve the organic antioxidant capacity, health status,
and productive performance of broilers (Gerasopoulos
et al., 2015; Sabino et al., 2018; Papadomichelakis
et al., 2019). However, since the early 1990s, two-phase
centrifugation has been the most implemented system,
at least in the Spanish olive oil industry (Alburquerque
et al., 2004). The two-phase system generates a waste
product referred to as two-phase mill waste, “alperujo”
or olive pomace. Of all the olive oil by-products, this
one has been one of the most common to be tested as a
supplement in animal feed (Berbel and Posadillo,
2018). Olive pomace extract has been reported, in partic-
ular, to have anti-inflammatory properties that enhance
gut function in broilers (Herrero-Encinas et al., 2020).
Despite its beneficial effects and in contrast to other

food industry wastes, further processing of “alperujo” is
required before it can be used in animal feed (Berbel
and Posadillo, 2018). “Alperujo” that had been previ-
ously fermented and defatted was recently shown to
enhance intestinal health in laying hens by modifying
the intestinal mucosa and microbiota, in addition to
improving shell hardness (Rebollada-Merino et al.,
2019). After degreasing, the free phenols present in
“alperujo” appear to have the same level of antioxidant
activities as those in full-fat olive cake (Alu’datt et al.,
2010). This observation suggests that modified olive oil
by-products, which can be used directly as dietary sup-
plements, possess the same properties as unmodified
ones. However, the effect of fermented defatted “alper-
ujo” on broiler intestinal health has not been studied to
date.

To evaluate the effect of feed supplementation on in-
testinal health, a multidisciplinary approach is required.
In this context, histomorphologic and microbiota ana-
lyses have been shown to be reliable biomarkers in
chickens (Viveros et al., 2011; Ducatelle et al., 2018).
The aim of this experimental study was to analyze the
potential effect of the modified olive oil by-product fer-
mented defatted “alperujo” on the intestinal health of
broilers by characterizing changes in the mucosal
morphology of the duodenum and the cecum and in
the microbiota of the cecum throughout the production
cycle.
MATERIALS AND METHODS

Ethical Approval

Experimental procedures were approved by the Com-
plutense University of Madrid Animal Care and Ethics
Committee in compliance with the Community of
Madrid (PROEX 152/19). Research met the guidelines
approved by the Institutional Animal Care and Use
Committee.
Birds, Rearing Conditions, and Diet

Sixty 1-day-old male Ross 308 broiler chickens were
obtained from a commercial hatchery and raised in the
laboratory facilities of the VISAVET Health Surveil-
lance Center for 42 D under the same environmental
and light conditions previously used for the species
(Herrero-Encinas et al., 2020). Chickens were physically
separated on arrival into 2 groups: a control group fed
with conventional feed and a treated group whose feed
was supplemented with 2% fermented defatted “alper-
ujo” that was provided by Porres y Barios, S.A.
(C�ordoba, Spain) and the composition and processing
to obtain fermented defatted “alperujo” was previously
described by Rebollada-Merino et al. (2019). Animals
had ad libitum access to feed and water for the duration
of the experiment. They were monitored physically twice
daily and at all times by video cameras.
Postmortem Study and Sample Collection

On posthatching days 7, 14, 21, 28, 35, and 42, five
randomly selected animals from each group were sedated
intramuscularly with diazepam and euthanized with an
overdose of sodium pentobarbital by intravenous injec-
tion. Before the necropsy, each animal was weighed. A
completed and systematic postmortem was performed,
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and duodenum and cecum samples were collected and
fixed in a 10% formaldehyde-buffered solution (Panreac
Química SLU, Barcelona, Spain). In addition, the cecal
content was collected from each animal and preserved
at 280�C for metagenomics studies.

Histomorphometric Study

After routine histopathologic processing and
hematoxylin–eosin staining (Rebollada-Merino et al.,
2019), sections of the duodenum and the cecum were
examined under an optical microscope coupled with a
digital camera, and a blind histomorphometric analysis
was performed at 40 ! magnification. Using an image
analyzer (Leica Application Suite; Leica, Wetzlar, Ger-
many), 20 intact and well-oriented villi and 20 crypts
in the duodenum, as well as 20 crypts in the cecum,
were evaluated per animal.

Statistical Analysis

Differences between the two groups by age were
assessed using the Mann-Whitney test implemented in
IBM SPSS Statistics v25 (IBM, Armonk, NY). Statisti-
cal significance was considered at P , 0.05.

Total DNA Extraction and 16S rRNA Library
Preparation and Sequencing

Total DNA was extracted from 220 mg of the cecal
content using the QIAamp DNA Stool Mini Kit (Qiagen,
Hilden, Germany), as per the manufacturer’s instruc-
tions. DNA concentration was determined using a Qubit
fluorometer (Invitrogen, Carlsbad, CA). Microbial di-
versity was studied by analyzing sequences of the V3-
V4 region of the 16S rRNA gene. The primers and
PCR conditions used for this analysis were as previously
reported (Klindworth et al., 2013). Sample multiplexing,
library purification, and sequencing were carried out as
described in the “16S Metagenomic Sequencing Library
Preparation” guide by Illumina (San Diego, CA). Li-
braries were sequenced on an Illumina MiSeq platform
that provided 300-bp paired-end reads.

Bioinformatics and Data Analysis

Raw demultiplexed sequence data were processed us-
ing QiimeReporter (https://github.com/dabadgarcia/
qiimereporter). This straightforward pipeline for the
analysis of amplicon sequences integrates basic Qiime2
commands (Bolyen et al., 2019)withRprogramming lan-
guage. In brief, the DADA2 package (Callahan et al.,
2016) was used to filter reads, merge paired ends, remove
chimeras, and assign amplicon sequence variants. Then, a
pretrained Naïve Bayes classifier (Wang et al., 2007) was
used to obtain the taxonomic assignment of the amplicon
sequence variants, using the SILVA database v132
(Quast et al., 2013) as a reference, which resulted in a ta-
ble containing the microbial composition for each of the
samples. Raw reads are available in the BioProject
database with ID PRJNA643396 (http://www.ncbi.
nlm.nih.gov/bioproject/643396).
RESULTS

Body Weight

On posthatching days 7, 14, 21, and 28, no BW differ-
ences were observed between the control and supple-
mented groups (Figure 1). However, at 35 D, the mean
BW of the supplemented group was significantly higher
than that of the control (P 5 0.009). At 42 D, the mean
weight of the supplemented group was still higher,
although the difference was not statistically significant
(P 5 0.117).
Histomorphometric Study

The histomorphometric analysis of the duodenum
revealed a significant increase (P, 0.05) in villus height
on days 14, 21, 28, and 35 in the fermented defatted
“alperujo”–supplemented group (Table 1). Duodenal
crypts were significantly deeper in the control group on
days 14 and 42 (P , 0.05); however, the mean values,
although not significant (P . 0.05), were higher in the
supplemented group for the other days. In the cecum,
crypts were significantly deeper in the supplemented
group for all samplings (P , 0.05), except on day 14
(Table 1, Figure 2).
Cecal Microbiota

Nonsignificant variability in bacterial taxonomic rich-
ness at the genus level was observed in the treated ani-
mals (Figure 3). The most abundant bacterial genera
identified at day 7 were Clostridiales (relative abun-
dance: 30.15%), Klebsiella (29.27%), and Escherichia-
Shigella (22.99%) in the control group and Escheri-
chia-Shigella (32.06%), Ruminococcus (25.63%), and
Lachnospiraceae (16.22%) in the treated group. At
day 14, Escherichia-Shigella (45.30 and 39.68% in con-
trol and treated, respectively) and Lachnospiraceae
(20.21 and 9.71%) were most prevalent in both groups,
though in the treated group, Oscillibacter (34.62%)
was also highly abundant. At day 21, Escherichia-
Shigella (48.78%) and Lactobacillus (11.45%) were the
most abundant genera in the control group. By contrast,
in the treated group, Escherichia-Shigella (22.11%),
Oscillibacter (20.47%), and Lachnospiraceae (16.65%)
were most abundant at this stage. At day 28, Lachno-
spiraceae (19.41 and 21.49% in control and treated,
respectively) was predominant in both groups, followed
by Escherichia-Shigella in the control (15.86%) and
Ruminococcus in the treated group (14.66%). At day
35, Bacteroides (24.16%) and Lachnospiraceae
(23.51%) were most abundant in the control and treated
groups, respectively, followed by Escherichia-Shigella in
both groups (13.21% in the control and 15.77% in the
treated). Finally, at day 42, Bacteroides was the most
abundant genus in both groups (35.87% in control and
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Figure 2. Cecum of 28-day-old broilers. Hematoxylin–eosin stained
section of a control (A) and a supplemented (B) cecum. Crypts were
significantly deeper in the supplemented group than those in the control
group. 40 ! , scale bar: 500 mm.
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Figure 1. Effect of supplementation with 2% fermented defatted
“alperujo” on broiler BW (in g) by age. At day 35, the mean BW was
significantly higher in the treated group than that in the control group
(P 5 0.009).
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53.52% in the treated), followed by Lachnospiraceae in
the control group (15.64%) and Escherichia-Shigella in
the treated group (8.13%).
DISCUSSION

Diet supplementation with nutraceuticals, natural
compounds with positive health effects, is an active field
of research in veterinary medicine, particularly in
poultry science. Dietary changes have been shown to
contribute to structural and bacterial modifications in
the intestine that improve intestinal health and, conse-
quently, poultry production performance (Viveros
et al., 2011; Rebollada-Merino et al., 2019; Yadav and
Jha, 2019). After fermented defatted “alperujo”
Table 1. Results of the histomorphometric analysis of the duo-
denum (villus height and crypt depth) and cecum of control
(n 5 100) and supplemented (n 5 100) broilers. Number of sam-
ples (N), mean values in micrometers (Mean), SD, and P-value are
shown for each age group.

Control Supplemented

P-Value1Mean SD Mean SD

Duodenal villus height
7 D 702.31 134.75 670.70 236.95 0.653
14 D 1,068.80 256.09 1,168.35 177.21 0.002
21 D 857.38 302.76 1,303.24 441.13 ,0.001
28 D 1,003.97 303.58 1,422.50 264.57 ,0.001
35 D 990.49 343.05 1,199.55 286.47 ,0.001
42 D 1,196.92 303.79 1,103.85 339.67 0.267

Duodenal crypt depth
7 D 99.13 24.54 105.41 46.84 0.869
14 D 137.32 49.37 123.99 48.23 0.034
21 D 170.49 138.68 177.10 123.20 0.197
28 D 131.40 47.50 138.08 59.72 0.753
35 D 115.35 38.71 122.11 88.47 0.882
42 D 143.47 108.03 130.43 132.68 0.012

Cecal crypt depth
7 D 139.44 78.56 207.81 86.84 ,0.001
14 D 217.02 52.60 207.60 59.38 0.178
21 D 295.57 135.04 449.94 175.81 ,0.001
28 D 391.66 204.00 492.70 245.29 0.007
35 D 294.92 101.62 370.86 122.90 ,0.001
42 D 276.64 106.88 617.00 236.68 ,0.001

1The Mann-Whitney test was used to assess significant differences be-
tween control and supplemented animals.
supplementation, we observed a significant increase in
BW at day 35 of life, which may be confirmed in further
experiments with a higher sample size. Tufarelli et al.
(2016) previously reported a BW increase after olive oil
supplementation in broilers and suggested that lipid con-
tent directly influences weight gain and feed efficiency.
Increased BW has also been attributed to polyphenols
present in olive oil and olive oil by-products (Tufarelli
et al., 2015). However, the results of our histomorpho-
metric study of the duodenum and cecum suggest
improved nutrient absorption in the intestine may be
associated with morphologic changes in the mucosa in
addition to the nutrient composition of the supplement.
Histologic measurements are considered the gold stan-
dard for evaluating intestinal health (Samuel et al.,
2017; Ducatelle et al., 2018) given that they are useful in-
dicators of intestinal mucosal modifications that occur
after dietary supplementation during the production
cycle (Viveros et al., 2011).

We observed a significant increase in duodenal villus
height in supplemented animals from the second to fifth
week of life. This increase may result in a greater absorp-
tion capacity, which may partially explain the greater
weight increase observed in this group, especially in
the final week of production (Viveros et al., 2011;
Samuel et al., 2017; Reis et al., 2018). A similar increase
in villus height has been reported in broilers supple-
mented with the plant-derived phenol gallic acid
(Samuel et al., 2017) and the essential oil carvacrol
(Kelly et al., 2017). In addition, supplementation with
Pulicaria gnaphalodes powder containing a high phenol
content has been associated with a reduction of patho-
genic bacteria in the small intestine, which may be due
to increased mucus secretion by goblet cells (Shirani
et al., 2019). Increases in villus height are thought to
be caused by the action of more transport enzymes in
the enterocytes (Viveros et al., 2011; Ma et al., 2018).
However, a recent study has suggested that phenolic
compounds inhibit digestive enzymes and transporters



Figure 3. Bar chart showing the 11 most abundant bacterial groups found in the cecal content of control and treated broiler chickens. Each bar
represents the relative abundance of bacteria by animal, diet treatment, and age. Relative abundance is shown on the vertical axis and age (7, 14,
21, 35, or 42) and diet (C, control; T, treatment) on the horizontal axis.
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in the enterocytes, delaying the digestion of some macro-
nutrients, such as proteins and carbohydrates, and even
hindering fat absorption (Domínguez-�Avila et al., 2017).
Our results indicate that villus growth in the duodenum
of supplemented broilers is dynamic but not linear: a
progressive increase in intestinal villus height was
observed until it reached a maximum during the fourth
week of life, after which it markedly decreased. Such dy-
namics have not been previously reported in broilers,
mainly because other morphologic studies mainly focus
on the last phases of the production cycle.

In chicken intestines, epithelial cells in the villi are
continuously renewed by crypt stem cells (Ducatelle
et al., 2018). In broilers, the presence of deep crypts
generally implies a better response to potentially harm-
ful events in the villi (Pourabedin and Zhao, 2015;
Ducatelle et al., 2018; Sabino et al., 2018). In our study,
crypts, particularly in the cecum, were deeper in the
treated animals. By contrast, supplementation with
grape products or olive oil wastewater (a three-phase
mill waste), both of which contain high levels of polyphe-
nols, decreases crypt depth in broilers (Viveros et al.,
2011; Sabino et al., 2018). Compared with our study,
in the olive oil wastewater study by Sabino et al.
(2018), animals were supplemented with a lower by-
product concentration for less time, and fewer samplings
were taken for histologic analysis. Therefore, methodo-
logical differences may, in part, account for the contrast-
ing observations between studies. Regardless, in our
study, greater progressive growth in crypt depth was
observed until the fifth week of life, suggesting that fer-
mented defatted “alperujo” improves epithelial renewal,
thus safeguarding the turnover capacity of crypts, which
is critical in the response to potential mucosal injuries,
secondary bacterial infections, or parasitic diseases.
Metagenomic studies of changes in cecal microbiota

can provide insight into potential intestinal health ben-
efits and host–microbiota interactions, despite only
providing limited information on the effect of bioactive
compounds on microbiota (Herrero-Encinas et al.,
2020; Yadav and Jha, 2019; Rychlik, 2020). As physio-
logical changes in intestinal microbiota have been associ-
ated with factors such as age and feed composition
(Videnska et al., 2014; Lee et al., 2017; Ijaz et al.,
2018; Richards et al., 2019; Rychlik, 2020), we evaluated
the microbial composition of the cecum, a main site of
bacterial metabolic activity (Cressman et al., 2010;
Richards et al., 2019; Yadav and Jha, 2019; Rychlik,
2020), throughout the productive life of broilers.
In our microbiota analysis, Enterobacteriaceae was

the most prominent family, consistent with the findings
of a previous study analyzing cecal microbiota in broilers
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after Lactobacillus acidophilus supplementation (De
Cesare et al., 2017). Specifically, during the first day of
life, Escherichia-Shigella and Klebsiella were the most
represented genera; however, their relative abundances
decreased progressively thereafter. These results are in
line with those reported by Ijaz et al. (2018) and
Rychlik (2020). Some authors have hypothesized that
a high level of dietary fiber accounts for the reduction
of these bacteria in the gut (Walugembe et al., 2015).
The fermented defatted “alperujo” supplement also has
a high fiber content (Rebollada-Merino et al., 2019), sup-
porting the idea that fiber hinders the growth of Entero-
bacteriaceae. In addition, some Enterobacteriaceae
genera may be pathogenic (Ma et al., 2018), thus fer-
mented defatted “alperujo” supplementation in broilers
may act to reduce the abundance of these bacteria in
the gut, resulting in less epithelial damage and inflam-
mation. The reduced abundance of these bacteria in
the cecum potentially explains the observed differences
in crypt depth between 21 and 28 D of life.
In contrast, Oscillibacter abundance increased in the

supplemented group from 14 to 35 D of life. Oscillibacter
is a butyrate-producing bacterium that is hypothesized
to increase short-chain fatty acid availability in the in-
testinal lumen (Rychlik, 2020).
At 42 D, the microbiota of supplemented broilers was,

in general, similar to that of the control. One difference
was the higher relative abundance of Bacteroides, at
the expense of Lachnospiraceae and Ruminococcus, in
the supplemented group. Bacteroides, which has been
reported to be predominant in broilers around this age
(Lee et al., 2017), increases propionic acid generation
in the cecum, which may correspond to a reduction of
fat synthesis in the liver (Qi et al., 2019) that, in turn,
prevents hepatic steatosis.
We also noted some contradictory results in our anal-

ysis of microbiota composition with respect to the abun-
dance of Ruminococcaceae and Lactobacillus and overall
bacterial diversity. Ruminococcaceae has been associ-
ated with an increase in BW after Bacillus subtilis sup-
plementation in broilers (Ma et al., 2018). In our
study, Ruminococcaceae was underrepresented in the
supplemented animals, yet we found significant differ-
ences in the BW of 35-day-old broilers between the
two groups. This result suggests that low levels of Rumi-
nococcaceae do not necessarily decrease BW and that
the BW increase observed in fermented defatted “alper-
ujo”–supplemented animals is likely influenced by some
other microbial interaction. Lactobacillus appears to
reduce the antigen load from resident bacteria, thus hav-
ing an anti-inflammatory effect in the gut (De Cesare
et al., 2019). Here, we observed a lower relative abun-
dance of Lactobacillus in the supplemented group at all
time points, except 35 D of life, which is also when crypt
depth diminished in these animals. Finally, in contrast
with other broiler studies, we found one of the highest
levels of bacterial diversity at 42 D of life (Herrero-
Encinas et al., 2020; Kumar et al., 2019).
To summarize, fermented defatted “alperujo” supple-

mentation in broilers improves villus height in the
duodenum at early life stages. This likely increases di-
gestibility and absorption capacity during growth, lead-
ing to an increase in BW at day 35 of life. Moreover, we
suggest that the greater progressive increase of crypt
depth observed in both the duodenum and the cecum af-
ter supplementation leads to enhanced epithelial
renewal, thus safeguarding the turnover capacity of the
intestinal mucosa. Finally, the microbiota composition
of supplemented broilers is dynamic: Enterobacteriaceae
dominates during the first ws of life but then is replaced
by Oscillibacter and Lachnospiraceae followed by Bac-
teroides at the end of the production cycle. These micro-
biota changes suggest that the fermented defatted
“alperujo” dietary supplement may favor the growth of
certain bacteria and may control the spread of patho-
genic bacteria by means of competitive exclusion.
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