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Abstract

Background: Fruit pomaces are by-products rich in polyphenol compounds and dietary fiber. They seem to play
an important role in regulating the gut microbiota, morphology and physiology. The aim of this study was to
assess whether apple (A), blackurrant (B) or strawberry (S) pomaces could be suitable ingredients in broiler diets
and their effect on gut health. A total of 480 male broilers were randomly allotted to 8 dietary treatments with
lower (3%-L) or higher (6%-H) dietary fiber content: two control groups (CL/CH), two A diets (AL/AH), two B diets
(BL/BH), two S diets (SL/SH). Diet and fruit pomaces were chemically analyzed to assess polyphenol concentration
and fibre fraction content. After the evaluation of growth performance, 6 birds/group were slaughtered at 35 days
of age. Morphometric and histopathological investigations were performed on duodenum, jejunum and ileum.
Excreta were collected to perform microbiota evaluation by 16S DNA sequencing. Weight, viscosity, enzymatic
activity, short chain fatty acid (SCFAs) and ammonia concentration were determined in ileum and/or ceca content.

Results: A pomace and A diets showed the lowest polyphenol content and the highest content of soluble fibre
fraction. No significant differences were observed for growth performance, gut morphometry and histopathology
(P > 0.05). Dietary fruit pomace inclusion increased the weight of ileum and ceca and the ileum digesta viscosity
(P < 0.05). In the ileum, A and S groups showed lower bacterial α-glucosidase activity than C groups. Moreover,
small intestine SCFAs concentration was higher in fruit pomaces diets (P < 0.05). In ceca, B and S groups showed
lower ammonia concentration and higher SCFAs than C. Dietary treatments also influenced the activity of α-
glucosidase, α-galactosidase, β-galactosidase β-glucuronidase and xylase. Regarding microbiota, at phylum level,
Firmicutes were differentially abundant across treatment (maximum for C and minimum in S, FDR > 0.05). At genus
level, an increase of Weissella in AH and Erwinia in S/B diets, as well as a decrease of Lactobacillus in all fruit pomace
groups were recorded (P < 0.05).

Conclusions: Fruit pomaces could be suitable ingredients in poultry nutrition even if further studies are needed to
better understand which doses is more recommended to avoid negative effects on gut microbiota.
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Introduction
Fruit juice production resulted in a considerable amount
of by-products that are rich sources of bioactive com-
pounds [1]. Researches demonstrated that fruit pomaces
are rich in phenolic compounds, particularly seeds and
peel [2–4]. It is well known that polyphenols seemed to
be responsible for many health benefits often associated
with a lower risk of chronic diseases [5–7]. Moreover,
the antioxidant compounds in fruit pomaces could be
used for increasing the stability of foods by preventing
lipid peroxidation and oxidative damage in living sys-
tems by scavenging oxygen free radicals [8]. To reduce
production waste, these by-products can be utilized as a
novel, low-cost, and natural sources of dietary fiber and
antioxidants in poultry nutrition. In fact, dried fruit
pomaces contain around 50–70% of dietary fibers, and
they are rich source of polyphenols [9, 10]. On one hand,
high contents of dietary polyphenol in chicken diets (2.5
g/kg or more) might reduce ileal protein digestibility
and weight gain, with a negative influence on feed con-
version in birds [11]. On the other hand, balanced diet
with increased level of polyphenol can prevent lipid oxi-
dation in broiler diets that contain high levels of unsat-
urated fatty acids [12]. Furthermore, polyphenolic profile
in diet may also play a significant role in regulating the
microbial activity of the gastrointestinal tract, and thus
the physiological morphology and functionality of intes-
tine [13]. Recently, different type of fruit pomaces have
been studied as a novel food in poultry nutrition. In par-
ticular, some studies showed that dried fruit pomaces
from berries added to diets increased oxidative stability
of the turkey meat and did not impair the growth per-
formances [10, 14]. Furthermore, Goni et al., [12] stated
that grape pomaces can be effectively incorporated into
maize-soybean basal diets for broiler chickens. Akhlaghi
et al., [15] also performed nutritional studies on roosters
and concluded that long-term administration of dried
apple pomace improved their reproductive perfor-
mances. However, nowadays fruit pomaces are used in
poultry nutrition only locally, mostly in developing
countries, to reduce feed costs [16]. There is still little
knowledge on how the dosage and the type of fruit pom-
ace may affect the growth performances, feed utilization
and physiology of broilers. Therefore, the aim of this
study was to evaluate the effects of dried fruit pomaces
(apple, blackcurrant and strawberry pomaces) inclusion
on growth performance, intestinal morphology and
physiology of broiler chickens.

Materials and methods
Birds and husbandry
The trial was carried out at the Research Laboratory of
the Department of Poultry Science, University of War-
mia and Mazury in Olsztyn (Poland) in cooperation with

the University of Torino and the Institute of Animal
Reproduction and Food Research of PAS in Olsztyn.
The experimental protocol was approved by the Local
Animal Care and Use Committee (Decision No. 2/2018;
Olsztyn, Poland), and the study was carried out in ac-
cordance with EU Directive 2010/63/EU for animal ex-
periments. The temperature and lighting program were
consistent with the recommendations of Aviagen Group
[17]. The birds had free access to feed and water. A total
of 480 Ross 308 male broilers at one-day of age were
randomly allotted to 8 dietary treatments, each consist-
ing of 6 pens as replicates with 10 birds per pen. The
one-day-old chickens were purchased from a commer-
cial hatchery (Animex Group, Sokolka, Poland).

Diets
A control diet (C) based on wheat, corn meal and soybean
meal was formulated and Vitacel® cellulose (Rettenmaier,
Warsaw, Poland) preparation was added as fibre compo-
nent. Apple pomace (A), blackcurrant pomace (B) and
strawberry pomace (S), dried in the SB-1.5 rotary drum
dryer for biomass residues, were supplied by Agro-Bio-
Produkt Sp. z o.o. in Grodkowice (Poland), and were
added to the experimental diets at 3% (L, low cellulose) or
6% (H, high cellulose) inclusion levels as a fibre source.
Crude fibre content was estimated at 3.2–3.3% (L) and
3.9–4.0% (H) in all the diets, respectively. For each dietary
treatment, diets were divided into two phases: a starter
diet (1–14 days) and a grower/finisher diet (15–35 days)
(Table 1). The nutritional value of the experimental diets
met the broiler nutrient requirements [18].

Chemical analyses of pomaces and experimental diets
Fruit pomaces were analysed to establish the dry matter,
crude protein, crude fat, crude fibre, crude ash, total
dietary fibre and soluble and insoluble fibre fraction
(TDF, SDF, IDF, respectively) according to AOAC Inter-
national [19] [see Additional file 1]. Selected macroele-
ments (Ca, K, P, Mg, Na) were also determined for
apple, blackcurrant and strawberry pomaces. The sam-
ples were mineralized in a mixture (3:1) of nitric and
perchloric acids (Merck, Darmstadt, Germany) to deter-
mine the mineral composition of pomaces. Weighed
samples were mineralized in a VELP DK 20 electric alu-
minium heating block with selectable temperatures
(VELP Scientifica, Usmate Velate, Italy). The Ca, K, Mg
and Na contents of mineralized samples were deter-
mined by flame atomic absorption spectrometry (acetyl-
ene-air flame). The analysis was performed using a
Unicam 939 Solar atomic absorption spectrophotometer
equipped with an Optimus data station, background cor-
rection system (deuterium lamp) and cathode lamps.
The P content of mineralized samples was determined
by colourimetry using ammonium molybdate, Na
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sulphate and hydroquinone. Absorbance was measured
in a VIS 6000 spectrophotometer (Krüss–Optronic,
Hamburg, Germany) at a wavelength of λ = 610mm. In
the pomaces and in the experimental diets the poly-
phenolic fraction and TDF, SDF, IDF were analysed. The
content of the nutrients and non-nutrients in the diets
was calculated according to the Polish Feedstuff Analysis
Tables [20] and the analysed fruit pomaces.
High-performance liquid chromatography diode array

detector (HPLC DAD) was used for the determination
of polyphenolic content in fruit pomaces and experi-
mental diets. Analysis of polyphenols by HPLC DAD
was performed by using a Smartline chromatograph
(Knauer, Berlin, Germany) with a PDA detector and a
Gemini 110A 5 μm C18 column (250 mm× 4.60mm)
(Phenomenex, Torrance, USA) at 35 °C with a flow rate
1.25 mL/min. Phase A was phosphoric acid in water
(0.05/99.95, v/v), and phase B was phosphoric acid,
acetonitrile, and water (0.05/83/16.95, v/v). The gradient
was as follows: 0–5 min, 4% B; 5–12.5 min, 4–15% B;
12.5–42.5 min, 15–40% B; 42.5–51.8 min, 40–50% B;
51.8–53.4 min, 50–55% B; and 53.4–55min, 4% B. De-
tection was at 250 nm (ellagitannins), 360 nm (ellagic
acid, quercetin, and kaempferol glycosides as well as
aglycons, phloridzin), and 520 nm (anthocyanins). The

standards applied were cyanidin-3-O-glucoside,
pelargonidin-3-O-glucoside ellagic acid, kaempferol,
kaempferol-3-O-glucoside, quercetin, and quercetin-3-
O-glucoside, phloridzin, chlorogenic acid tiliroside
(Extrasynthese, Genay, France). Agrimoniin standard
was obtained as described by Sójka et al. [21]. The total
polyphenol content was determined spectrophotometric-
ally according to Singleton and Rossi [22]. Procyanidins
were determined by excess phloroglucinol degradation
method according to Kennedy and Jones [23] .

Growth performance
The trial lasted 35 days. The body weight (BW) and the
body weight gain (BWG) were recorded on days 14 and
35. Mortality rate was monitored daily. Daily feed intake
(DFI) and feed conversion ratio (FCR) were calculated
for the whole experimental period (1–35 days).

Pre-slaughter procedures
At day 34, all birds were individually weighed and 12
birds/diet were selected on the basis of pen average live
weight, tagged and fasted for 8 h. The birds were elec-
trically stunned (400mA, 350 Hz), hung on a shackle
line and exsanguinated by a unilateral neck cut severing
the right carotid artery and jugular vein.

Table 1 Composition of diets fed to broilers at starter and grower period, %

Starter diets (days 1–14) Grower diets (days 15–35)

CL CH AL AH BL BH SL SH CL CH AL AH BL BH SL SH

Wheat 43.0 43.0 37.9 32.9 39.2 35.5 39.3 35.5 47.0 46.9 42.0 36.9 43.3 39.6 43.3 39.6

Corn 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0 20.0

Soybean meal 29.6 29.6 30.5 31.3 29.5 29.4 29.5 29.3 24.5 24.5 25.3 26.1 24.4 24.3 24.3 24.1

Cellulose 0.70 1.38 – – – – – – 0.70 1.38 – – – – – –

Apple pomace – – 3.00 6.00 – – – – – – 3.00 6.00 – – – –

Blackcurrant pomace – – – – 3.00 6.00 – – – – – – 3.00 6.00 – –

Strawberry pomace – – – – – – 3.00 6.00 – – – – – – 3.00 6.00

Soybean oil 2.83 2.83 4.02 5.22 3.58 4.33 3.62 4,42 4.47 4.52 5.67 6.86 5.23 5.98 5.27 6.07

Sodium bicarbonate 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15

Fodder salt 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23 0.23

Limestone 1.29 1.29 1.27 1.25 1.28 1.27 1.28 1.27 1.09 1.02 1.08 1.06 1.08 1.07 1.09 1.08

Mon-Ca phosphate 0.87 1.19 1.60 1.64 1.60 1.64 1.60 1.64 0.53 0.53 1.26 1.29 1.26 1.29 1.26 1.29

DL-Methionine 99 0.37 0.37 0.38 0.39 0.39 0.41 0.39 0.41 0.34 0.34 0.35 0.36 0.36 0.38 0.36 0.38

L- Lysine 99 0.33 0.33 0.33 0.32 0.35 0.38 0.36 0.38 0.35 0.35 0.34 0.33 0.37 0.39 0.37 0.39

L-Threonine 0.15 0.15 0.15 0.15 0.16 0.18 0.16 0.18 0.16 0.18 0.16 0.16 0.17 0.19 0.17 0.19

Vit-min premixa 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50

CL Control diet with 3% of cellulose; CH control diet with 6% of cellulose; AL 3% inclusion level of apple pomace; AH 6% inclusion level of apple pomace; BL 3%
inclusion level of blackcurrant pomace; BH 6% inclusion level of blackcurrant pomace; SL 3% inclusion level of strawberry pomace; SH 6% inclusion level of
strawberry pomace
aContents per kg feed: vitamin A, 12,500 IU; vitamin D3, 3,500 IU; vitamin E, 50 mg; vitamin K3, 3 mg; vitamin B1, 3 mg; vitamin B2, 8 mg; vitamin B6, 5 mg; vitamin
B12, 0.025 mg; biotin, 0.25 mg; calcium pantothenate, 12 mg; nicotinic acid, 50 mg; folic acid, 2 mg; choline chloride, 400 mg; Fe, 50 mg; Mn, 100 mg; Zn, 100 mg;
Cu, 12 mg; I, 1 mg; Se, 0.3 mg
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Histomorphological investigations
Six birds per feeding group were submitted to intestinal
morphometric investigations and histopathological
evaluation. Samples of duodenum, jejunum and ileum
were excised and flushed with 0.9% saline to remove all
the content. The collected segments of intestine were
the loop of duodenum, the tract before Meckel’s diver-
ticulum (jejunum) and the tract before the ileocolic
junction (ileum). Gut segments were fixed in 10% buff-
ered formalin solution for morphometric analysis. Tis-
sues were routinely embedded in paraffin wax blocks,
sectioned at 5 μm thickness, mounted on glass slides and
stained with Haematoxylin & Eosin (HE). The evaluated
morphometric indices were villus height (Vh, from the
tip of the villus to the crypt), crypt depth (Cd, from the
basis of the villus to the submucosa), and the villus
height to crypt depth (Vh/Cd) ratio, [24]. Morphometric
analyses were performed on 10 well-oriented and intact
villi and 10 crypts chosen from duodenum, jejunum, and
ileum [25]. The observed histopathological findings were
evaluated using a semi-quantitative scoring system as
follows: absent (score = 0), mild (score = 1), moderate
(score = 2) and severe (score = 3). Gut histopathological
findings were separately assessed for mucosa (inflamma-
tory infiltrates) and submucosa (inflammatory infiltrates
and Gut-Associated Lymphoid Tissue [GALT] activa-
tion) for each segment. The total score of each gut seg-
ment was obtained by adding up the mucosa and
submucosa scores.

Small intestinal and cecal physiological indices
Six birds per group were submitted to intestinal physio-
logical measurements (small intestine-SI and ceca-Ce).
As soon as possible after euthanasia (ca. 10 min), pH
was measured directly in the ileum and the ceca using a
microelectrode and a pH-ion meter (model 301, Hanna
Instruments, Vila do Conde, Portugal). Samples of ileal
(middle 1/3 section of the segment) content were col-
lected for the analysis of viscosity, enzymatic activity and
short-chain fatty acids (SCFAs) content. Pooled samples
of ileal digesta were vortexed and centrifuged at 7,211×g
for 10 min. The supernatant fraction (0.5 mL) was placed
in the Brookfield LVDV-II+ cone-plate rotational visc-
ometer (CP40; Brookfield Engineering Laboratories,
Stoughton, MA, USA), and the viscosity of pooled sam-
ples was measured at a constant temperature of 39 °C
and a shear rate of 60 s− 1. Viscosity was recorded as ap-
parent viscosity. Fresh samples of the cecal contents
were used for the analysis of dry matter (DM), ammonia
and enzymatic activity. The DM content of cecal digesta
was determined at 105 °C. Ammonia was extracted from
fresh cecal digesta, trapped in a solution of boric acid in
Conway dishes and determined by direct titration with
sulphuric acid [26].

The SCFA concentration in ileal and cecal digesta was
analysed by gas chromatography (GC) (Shimadzu GC-
2010, Kyoto, Japan). The detailed description of SCFA
GC analyses methods were provided previously in
Zduńczyk et al. [27]. The concentration of ileal/cecal pu-
trefactive SCFA (PSCFA) were calculated as the sum of
iso-butyrate, iso-valerate and valerate in digesta. All
SCFA analyses were performed in duplicate. Pure acetic,
propionic, butyric, iso-butyric, iso-valeric and valeric
acids were obtained from Sigma (Poznan, Poland), and
they were combined to create a standard plot and calcu-
late the amount of each acid. The additional set of pure
acids was included in each GC run at five sampling in-
tervals to maintain calibration. The activity of jejunal
mucosal maltase was assayed as described by Opyd et al.
[28]. The activity of bacterial enzyme α-glucosidase in
the ileal digesta as well as activities of cecal bacterial en-
zymes (α-glucosidase, α- and β-galactosidase, β-
glucuronidase, α-arabinofuranosidase, and β-xylosidase)
were measured by the rate of release of p-nitrophenol or
o-nitrophenol from the respective nitrophenylglucosides,
according to Grzelak-Blaszczyk et al. [29]. Enzyme activ-
ity was expressed in μmol of the product formed per
hour per gram of ileal digesta or per gram of protein in
the cecal digesta. Protein content of the cecal digesta
was determined by the Lowry’s method using the Folin
phenol reagent and bovine serum albumin as standard.
All analyses were performed in duplicate. After digesta
sampling, the small intestine and the ceca was flushed
with water, blotted on filter paper and weighed.

Excreta microbiota characterization
At the end of the trial, in order to collect excreta sam-
ples, all the birds were removed from each pen and
housed in wire-mesh cages (100 cmwidth × 50 cm
length) for 120 min to collect fresh excreta samples in
order to obtain six replicates/treatment. Samples were
pooled (by pen/replicate) and then transferred with a
sterile spatula in an eppendorf tube to be stored at −
80 °C prior DNA extraction and sequencing. Total DNA
was extracted from the samples using the RNeasy Power
Microbiome KIT (Qiagen, Milan, Italy) following the
manufacturer’s instructions. One microliters of RNase
(Illumina Inc, San Diego, CA, USA) was added to digest
RNA in the DNA samples with an incubation of 1 h at
37 °C. DNA directly extract from excreta samples was
used to assess the microbiota by the amplification of the
V3-V4 region of the 16S rRNA gene using primers and
protocols according to the 16S metagenomic sequencing
library preparation instructions. The paired-end sequen-
cing reaction (2 × 250 bp) was performed using the Illu-
mina MiSeq platform according to the manufacturer’s
instructions.
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Bioinformatics and statistical analysis
The data were analysed using Statistica 12.0 Software
and IBM SPSS Statistics V25.0.0 software. Individual
birds were considered as experimental units to analyse
gut morphology and intestinal parameters while each
pen was considered as experimental unit for growth per-
formances. The Shapiro–Wilk test was used to test the
normality of the data distribution before statistical ana-
lyses. Data were described by mean and standard devi-
ation (SD) or median and interquartile range (IR)
depending on data distribution. Bivariate analysis was
performed by Chi-square, Kruskall Wallis and one-way
ANOVA test. Variables that shown significant differ-
ences in bivariate analysis were analysed by two-way
ANOVA (IBM SPSS General Linear Model-Univariata).
The model allowed the evaluated variables to depend on
three fixed factors (diet, cellulose level, and interaction
between diet and cellulose level). The interactions be-
tween the levels of the fixed factors were evaluated by
pairwise comparisons (Tukey Test). In order to explore
the magnitude and attitude of the relationship between
diet and the most relevant gut parameters (SI weight, SI
viscosity, SI SCFA, SI PSCFA, SI butyric acid, Ce weight,
Ce SCFA, Ce PSCFA and Ce butyric acid), linear regres-
sion was performed using the following equation: Y =
β0 + β1X1 + β2X2 + β3X3 + β4X4. where Y = dependent var-
iables, β1X1, β2X2, β3X3 = dummy variables of diets (A,
B, S), β4X4. = cellulose level. P values < 0.05 were consid-
ered statistically significant.
For microbiota analysis, paired-end reads were first

merged using FLASH software [30] with default parame-
ters. Joint reads were further quality filtered (at Phred <
Q20) using QIIME 1.9.0 software [31] and the pipeline
recently described [32]. A filtered OTU table was gener-
ated at 0.1% abundance in at least 2 samples through
QIIME. Alpha diversity indices were calculated using the
diversity function of the vegan package [33]. OTU table
and alpha diversity index were used to find differences
as a function of the dietary inclusion by using the Wil-
coxon rank sum test. A Generalized Linear Model was
used in order to test the importance of continuous or
discrete variables available for the birds (sampling time
and diet) on the relative abundance of bacterial genera
or family.

Results
Chemical analyses of pomaces and experimental diets
The fruit pomaces used as feed components in the
present trial differed in the content and composition
of nutrients and non-nutrients, including fibre and
polyphenolic fractions [see Additional file 1]. In com-
parison with the other pomaces, the A pomace was
characterized by a lower content of crude protein and
crude fat and relatively low concentrations of crude

ash. In comparison with A pomace, crude fibre levels
were lower in B and higher in S pomace. Total diet-
ary fibre (TDF) content was comparable in the A and
B pomaces (60.8% and 60.6%, respectively), while the
S pomace showed lower TDF content (52.8%) than A
and B diets. Moreover, A and B pomaces contained
9.1% and 7.7% of soluble fibre fraction (SDF), whereas
S contained only traces of this fibre fraction (0.40%).
The insoluble dietary fibre fraction (IDF) content was
similar in all the pomaces (51.7–52.9%). In all the
analysed fruit pomaces, procyanidins were the domin-
ant polyphenolic fraction. The lowest concentration of
polyphenols was noted in the A pomace (8.43 mg/g in
HPLC analysis), which contained procyanidins (6.75
mg/g) and small amounts of chlorogenic acid (0.26
mg/g), quercetin glucosides (0.83 mg/g) and phloridzin
(0.55 mg/g). The B pomace was characterized by more
than 3-fold higher polyphenol content (26.7 mg/g) in
comparison with the A groups, also containing antho-
cyanins (3.74 mg/g) and myricetin glycosides (0.34 mg/
g) in addition to procyanidins (22.5 mg/g). The high-
est concentration of polyphenols was attributed to the
S pomace (28.9 mg/g). The polyphenolic fraction of
strawberry pomace was composed of procyanidins
(15.8 mg/g), ellagitannins (11.2 mg/g) and small con-
tent of tiliroside, ellagic acid, quercetin glycosides and
anthocyanins (0.85, 0.57, 0.27, and 0.14 mg/g,
respectively).
The above-mentioned differences in the polyphenolic

compounds in fruit pomaces also influenced the ana-
lysed content of total polyphenols and procyanidins in
the experimental diets fed to broilers during the starter
and grower-finisher feeding periods [see Additional file 2].
In comparison with the control diet, as observed for
apple pomaces, the lowest increase in polyphenol levels
was noted in AL and AH diets.

Growth performance
Growth performances of the broiler chickens were sum-
marized in Additional file 3. Dietary inclusion of fruit
pomaces did not significantly influence the growth per-
formance (P > 0.05). The mortality rates were low in all
groups (0.0–3.7%) and were not affected by dietary treat-
ments (P > 0.05).

Histomorphological investigations
Data regarding histomorphological investigations are re-
ported in Table 2. No statistically significant differences
were recorded for Vh and Cd in duodenum, jejunum
and ileum (P > 0.05). However, duodenum and jejunum
showed higher Vh and Vh/Cd when compared to ileum.
Histopathological alterations developed in all the intes-
tinal segments, for all the dietary treatments. Occasional,
mild to moderate lymphoplasmacytic infiltrates and
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lymphoid tissue hyperplasia were observed in duode-
num, jejunum, ileum and ceca. Dietary apple, blackcur-
rant and strawberry pomace inclusion did not affect the
severity of the observed histopathological alterations
(P > 0.05).

Small intestinal parameters
The evaluated small intestinal parameters were summa-
rized in Table 3. The effect of diet, cellulose level and
interaction between them over the small intestine vari-
ables are reported in Table 4. In order to explore the
magnitude and attitude of the relationship between diet
and the evaluated parameters, linear regression results
are reported in Table 5. SI weight means showed signifi-
cant differences among the dietary treatments (P <
0.001). In particular, it depends on diet (P < 0.001) and
cellulose level (P = 0.03): C groups presented a lower SI
weight when compared to A, B and S diets with the
weight being also greater in the H diet than in the L diet.

Linear regression showed that the higher increase in
term of SI weight was given by A diet (P < 0.001). In fact,
changing form C to A diet would increase small intes-
tine weight of 5.863 g/kg BW. Moreover, SI weight
would increase of 1.871 g/kg BW when L diet is replaced
by H diet (P = 0.042). SI digesta viscosity significantly
differed among the groups and it was influenced only by
diet (P < 0.001). In particular, C, B and S diets showed a
lower viscosity when compared to A diets (P = 0.003).
Linear regression showed that changing from C to A diet
would increase viscosity of 0.528 mPa·s (P < 0.0001).
Moreover, also SCFAs and PSCFAs concentration was
influenced by diet (P = 0.001) and by interaction between
diet and cellulose level (SCFAs only, P = 0.01) with a
higher amount of SCFA in A, B and S diets when com-
pared to C groups and a lower amount of PSCFAs in B
and S diet than in A and C diets (P < 0.001). In particu-
lar, acetic and butyric acid concentration was higher in
the small intestine of fruit pomace dietary treatments

Table 2 Histomorphological evaluation of small intestine and ceca of the broiler chickens
Diet groups

General variables CL CH AL AH BL BH SL SH P-value

Villus height, mm

Duodenum* 3.2 (0.13) 2.9 (0.4) 2.6 (0.4) 2.9 (0.6) 3.1 (0.4) 3.1 (0.4) 3.0 (0.5) 2.5 (0.4) 0.068

Jejunum* 2.1 (0.5) 1.8 (0.5) 2.1 (0.4) 1.8 (0.4) 1.9 (.03) 1.7 (0.3) 1.9 (0.6) 1.9 (0.4) 0.774

Ileum** 1.24 (1.0–1.5) 1 (0.8–1.0) 1.3 (1.1–1.4) 1.2 (1.1–1.4) 0.9 (0.8–0.9) 1.1 (1.0–1.4) 1.1 (0.8–1.6) 1 (0.9–1.1) 0.056

Crypth depth, mm

Duodenum* 0.19 (0.01) 0.2 (0.01) 0.19 (0.03) 0.23 (0.03) 0.19 (0.05) 0.21 (0.03) 0.21 (0.04) 0.18 (0.04) 0.378

Jejunum** 0.19 (0.17–
0.21)

0.16 (0.14–
0.19)

0.22 (0.21–
0.25)

0.21 (0.19–
0.22)

0.22 (0.21–
0.25)

0.19 (0.15–
0.21)

0.19 (0.17–
0.22)

0.18 (0.17–
0.19)

0.197

Ileum** 0.17 (0.15–
0.18)

0.17 (0.16–
0.19)

0.17 (0.16–0.2) 0.18 (0.16–0.2) 0.19 (0.18–0.2) 0.17 (0.17–0.2) 0.18 (0.17–
0.21)

0.17 (0.15–
0.19)

0.703

Villus height/crypt depth ratio, mm/mm

Duodenum* 16.3 (1.2) 14.5 (1.8) 13.4 (3.2) 12.5 (2.7) 16.7 (4.5) 14.7 (2.4) 14.4 (2.5) 13.9 (2.1) 0.159

Jejunum** 10.9 (8.9–13) 10.3 (10–10.6) 10.2 (9.5–10.4) 8.3 (7.0–9.6) 8.7 (7.6–10.1) 8 (8.0–8.1) 9.8 (8.4–10.9) 9.9 (9.4–10.3) 0.177

Ileum** 7.5 (6.1–8.6) 5.2 (4.8–5.8) 7.3 (5.8–8.3) 6.5 (6–8.7) 4.8 (4.7–4.9) 5.9 (5.7–6.9) 5.9 (5.4–6.8) 6.1 (4.4–6.6) 0.022

Duodenum
inflammation, n (%)

0.097

Normal 2 (33.3) 2 (33.3) 2 (33.3) 6 (100) 2 (33.3) 2 (33.3) 1 (16.7) 4 (66.7)

Mild-Moderate 4 (66.7) 4 (66.7) 4 (66.7) 0 (0) 4 (66.7) 4 (66.7) 5 (83.3) 2 (33.3)

Jejunum inflammation, n (%) 0.548

Normal 4 (66.7) 1 (16.7) 2 (33.3) 3 (50) 4 (66.7) 4 (66.7) 3 (50) 4 (66.7)

Mild-Moderate 2 (33.3) 5 (83.3) 4 (66.7) 3 (50) 2 (33.3) 2 (33.3) 3 (50) 2 (33.3)

Ileum inflammation, n (%) 0.619

Normal 4 (66.7) 3 (50) 1 (16.7) 4 (66.7) 2 (33.3) 2 (33.3) 3 (50) 2 (33.3)

Mild-Moderate 2 (33.3) 3 (50) 5 (83.3) 2 (33.3) 4 (66.7) 4 (66.7) 3 (50) 4 (66.7)

Ceca inflammation, n (%) 0.120

Normal 4 (66.7) 3 (50) 6 (100) 3 (50) 4 (66.7) 6 (100) 6 (100) 5 (83.3)

Mild-Moderate 2 (33.3) 3 (50) 0 (0) 3 (50) 2 (33.3) 0 (0) 0 (0) 1 (16.7)

CL Control diet with 3% of cellulose; CH control diet with 6% of cellulose; AL 3% inclusion level of apple pomace; AH 6% inclusion level of apple pomace; BL 3%
inclusion level of blackcurrant pomace; BH 6% inclusion level of blackcurrant pomace; SL 3% inclusion level of strawberry pomace; SH 6% inclusion level of
strawberry pomace. SD standard deviation; IR interquartile range. *mean (SD), **median (RI)
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than in C diets (P < 0.001). Linear regression showed
that replacing C diet with S diet would increase SCFAs
of 1.37 μmol/g of digesta and decrease PSCFAs of
0.052 μmol/g of digesta, followed by B diet (0.657 μmol
SCFAs more/g of digesta and 0.057 μmol PSCFAs less/g
of digesta) (P < 0.001). S diet also produced the highest
increase in butyric acid concentration with 0.088 μmol
more per gram of digesta in comparison to C group
(P < 0.001). Regarding enzymatic activity in the small in-
testine, α-glucosidase was influenced by diet (P < 0.0001)
and by the interaction between diet and cellulose level
(P = 0.0012) with a higher activity in C and B chickens
than in A and S animals (P < 0.001). No significant dif-
ferences were observed in terms of pH, digesta weight
and maltase activity (P > 0.05).

Cecal parameters
Dietary treatment affected different cecal parameters
(Table 6). The effect of diet, cellulose level and inter-
action between them over the cecal variables are re-
ported in Table 4. In order to explore the magnitude
and attitude of the relationship between diet and the
evaluated parameters, linear regression results are re-
ported in Table 5. Ce weight was influenced only by diet
(P = 0.0048). No significant differences were recorded
comparing C diets with fruit pomaces diets while a
greater increase in the Ce weight was observed in A diet
than in B diet (P = 0.010). In fact, linear regression
showed that replacing C diet with A diet would increase

the Ce weight of 0.49 g/kg BW (P = 0.027). Moreover,
ammonia concentration depended only on diet (P <
0.001): a higher ammonia concentration was observed in
C group in comparison to B and S groups (P = 0.003).
As observed in the small intestine, SCFAs and PSCFAs
concentration in ceca were influenced by diet
(P = 0.0023 and P = 0.0036, respectively) and interaction
between diet and cellulose level (SCFAs only,
P = 0.0033) with a higher concentration of SCFAs and a
lower amount of PSCFAs in B and S diets when com-
pared to C (P < 0.001 and P = 0.002, respectively). Par-
ticularly, acetic/butyric acid concentration was higher
and propionic /isovaleric acid concentration was lower
in B and S groups than in C group. Linear regression
showed that changing form C to B diet would increase
the amount of SCFAs of 16.939 μmol/g of digesta (P =
0.004) and decrease PSCFAs of 0.963 μmol/g of digesta
(P = 0.006) while S diet would increase SCFAs of
13.31 μmol/g of digesta (P = 0.021) and decrease
PSCFAs of 0.938 μmol/g of digesta (P = 0.007). Little
differences were found in terms of butyric acid con-
centration. In fact, changing C diet with B diet would
increase it of 5.987 μmol/g of digesta (P < 0.001) while
S diet would produce an increase of 5.865 μmol/g of
digesta (P < 0.001).
Regarding the activity of selected cecal enzymes, α-

glucosidase, α-galactosidase total activity, β-galactosidase
release rate, β-glucuronidase release rate and xilase ac-
tivity showed significant differences among dietary treat-
ments (P < 0.05, Table 7). In particular, α-glucosidase, α-

Table 3 Small intestine parameters of broiler chickens described by diet groups

Diet groups

General variables CL CH AL AH BL BH SL SH P-value

Small intestine weight1* 21.5 (1.2) 27.1 (4.3) 29.2 (2.2) 31.1 (2.9) 29.2 (2.3) 29.3 (3.6) 28.7 (1.2) 28.7 (4.2) < 0.001

Digesta weight1* 24.6 (5.6) 19.0 (5.2) 24.1 (6) 26.8 (2.5) 21.4 (3.8) 21.5 (4.4) 24.1 (5.5) 26.2 (3.4) 0.102

Viscosity2** 1.9 (1.7–2) 1.7 (1.6–1.8) 2.3 (2–2.6) 2.2 (2.2–2.5) 1.8 (1.6–2) 1.7 (1.6–1.9) 1.6 (1.4–1.8) 1.7 (1.4–2) 0.003

pH* 0.9 (0.8–1.0) 1.6 (1.5–1.9) 2.3 (1.9–2.9) 1.9 (1.8–2.2) 2 (1.9–2.2) 2.1 (2.0–2.2) 2.3 (2.2–2.4) 2.7 (2.4–3.2) 0.067

Acetic acid3* 0.9 (0.4) 1.7 (0.5) 2.4 (0.6) 2.0 (0.3) 2.1 (0.2) 1.9 (0.7) 2.5 (0.5) 2.8 (0.5) < 0.001

Butyric acid3** 0.03 (0.01–
0.03)

0.03 (0.03–
0.04)

0.06 (0.05–
0.06)

0.09 (0.08–
0.09)

0.09 (0.09–
0.1)

0.09 (0.07–
0.1)

0.1 (0.1–
0.12)

0.12 (0.1–
0.13)

< 0.001

Putrefactive short chain

fatty acid3**

0.06 (0.03–
0.07)

0.08 (0.03–
0.1)

0.06 (0.03–
0.09)

0.08 (0.07–
0.09)

0.02 (0.02–
0.03)

0.01 (0.01–
0.02)

0.01 (0.01–
0.02)

0.01 (0.00–
0.01)

< 0.001

Short chain fatty acid3* 1.0 (0.4) 1.9 (0.6) 2.6 (0.7) 2.1 (0.3) 2.2 (0.2) 2.0 (0.8) 2.6 (0.5) 3 (0.5) < 0.001

α-glucosidase4* 7.3 (1.6) 6.4 (2.1) 3.6 (1.9) 4.3 (1.2) 5.0 (0.9) 6.3 (1.1) 4.8 (1.4) 1.4 (0.4) < 0.001

Maltase5** 23.3 (19.9–
27.6)

19.5 (14.3–
20.0)

25.1 (22.4–
28.6)

27 (24.6–
27.6)

21.8 (18.8–
23.3)

21.9 (17.6–
23.1)

25.9 (21.8–
27.6)

27 (23.2–
28.8)

0.078

CL Control diet with 3% of cellulose; CH control diet with 6% of cellulose; AL 3% inclusion level of apple pomace; AH 6% inclusion level of apple pomace; BL 3%
inclusion level of blackcurrant pomace; BH 6% inclusion level of blackcurrant pomace; SL 3% inclusion level of strawberry pomace; SH 6% inclusion level of
strawberry pomace. SD standard deviation; IR: interquartile range 1 g/kg body weight. 2 mPa·s (milliPascal-second). 3 μmol/g of digesta.4 μmol/h/g (μmol of the
product formed per hour per gram of ileal digesta). 5 μmol/min/g of protein. *mean (SD), ** median (RI)
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galactosidase total activity, β-glucuronidase release rate
and xilase activity were influenced by diet (P < 0.05) and
interaction between diet and cellulose level (α-glucosi-
dase, α-galactosidase total activity and β-glucuronidase
release rate only, P < 0.05). α-glucosidase total activity
was lower in A group than in C group being the activity
in A group also significantly lower than in B groups.
(P < 0.0001). On the contrary, α-glucosidase release rate
was higher in the fruit pomaces groups (A, B, and S)
when compared to C diets (P = 0.010). The total activity
of α-galactosidase was higher in C group than in A and
S groups (P = 0.021). In regards to the β-glucuronidase,
the release rate of this enzyme was higher in S group
when compared to C group being also greater in S group
than in B group (P = 0.002). No differences were ob-
served for xylase total activity between C group and all
the pomaces dietary treatments while the highest activity
was found in B group when compared to A group (P =
0.026). Xylase release rate was lower in B group than in
C, A and S groups (P = 0.004). On the contrary, β-

galactosidase release rate was influenced by cellulose
level (P = 0.012), being greater in L diets than in H diets.

Excreta microbiota characterization
A total of 13,872,068 (2 × 250 bp) raw reads were ob-
tained after sequencing and 13,105,029 reads passed the
filters applied by QIIME, with a median value of 82,079
(min 2,315 max 251,716) reads/sample and a median se-
quence length of 465 bp. The rarefaction analysis and
the estimated sample coverage indicated that there was a
satisfactory coverage of all the samples (ESC median
value of 94.23%).
By taking into the account the effects of diet and

cellulose level between AH/AL and CH/CL it was
possible to observe an increase in the alpha-diversity
of the microbiota when comparing AL vs. AH (P <
0.05). In regards to the beta-diversity, principal com-
ponent analysis (PCA) showed a clear shift in the
microbiota composition (ADONIS statistical test P <
0.05, Fig. 1a). In particular, a clear separation was

Table 4 Effect of diet, cellulose level and interaction between them on statistically significant variables

Dependent variables R-squared P-value

Model Diet Cellulose level Diet×Cellulose level

Ileum villus height/crypt depth ratio 0.3171 0.0241 0.0261 0.4811 0.0671

Small intestine weight 0.5009 <0.001 <0.001 0.0340 0.0809

Small intestine viscosity 0.4248 0.0014 <0.001 0.8947 0.5104

Small intestine acetic acid 0.6008 <0.001 <0.001 0.3130 0.0121

Small intestine butyric acid 0.5216 <0.001 <0.001 0.8288 0.8143

Small intestine putrefactive fatty acid short chain 0.3338 0.0161 0.0014 0.9783 0.7377

Small intestine short chain fatty acid 0.5861 <0.001 <0.001 0.3366 0.0154

Small intestine α-glucosidase total activity 0.6390 <0.001 <0.001 0.1815 0.0012

Ceca weight 0.3519 0.0104 0.0048 0.7865 0.1037

Ceca ammonia 0.4699 0.0004 0.0003 0.1003 0.0516

Ceca acetic acid 0.4771 0.0003 0.0013 0.7840 0.0021

Ceca propionic acid 0.5793 <0.001 <0.001 0.1584 0.5162

Ceca isobutyric acid 0.1838 0.2817 0.4120 0.5329 0.1467

Ceca butyric acid 0.5742 <0.001 <0.001 0.7707 0.0048

Ceca isovaleric acid 0.6172 <0.001 <0.001 0.6384 0.0295

Ceca putrefactive fatty acid short chain 0.3856 0.0044 0.0036 0.3433 0.0544

Ceca short fatty acid chain 0.4559 0.0006 0.0023 0.7325 0.0033

Ceca α-glucosidase total activity 0.5195 <0.001 0.0003 0.2658 0.0019

Ceca α-glucosidase release rate 0.3547 0.0097 0.0026 0.0750 0.6231

Ceca α-galactosidase total activity 0.3892 0.0039 0.0051 0.7102 0.0240

Ceca β-galactosidase release rate 0.333 0.016 0.128 0.012 0.087

Ceca β-glucuronidase release rate 0.4048 0.0026 0.0029 0.1564 0.0486

Ceca xilase total activity 0.3123 0.0263 0.0183 0.1712 0.1906

Ceca xilase release rate 0.3877 0.0041 0.0006 0.0632 0.9717
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Table 5 Linear regression summary for relevant gut parameters

Model R R squared β P-value

Small intestine weight (Y) 0.641 0.411 < 0.001

Apple cellulose diet (β1) 5.863 < 0.001

Blackcurrant cellulose diet (β2) 4.958 < 0.001

Strawberry cellulose diet (β3) 4.387 0.001

Cellulose dose (β4) 1.871 0.042

Small intestine viscosity (Y) 0.625 0.391 < 0.001

Apple cellulose diet (β1) 0.528 < 0.001

Blackcurrant cellulose diet (β2) −0.055 0.688

Strawberry cellulose diet (β3) −0.96 0.485

Cellulose dose (β4) 0.013 0.894

Small intestine short chain fatty acid (Y) 0.682 0.465 < 0.001

Apple cellulose diet (β1) 0.946 < 0.001

Blackcurrant cellulose diet (β2) 0.657 0.007

Strawberry cellulose diet (β3) 1.37 < 0.001

Cellulose dose (β4) 0.146 0.380

Small intestine putrefactive short chain fatty acid (Y) 0.559 0.313 0.002

Apple cellulose diet (β1) 0.009 0.637

Blackcurrant cellulose diet (β2) −0.057 0.005

Strawberry cellulose diet (β3) −0.052 0.009

Cellulose dose (β4) < 0.001 0.978

Small intestine butyric acid (Y) 0.714 0.51 < 0.001

Apple cellulose diet (β1) 0.057 < 0.001

Blackcurrant cellulose diet (β2) 0.057 < 0.001

Strawberry cellulose diet (β3) 0.088 < 0.001

Cellulose dose (β4) 0.002 0.825

Ceca weight (Y) 0.495 0.245 0.015

Apple cellulose diet (β1) 0.49 0.028

Blackcurrant cellulose diet (β2) −0.294 0.181

Strawberry cellulose diet (β3) − 0.53 0.806

Cellulose dose (β4) 0.040 0.795

Ceca short chain fatty acid (Y) 0.487 0.237 0.018

Apple cellulose diet (β1) 2 0.723

Blackcurrant cellulose diet (β2) 19.939 0.004

Strawberry cellulose diet (β3) 13.31 0.022

Cellulose dose (β4) −1.194 0.765

Ceca putrefactive short chain fatty acid (Y) 0.508 0.258 0.011

Apple cellulose diet (β1) −0.157 0.637

Blackcurrant cellulose diet (β2) −0.963 0.006

Strawberry cellulose diet (β3) 0.938 0.007

Cellulose dose (β4) 0.211 0.371

Ceca butyric acid (Y) 0.643 0.414 < 0.001

Apple cellulose diet (β1) −0.129 0.934

Blackcurrant cellulose diet (β2) 5.987 < 0.001

Strawberry cellulose diet (β3) 5.865 < 0.001

Cellulose dose (β4) 0.282 0.797
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observed between AH and the rest of the samples,
with a significant increase in the abundance of En-
terobacteriaceae, Enterococcaceae, Streptococcaceae,
Enterococcus and Weissella (P < 0.05), while the rela-
tive abundance of Lactobacillus genus was higher in
CH and lower in AH (P < 0.05, Fig. 2).
The utilization of blackcurrant/strawberry pomaces,

regardless of cellulose level led to an increase in beta-
diversity of excreta microbiota, with a clear separation
being observed between B or S diets and C diet (P <
0.05, Fig. 1b and c). However, no influence on gut
microbiota composition was identified in relation to the
alpha-diversity measures (P > 0.05). At genus level, the
blackcurrant/strawberry groups were characterized by
high presence of Coprobacillus (B diets), Enterobacteria-
ceae, Enterococcaceae, Erwinia and Erysipelotrichaceae
OTUs (FDR < 0.05, Fig. 2).
Due to the little differences observed between the

dietary fruit pomace inclusion levels, the authors also
compared the fruit pomace-related shift in the gut
microbiota independently of their inclusion levels. In
regards to the microbiota alpha-diversity, it was pos-
sible to observed a reduction in the number of OTUs
and rarefaction measures when comparing apple vs.
blackcurrant pomaces (P < 0.05). On the contrary, an
increase in the above-mentioned indices was observed
in blackcurrant-fed birds in comparison with straw-
berry group (P < 0.05). Firmicutes, Bacteroides and

Proteobacteria were the most abundant phyla in all
the groups [see Additional file 4]. However, Firmi-
cutes was differentially abundant among the experi-
mental treatments. In details, the highest and the
lowest relative abundance was observed in C and S-
fed broilers, respectively (FDR < 0.05). With regards to
the most abundant OTUs, both the C- and the fruit
pomace-fed groups showed Enterobacteriaceae, Lacto-
bacillus, L-Ruminococcus and Clostridium as predom-
inant genera in their excreta microbiota [see
Additional file 5]. Comparing the relative abundance
of the main OTUs across the samples Enterobacteria-
ceae, Enterococcaceae, Streptococcaceae, Enterococcus
and Erwinia OTUs were enriched by fruit pomace
utilization, while a significant reduction in Lactobacil-
lus was observed (P < 0.05).

Discussion
The present study evaluated the effects of dietary fruit
pomace inclusion on growth performance, intestinal
morphology, microbiota, small intestine and cecal indi-
ces of broiler chickens. The fibre content analysis of
dried fruit pomaces showed relatively small differences
in the content of insoluble dietary fibre fraction, whereas
high differences were detected in terms of soluble frac-
tion (SDF). The highest content of SDF was attributed to
the apple preparation (9.10%), while the strawberry one
contained almost no soluble fibre (0.40%). This in

Table 6 Ceca parameters of broiler chickens described by diet groups

Diet groups

General Variables CL CH AL AH BL BH SL SH P-value

Ceca weight1* 3.5 (0.4) 3.6 (0.3) 4.1 (0.5) 3.9 (0.9) 3.4 (0.3) 3.0 (0.4) 3.2 (0.4 3.8 (0.6) 0.01

Digesta weight1* 3.2 (0.7) 3.1 (0.7) 3.8 (1.2) 3.6 (1.4) 4.5 (0.9) 4.1 (0.8) 3.3 (0.9) 3.5 (1.2) 0.238

Ammonia2** 0.34 (0.27–
0.41)

0.38 (0.28–
0.44)

0.33 (0.25–
0.46)

0.21 (0.19–
0.3)

0.27 (0.24–
0.3)

0.23 (0.21–
0.26)

0.24 (0.19–
0.24)

0.22 (0.19–
0.28)

0.003

Dry matter3* 17.2 (2.1) 16.4 (3.5) 18.8 (3.3) 15.1 (3.4) 16.8 (2.2) 17.9 (3.8) 15.7 (2.6) 17.6 (3) 0.486

pH* 6.5 (0.2) 6.6 (0.2) 6.7 (0.3) 6.5 (0.2) 6.1 (0.3) 6.4 (0.6) 6.4 (0.3) 6.4 (0.32) 0.078

Acetic acid4* 78.7 (8.1) 70.7 (11.6) 68.1 (11.6) 87.2 (6.1) 92.2 (7.2) 86.3 (8.8) 90.1 (11.1) 82 (9.7) < 0.001

Propionic acid4* 6.6 (1.8) 5.2 (1.5) 5.4 (1.6) 5.0 (0.6) 3.4 (1.1) 3.0 (0.9) 2.9 (0.7) 2.9 (1.1) < 0.001

Isobutyric acid4** 0.78 (0.37–
0.9)

0.72 (0.63–
0.77)

0.74 (0.69–
0.9)

0.51 (0.33–
0.63)

0.51 (0.35–
0.59)

0.33 (0.23–
0.74)

0.35 (0.27–
0.42)

0.39 (0.29–
0.63)

0.011

Butyric acid4* 16.9 (3.2) 11.1 (3) 11.7 (3.3) 16.1 (3.5) 19 (2.4) 20.9 (3.5) 19.6 (4.3) 20.2 (3.3) < 0.001

Isovaleric acid4** 0.78 (0.52–
0.85)

0.87 (0.76–
1.1)

0.85 (0.35–
0.91)

0.42 (0.31–
0.53)

0.42 (0.25–
0.58)

0.29 (0.19–
0.31)

0.28 (0.2–
0.29)

0.25 (0.2–
0.37)

< 0.001

Valeric acid4* 1.16 (0.33) 0.96 (0.26) 0.93 (0.25) 0.98 (0.24) 0.93 (0.19) 0.81 (0.21) 0.78 (0.23) 0.86 (0.17) 0.204

Putrefactive short chain
fatty acid4**

2.7 (1.8–3.1) 2.5 (2.3–3.1) 2.5 (2.3–3.1) 1.8 (1.6–2.4) 1.9 (1.5–2.1) 1.5 (1.2–1.8) 1.4 (1.2–1.7) 1.7 (1.5–1.8) 0.002

Short chain fatty acid4* 104.7 (7.9) 89.6 (14.5) 88.2 (16.2) 110.2 (9.6) 116.5 (8.3) 111.7 (11.9) 113.9 (12.5) 107 (12.6) < 0.001

CL Control diet with 3% of cellulose; CH control diet with 6% of cellulose; AL 3% inclusion level of apple pomace; AH 6% inclusion level of apple pomace; BL 3%
inclusion level of blackcurrant pomace; BH 6% inclusion level of blackcurrant pomace; SL 3% inclusion level of strawberry pomace; SH 6% inclusion level of
strawberry pomace. SD standard deviation; IR interquartile range 1 g/kg body weight. 2 mg/g of protein. 3 expressed as percentage. 4 μmol/g of digesta. *mean
(SD), **median (RI)
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accordance with what has previously been found in
other studies [9, 10, 34]. The most important bioactive
components in fresh fruit and subsequently in dried fruit
pomaces are polyphenolic compounds [9, 35]. In the
present trial, the total polyphenol concentration in apple
preparation was the lowest (below 9mg/g), but it was
more than three times higher in blackcurrant and straw-
berry pomaces. Very comparable polyphenol contents
were observed by Juśkiewicz et al. [14, 36] in previous
studies conducted on growing turkeys. As a result of
dietary pomace inclusion, the polyphenol concentration
increased from 4 to 29 and from 2 to 17mg/g in the
starter and grower diets, respectively.
Growth performances were not affected by dietary

fruit pomace inclusion (P < 0.05). Similar findings have
been reported in young turkeys fed 5% of dried apple,
blackcurrant and strawberry pomaces [10]. However, it
is important to state that all the chickens regardless of
dietary treatments showed a BW at 35 day of 1.9–2 kg
which is lower in comparison to standard growth per-
formance for Ross 308 [37] This can be due to the fact
that the dietary treatments fed to the animal of the
present study are less concentrate in terms of energy
and crude protein than the commercial standard diets
for broilers [38].
Dietary fruit pomace inclusion did not affect the

morphometric indices of the broiler chickens. It is
well known that the physiological gut development is

characterized by long villi and shallow crypts: longer
villi are associated with increased absorption of nutri-
ent [24], while shallower crypts reflect a prolonged
survival of villi without the need of renewal [39]. On
the contrary, lower villus height and greater crypts
depth are associated with poor digestion, less absorp-
tion of nutrient and poor growth performances [25].
Since both the intestinal morphology and the growth
performance of the fruit pomace fed broilers in the
current research were unaffected, it is reasonable to
hypothesize that fruit pomace meal utilization does
not negatively influence gut development or nutrient
absorption. Apart from dietary treatments, morpho-
metric indices showed a proximodistal decreasing gra-
dient from duodenum to ileum. This finding is in
accordance with the available literature [32, 40] and
with the physiological development of the absorption
processes. Indeed, the duodenum is the intestinal seg-
ment with the fastest cell renewal and the first gut
segment to receive the physical, chemical and hormo-
nal stimuli caused by the presence of the diet in the
lumen [41]. Furthermore, the jejunum is an important
site for nutrient digestion [42].
It is well known that the dietary content and physico-

chemical properties of different fibre fractions may pro-
voke physiological changes in the small intestine, and
subsequently in the lower gut [27, 43]. More soluble
fibre as dietary ingredient may considerably affect

Table 7 Cecal enzymes activities described by diet groups
Diet groups

General Variables CL CH AL AH BL BH SL SH P-value

α-glucosidase1

Total activity* 8.0 (1.4) 5.2 (1.1) 3.9 (1.2) 4.7 (0.6) 5.5 (0.8) 6.0 (1.1) 5.6 (1.3) 5.5 (1.5) < 0.001

Release rate** 65 (56.9–70.8) 75.2 (62.5–91.4) 87.4 (73.2–91.1) 85.5 (84.6–86.2) 87.8 (77.8–93.4) 91.5 (87.4–93.7) 83.9 (75.6–85.6) 85.7 (82.5–87.1) 0.010

α-galactosidase1

Total activity** 24.5 (23.6–32.7) 20.7 (16.9–25.3) 18.3 (10.2–21.5) 20.1 (15.9–23.9) 18.6 (17.5–19.4) 23.5 (22.2–24.6) 16.3 (10.1–18.5) 18.0 (17.2–19.6) 0.021

Release rate** 15.6 (13.4–21.8) 30.6 (17.4–35.2) 26.8 (21.4–37.4) 21.9 (18.9–31.8) 29.9 (24.9–32.9) 25.2 (16.4–27.8) 34.1 (30.6–36.1) 31.6 (28.7–41.7) 0.067

β-galactosidase1

Total activity** 28.8 (22.9–40.9) 19.4 (16.8–24.3) 16.7 (8.9–19) 18.4 (16.4–20.5) 19.6 (14.8–22.7) 21.1 (16.1–28.6) 20.0 (19.8–20.3) 21.6 (16.7–23.1) 0.101

Release rate* 35.7 (13.9) 36.5 (12.8) 53.4 (5.7) 38.9 (8.3) 41.1 (7.5) 40.3 (13.6) 50.2 (9.4) 33.9 (5.6) 0.016

β-glucuronidase1

Total activity* 15.2 (4.9) 15.4 (3.7) 14.2 (2.1) 12.7 (3.6) 11.6 (1.3) 12.0 (4.7) 12.2 (2.2) 13.5 (3.6) 0.416

Release rate* 35.6 (10.2) 45 (9.2) 53.2 (22.4) 41.5 (8.9) 44.3 (12.1) 42.9 (4.1) 65.8 (7.5) 50.4 (6.9) 0.002

Xilase1

Total activity* 5.8 (2.7) 4.8 (1.3) 3.5 (1.3) 4.3 (2.3) 5.3 (1.9) 7.5 (2.3) 4.8 (0.9) 5.6 (1.1) 0.026

Release rate* 38.3 (16.7) 33.7 (18.2) 43.4 (14.9) 34.6 (8.2) 22.8 (10.8) 16.6 (9.8) 46.2 (13.1) 37.4 (5.9) 0.004

α-arabinofuranosidase1

Total activity** 6.0 (4.9–8.7) 5.4 (4.4–5.7) 4.1 (4–5.3) 4.9 (4.6–5.6) 3.9 (2.9–6) 4.8 (3.5–6) 4.4 (3.8–4.8) 4.4 (4.0–5.2) 0.336

Release rate** 69.9 (43.9–72.3) 69.7 (64.1–79.8) 79.4 (76.1–88.2) 76.9 (76.2–81.6) 81 (77.1–82.4)) 75.7 (65.9–89.4) 81.8 (76.9–88.1) 88.2 (77.2–91.6) 0.071

CL Control diet with 3% of cellulose; CH control diet with 6% of cellulose; AL 3% inclusion level of apple pomace; AH 6% inclusion level of apple pomace; BL 3%
inclusion level of blackcurrant pomace; BH 6% inclusion level of blackcurrant pomace; SL 3% inclusion level of strawberry pomace; SH 6% inclusion level of
strawberry pomace. SD standard deviation; IR interquartile range 1μmol/h/g (μmol of the product formed per hour per gram of protein). *mean (SD), **median (RI)
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intestinal viscosity, transit time, digesta moisture, and
other indices of intestinal function [44]. In the present
study, dietary fruit pomace inclusion significantly in-
creased the SI relative mass when compared to C diets
while Ce weight seems to increase in A diet when com-
pared to the other dietary treatments. Addition of fiber
to diets largely results in enlargement of digestive tis-
sues, presumably due to increase retention time and di-
gestion of the diet. In fact, Savory and Gentle [45],
Kehoe et al. [46], and Williamson et al. [47] found an in-
crease in intestinal relative weight in quails and mallard
fed different fiber sources. In the present study, the ileal
viscosity was also affected by dietary treatment. In par-
ticular, A group showed the highest ileal viscosity. This
effect could be partly ascribed to the SDF content and to
the different concentrations of non-starch polysaccha-
rides (NSP). As reported in literature, the apple pomace
excelled the blackcurrant and strawberry pomaces not
only in the content of water-soluble NSPs, but also in
the content of NSP monomers such as arabinose, galact-
ose and uronic acid [36]. However, in the present study
all the observed viscosity levels were below those that
may provoke some undesired physiological effects. In-
deed, high digesta viscosity (ranging from 4 to 5 mPa·s)
may not only constrain absorption of nutrients, but also
be a stimulus for the overgrowth of microbiota and en-
hanced putrefactive processes in the lower small intes-
tine [48]. Furthermore, a significant decrease in the
activity of α-glucosidase in the small intestine was no-
ticed in A and S animals compared to C and B groups
with no variations being detected in the activity of malt-
ase. It has been reported that consumption of high levels
of polyphenols may effectively diminish the activity of
brush border enzymes in the small intestine [49, 50],
thus potentially resulting into less-effective carbohydrate
digestion. Indeed, birds fed high-fiber diets had signifi-
cantly depressed mass-specific small intestinal sucrase
activities when compared to birds fed low-fiber diets
[51]. Fiber seemed to decrease mass-specific activities of
small intestinal sucrase also in geese [51]. This is in con-
trast with what has previously been demonstrated in
chickens fed mannan oligosaccharides, which increased
disaccharidase activity [42]. A recent study on growing
turkeys fed diets containing 5% of apple, blackcurrant or

Fig. 1 Principal Component Analysis (PCA) based on OTUs relative
abundance of broilers with dietary inclusion of fruit pomaces. a:
apple pomace at high level (A_HL, red) or low level (A-LL, blue) vs.
and control cellulose higher level (C_HL, yellow) and control
cellulose lower level (C_LL, purple). b: blackcurrant pomace at high
level (B_HL, red) or low level (B-LL, blue) vs. and control cellulose
higher level (C_HL, yellow) and control cellulose lower level (C_LL,
purple). c: strawberry pomace (S, blue) vs. and control cellulose
(C, red)
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strawberry pomaces showed significant decrease in su-
crase and/or maltase mucosal activity in blackcurrant and
strawberry groups, but not in the apple group [36]. These
conflicting results could be related to the different fiber
components (e.g., pectin vs. cellulose), which can have dif-
ferential effects on enzyme activities [52]. Also in the ceca,
modulation of digestive enzyme activities is one of the
mechanism by which the gastrointestinal tract can re-
spond to changes in food composition and quality [51].
In this study, the fruit pomace groups showed lower cecal

total activity of α-glucosidase and α-galactosidase than C
group. Regarding enzymes release rate, α-glucosidase re-
lease rate was higher in the fruit pomaces groups (A, B, and
S) when compared to C diet while β-galactosidase release
rate was higher in L diets than in H diets.
Very few studies have measured the activities of ex-

ogenous (in that case bacterial) digestive enzymes in
avian cecal digesta, and some of these variations are still
difficult to explain. It should be stressed that the release
rate of β-glucuronidase was lower in C, B and A groups
when compared to S group and it can be considered a
positive finding as this enzyme is characteristic for the

harmful bacteria species due to its deconjugative proper-
ties that support the transformation of xenobiotics into
more toxic substances [53]. Moreover, the increase of α-
glucosidase release rate into the cecal environment of
birds fed fruit pomace diets could be probably due to
the higher content of flavonoid glycosides. Importantly,
flavonoid glycosides can undergo bacterial deglycosyla-
tion in the hindgut, and the released aglycones are
furtherly transformed into a smaller number of metabo-
lites such as phenolic acids and phloroglucinol, which
also contribute to the health benefits of polyphenol con-
sumption [54].
Ileal SCFAs were also higher in the pomace groups

than in C diet (P < 0.05). The SCFAs have positive health
effects, especially butyric acid, which has been shown to
have anti-inflammatory properties, to modulate oxidative
stress and to be a main energy substrate for enterocytes
[55, 56]. Similar effects have been ascribed to propionic
acid, but generally to a lesser extent, while acetic acid is
associated with fewer physiological effects [57]. On the
contrary, ileal PSCFAs concentrations were lower in S
and B diets when compared to A and C groups. This is

Fig. 2 Boxplots showing the relative abundance at genus or family level of the OTUs based on Wilcoxon matched pairs test (P ≤ 0.05) in fecal
samples of broilers with dietary inclusion of apple (A-red bars), blackcurrant (B-green bars) and strawberry (S-purple bar) compared to control
diets (C-blue)
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in accordance with the literature as the polyphenols
were reported to significantly reduce the anaerobic bac-
terial fermentation of polypeptides and amino acids [58].
In ceca, dietary S and B inclusion also influenced the
ammonia concentration. In particular, B and S diets
showed lower ammonia concentration when compared
to C groups (P < 0.05). The decreased ammonia concen-
tration could be related to the higher ratio of the ETs to
flavan-3-ols and could be considered a positive change
since this compound can produce cell necrosis, alter nu-
cleic acid synthesis, induce cancerous cell growth and
increase viral infections in the lower bowel [13, 26].
Dietary fruit pomace inclusion also determined a

modification of the gut microbiota composition in
broilers. Investigating the differences between broiler
chickens fed the control and the fruit pomaces-based
diets in the present study, no differences were found
in regards to α-diversity measures. Comparing the dif-
ferent fruit pomaces, an increase of α-diversity was
observed when comparing AH vs. AL and B vs. S
diet, while a decrease was observed comparing A and
B diets. Concerning β-diversity, a clear separation of
excreta microbiota due to dietary fruit pomaces inclu-
sion was, however, observed. High levels of diversity
generally help intestinal microbiota to maintain stabil-
ity after environmental stress, as well as to determine
effective colonization resistance against potential in-
vading pathogens [59]. For these reasons, a reduction
of alpha and beta diversity should be considered
negative. The majority of the studies reported that
the most common phyla in the chicken microbiota
are Firmicutes, Bacteroides and Proteobacteria [60]
and this in accordance with the findings of the
present study. However, Firmicutes was higher in the
C group and lower in the S group. Firmicutes phylum
is known to be involved in the breakdown of other-
wise indigestible polysaccharides such as resistant
starch and cellulose [61, 62]. Therefore, the observed
differences in microbial composition may influence
the food to energy conversion capacity. Moreover, the
presence of Firmicutes is positively associated with
the production of acetate, which can have a beneficial
effect on gut health [63]. At genus level, Clostridium,
Ruminococcus, Lactobacillus and Bacteroides [64] have
been reported to be the most abundant genera in the
chicken microbiota. In this study, a shift in the rela-
tive abundance of the main taxa with an increase of
Enterobacteriaceae and Enterococcaceae families was
observed in all the fruit pomace groups. In particular,
an increase of Weissella in AH and Erwinia in S/B
diets, as well as a decrease of Lactobacillus, were de-
tected in broilers fed pomace-based diets. The shift
recorded in the present trial could represent a poten-
tial negative modulation, since several poultry

pathogens (such as E. coli and Salmonella spp.) are
members of Enterobacteriaceae family. However, the
genus Erwinia (Enterobacteriaceaea family) seems to
be a common commensal bacteria in broilers micro-
biota [65]. Enterococcaceae are also well-known to
have intrinsic resistance to some antibiotics (i.e.,
cephalosporins), thus potentially worsening the anti-
microbial resistance issues in poultry [66]. Further-
more, Weissella is a member of the lactic acid
bacteria (LAB) that can be normally isolated from the
gastrointestinal tract of animals [67]. Several Weissella
species seemed to be able to produce significant
amounts of non-digestible oligosaccharides and extra-
cellular polysaccharides that could act as prebiotics.
Several Weissella strains have also been found to act
as probiotics, mainly due to their antimicrobial activ-
ity (i.e bacteriocinogenic strains) [67], thus represent-
ing a positive pomace-related modulation.
In regards to the Lactobacillus genus, it is well known

that this typical probiotic bacterium promotes the homeo-
stasis of immune cells and the intestinal health [68]. Fur-
thermore, Lactobacilli are considered to play an important
regulatory role in the gut by producing large amounts of
lactic acid and lactate that can be converted to SCFAs and
lead to a pH reduction [68]. They also seemed to be able to
produce bacteriocins that create an unfavorable environ-
ment for pathogens such as enterobacteria in the anterior
part of the gastrointestinal tract, thus potentially protecting
the host from disease development [69]. For these reasons,
a reduction of the Lactobacillus genus could represent a
negative modulation by fruit pomace utilization.

Conclusion
In conclusion, the results of the present study suggest
that fruit pomaces could be a new, low-cost fiber
source in poultry nutrition. Indeed, they did not im-
pair growth performance or gut morphometry/histo-
pathology, they improved the production of SCFAs
and they reduce the production of PSCFAs both in
the small intestine and in the ceca. However, they
showed a negative effect by increasing SI and ceca
weight and SI digesta viscosity. A potential negative
modulation of gut microbiota with a decrease of
Lactobacillus spp. and an increase of Enterobacteria-
ceae and Enterococcaceae has also been observed. As
changing C diet with A diet seems to provoke a
higher increase of SI weight or viscosity without de-
creasing the production of PSCFA in SI and ceca
when comparing to B and S diet, B and S seems to
be the most promising fiber sources. The present
study had several limitations concerning low statistical
power due to the small sample size and further stud-
ies with a higher number of animals seem necessary
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to better understand which doses and which fruit
pomaces should be more suitable for poultry
nutrition.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s40104-020-00464-z.

Additional file 1. Chemical composition, including polyphenolic
fraction in dried fruit pomaces.

Additional file 2. Nutritional value of diets fed to broilers at starter and
grower period.

Additional file 3. Effects of fruit pomace inclusion on growth
performances of broilers fed experimental diets.

Additional file 4. Raw data of phyla detected in broiler chickens fed
experimental diets.

Additional file 5. Raw data of genera detected in broiler chickens fed
experimental diets.

Abbreviations
A: Apple; AL: 3% inclusion level of apple pomace; AH: 6% inclusion level of
apple pomace; B: Blackcurrant; BL: 3% inclusion level of blackcurrant pomace;
BH: 6% inclusion level of blackcurrant pomace; BW: Body weight; BWG: Body
weight gain; C: Control; Cd: Crypt depth; Ce: Ceca; CL: Control diet with 3%
of cellulose; CH: Control diet with 6% of cellulose; DFI: Daily feed intake;
DM: Dry matter; FCR: Feed conversion ratio; FDR: False discovery rate;
GALT: Gut-Associated Lymphoid Tissue; GC: Gas cromatography; H: High
cellulose; HE: Haematoxilyn and eosin; HPLC DAD: High-performance liquid
chromatography diode array detector; IDF: Insoluble dietary fibre; L: Low
cellulose; OTU: Operational taxonomic unit; PCA: Principal component
analysis; PSCFA: Putrefactive short chain fatty acids; S: Strawberry;
SCFAs: Short-chain fatty acids; SDF: Soluble dietary fibre; SEM: Standard error
of the mean; SH: 6% inclusion level of strawberry pomace; SI: Small intestine;
SL: 3% inclusion level of strawberry pomace;; TDF: Total dietary fibre;
Vh: Villus height; Vh/Cd: Villus height to crypt depth

Acknowledgements
Not applicable.

Authors’ contributions
MTC, LSC and JJu conceived and designed the experiment. EC, IB, IF, ZZ, JJa,
JM, MK, BF, JJu and MTC collected the experiments data. ZZ, JJa, JM, MK, BF,
JJu prepared the diets, performed the trial and the chemical analyses of
pomaces and experimental diets. EC, MTC and IB performed the
morphometry and histopathological investigations. IF performed the 16S
rRNA amplicon based sequencing. ZZ, JJa, JM, MK, BF, JJu analysed the small
intestine and caeca parameters. EC, IB, DPB and IF performed the statistical
analysis. All authors interpreted the data. EC, IB and IF wrote the first draft of
the manuscript. All authors critically reviewed the manuscript for intellectual
content and gave final approval for the version to be published.

Funding
This work was partially supported by EIT FOOD INNOVATION 2018
(INNOPOULTRY: The poultry food chain: tackling old problems with
innovative approaches- ID 18023).

Availability of data and materials
The datasets analyzed in the present study are available from the
corresponding author on reasonable request.

Ethics approval and consent to participate
The experimental protocol was designed according to the guidelines of the
current European Directive (2010/63/EU) on the care and protection of
animals used for scientific purposes and approved by the Animal Care and
Use Committee of the University of Warmia and Mazury (Decision No. 2/
2018; Olsztyn, Poland).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1Department of Veterinary Sciences, University of Torino, Largo Paolo
Braccini 2, Grugliasco, 10095 Turin, Italy. 2Department of Agricultural, Forest
and Food Sciences, University of Torino, Torino, Italy. 3Research Team on
Occupational Therapy (InTeO), Department of Surgery and Pathology,
University Miguel Hernandez of Elche, Alicante, Spain. 4Polish Academy of
Sciences, Institute of Animal Reproduction and Food Research, Olsztyn,
Poland. 5Department of Poultry Science, University of Warmia and Mazury,
Olsztyn, Poland. 6Institute of Chemical Technology of Food, Lodz University
of Technology, Lodz, Poland.

Received: 22 January 2020 Accepted: 24 April 2020

References
1. Schieber A, Stintzing F, Carle R. By-products of plant food processing as a

source of functional compounds — recent developments. Trends Food Sci
Technol. 2001;12:401–13. https://doi.org/10.1016/S0924-2244(02)00012-2.

2. Ajila CM, Naidu KA, Bhat SG, Rao UJSP. Bioactive compounds and
antioxidant potential of mango peel extract. Food Chem. 2007;105:982–8.

3. Okonogi S, Duangrat C, Anuchpreeda S, Tachakittirungrod S,
Chowwanapoonpohn S. Comparison of antioxidant capacities and
cytotoxicities of certain fruit peels. Food Chem. 2007;103:839–46. https://doi.
org/10.1016/j.foodchem.2006.09.034.

4. Vieira FGK, Copetti C, Da Silva Campelo Borges G, Gonzaga LV, Da Costa
Nunes E, Fett R. Activity and contents of polyphenols antioxidants in the
whole fruit, flesh and peel of three apple cultivars. Arch Latinoam Nutr.
2009;59:101–6.

5. Ruxton CHS, Gardner EJ, Walker D. Can pure fruit and vegetable juices
protect against cancer and cardiovascular disease too? A review of the
evidence. Int J Food Sci Nutr. 2006;57:249–72. https://doi.org/10.1080/
09637480600858134.

6. Saura-Calixto F, Goñi I. Antioxidant capacity of the Spanish Mediterranean
diet. Food Chem. 2006;94:442–7. https://doi.org/10.1016/j.foodchem.2004.11.
033.

7. He FJ, Nowson CA, Lucas M, MacGregor GA. Increased consumption of fruit
and vegetables is related to a reduced risk of coronary heart disease: meta-
analysis of cohort studies. J Hum Hypertens. 2007;21:717–28.

8. Makris DP, Boskou G, Andrikopoulos NK. Polyphenolic content and in vitro
antioxidant characteristics of wine industry and other Agri-food solid waste
extracts. J Food Compos Anal. 2007;20:125–32. https://doi.org/10.1016/j.jfca.
2006.04.010.

9. Jaroslawska J, Juskiewicz J, Wroblewska M, Jurgonski A, Krol B, Zdunczyk Z.
Polyphenol-rich strawberry Pomace reduces serum and liver lipids and
alters gastrointestinal metabolite formation in fructose-fed rats. J Nutr. 2011;
141:1777–83. https://doi.org/10.3945/jn.111.143677.

10. Juskiewicz J, Jankowski J, Zduńczyk Z, Kołodziejczyk K, Mikulski D, Zduńczyk
P. The chemical composition of selected dried fruit pomaces and their
effects on the growth performance and post-slaughter parameters of
young turkeys. J Anim Feed Sci. 2015;24:53–60.

11. Chamorro S, Viveros A, Centeno C, Romero C, Arija I, Brenes A. Effects of
dietary grape seed extract on growth performance, amino acid digestibility
and plasma lipids and mineral content in broiler chicks. Animal. 2013;7:555–
61. https://doi.org/10.1017/S1751731112001851.

12. Goñi I, Brenes A, Centeno C, Viveros A, Saura-Calixto F, Rebolé A, et al. Effect
of dietary grape Pomace and vitamin E on growth performance, nutrient
digestibility, and susceptibility to meat lipid oxidation in chickens. Poult Sci.
2007;86:508–16. https://doi.org/10.1093/ps/86.3.508.

13. Fotschki B, Juśkiewicz J, Sójka M, Jurgoński A, Zduńczyk Z. Ellagitannins and
Flavan-3-ols from raspberry Pomace modulate Caecal fermentation
processes and plasma lipid parameters in rats. Molecules. 2015;20:22848–62.
https://doi.org/10.3390/molecules201219878.

14. Juskiewicz J, Jankowski J, Zielinski H, Zdunczyk Z, Mikulski D, Antoszkiewicz
Z, et al. The fatty acid profile and oxidative stability of meat from turkeys
fed diets enriched with n-3 polyunsaturated fatty acids and dried fruit

Colombino et al. Journal of Animal Science and Biotechnology           (2020) 11:63 Page 15 of 17

https://doi.org/10.1186/s40104-020-00464-z
https://doi.org/10.1186/s40104-020-00464-z
https://doi.org/10.1016/S0924-2244(02)00012-2
https://doi.org/10.1016/j.foodchem.2006.09.034
https://doi.org/10.1016/j.foodchem.2006.09.034
https://doi.org/10.1080/09637480600858134
https://doi.org/10.1080/09637480600858134
https://doi.org/10.1016/j.foodchem.2004.11.033
https://doi.org/10.1016/j.foodchem.2004.11.033
https://doi.org/10.1016/j.jfca.2006.04.010
https://doi.org/10.1016/j.jfca.2006.04.010
https://doi.org/10.3945/jn.111.143677
https://doi.org/10.1017/S1751731112001851
https://doi.org/10.1093/ps/86.3.508
https://doi.org/10.3390/molecules201219878


Pomaces as a source of polyphenols. PLoS One. 2017;12:e0170074. https://
doi.org/10.1371/journal.pone.0170074.

15. Akhlaghi A, Jafari Ahangari Y, Zhandi M, Peebles ED. Reproductive
performance, semen quality, and fatty acid profile of spermatozoa in
senescent broiler breeder roosters as enhanced by the long-term feeding of
dried apple pomace. Anim Reprod Sci. 2014;147:64–73. https://doi.org/10.
1016/j.anireprosci.2014.03.006.

16. Matoo FA, Bhat GA, Banday MT, TAS G. Performance of broiler fed on apple
pomace diets supplemented with enzymes. Indian J Anim Nutr. 2001;18:
349–52 https://www.feedipedia.org/node/21923. Accessed 10 Jan 2020.

17. Aviagen. Ross 708 Performance Objectives Parent Stock; 2016. p. 1–12.
18. NCR. Nutrient Requirements of Poultry: Ninth Revised Edition, 1994.

Washington, DC: The National Academies Press; 1994. https://www.nap.edu/
catalog/2114/nutrient-requirements-of-poultry-ninth-revised-edition-1994.
Accessed 9 Jan 2020.

19. Official Methods of Analysis, 21st Edition - AOAC International. Rocketville;
2019. https://www.aoac.org/official-methods-of-analysis-21st-edition-2019/.
Accessed 8 Jan 2020.

20. Smulikowska S, Rutkowski A. Recommended allowances and nutritive value
of feedstuffs. In: Smulikowska S, Rutkowski A, editors. Poultry feeding
standards. Jabłonna (Poland): The Kielanowski Institute of Animal Physiology
and Nutrition, Polish Academy of Sciences; 2005.

21. Sójka M, Klimczak E, Macierzyński J, Kołodziejczyk K. Nutrient and
polyphenolic composition of industrial strawberry press cake. Eur Food Res
Technol. 2013;237:995–1007. https://doi.org/10.1007/s00217-013-2070-2.

22. Singleton VL, Rossi JA. Colorimetry of Total Phenolics with Phosphomolybdic-
Phosphotungstic Acid Reagents. Am J Enol Vitic. 1965;16:144–158.

23. Kennedy JA, Jones GP. Analysis of proanthocyanidin cleavage products
following acid-catalysis in the presence of excess phloroglucinol. J Agric
Food Chem. 2001;49:1740–6.

24. Laudadio V, Passantino L, Perillo A, Lopresti G, Passantino A, Khan RU, et al.
Productive performance and histological features of intestinal mucosa of
broiler chickens fed different dietary protein levels. Poult Sci. 2012;91:265–
70. https://doi.org/10.3382/ps.2011-01675.

25. Qaisrani SN, Moquet PCA, van Krimpen MM, Kwakkel RP, Verstegen MWA,
Hendriks WH. Protein source and dietary structure influence growth
performance, gut morphology, and hindgut fermentation characteristics in
broilers. Poult Sci. 2014;93:3053–64. https://doi.org/10.3382/ps.2014-04091.

26. Lin H-C, Visek WJ. Large intestinal pH and Ammonia in rats: dietary fat and protein
interactions. J Nutr. 1991;121:832–43. https://doi.org/10.1093/jn/121.6.832.

27. Zduńczyk Z, Jankowski J, Juśkiewicz J, Mikulski D, Slominski BA. Effect of different
dietary levels of low-glucosinolate rapeseed (canola) meal and non-starch
polysaccharide-degrading enzymes on growth performance and gut physiology of
growing turkeys. 2013;93:353–362. https://doi.org/101139/CJAS2012-085.

28. Opyd P, Jurgoński A, Juśkiewicz J, Fotschki B, Koza J. Comparative effects of
native and defatted flaxseeds on intestinal enzyme activity and lipid
metabolism in rats fed a high-fat diet containing Cholic acid. Nutrients.
2018;10:1181. https://doi.org/10.3390/nu10091181.

29. Grzelak-Błaszczyk K, Milala J, Kosmala M, Kołodziejczyk K, Sójka M, Czarnecki
A, et al. Onion quercetin monoglycosides alter microbial activity and
increase antioxidant capacity. J Nutr Biochem. 2018;56:81–8.

30. Magoc T, Salzberg SL. FLASH: fast length adjustment of short reads to
improve genome assemblies. Bioinformatics. 2011;27:2957–63. https://doi.
org/10.1093/bioinformatics/btr507.

31. Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, Costello EK, et al.
QIIME allows analysis of high-throughput community sequencing data. Nat
Methods. 2010;7:335–6.

32. Biasato I, De Marco M, Rotolo L, Renna M, Lussiana C, Dabbou S, et al. Effects
of dietary Tenebrio molitor meal inclusion in free-range chickens. J Anim
Physiol Anim Nutr (Berl). 2016;100:1104–12. https://doi.org/10.1111/jpn.12487.

33. Dixon P. VEGAN, a package of R functions for community ecology. J Veg
Sci. 2003;14:927–30. https://doi.org/10.1111/j.1654-1103.2003.tb02228.x.26.

34. Dhillon GS, Kaur S, Brar SK. Perspective of apple processing wastes as low-cost
substrates for bioproduction of high value products: a review. Renew Sust Energ
Rev. 2013;27:789–805.

35. Żary-Sikorska E, Juśkiewicz J, Jundziłł A, Rybka J. Effect of diets varying in the
type of dietary fibre and its combination with polyphenols on gut function,
microbial activity and antioxidant status in rats. J Anim Feed Sci. 2016;25:
250–8. https://doi.org/10.22358/jafs/65560/2016.

36. Juskiewicz J, Jankowski J, Kosmala M, Zdunczyk Z, Slominski BA, Zdunczyk P.
The effects of dietary dried fruit pomaces on growth performance and

gastrointestinal biochemistry of turkey poults. J Anim Physiol Anim Nutr
(Berl). 2016;100:967–76. https://doi.org/10.1111/jpn.12415.

37. Aviagen. Ross 308 performance objectives. 2019.
38. Aviagen. Ross 308 Broiler: Nutrition Specifications 2017. Aviagen, Huntsville.

2017:1–10.
39. Oliveira MC, Rodrigues EA, Marques RH, Gravena RA, Guandolini GC, Moraes

VMB. Performance and morphology of intestinal mucosa of broilers fed
mannan-oligosaccharides and enzymes. Arq Bras Med Veterinária e Zootec.
2008;60:442–8. https://doi.org/10.1590/S0102-09352008000200025.

40. Murakami AE, Sakamoto MI, Natali MRM, Souza LMG, Franco JRG.
Supplementation of glutamine and vitamin E on the Morphometry of the
intestinal mucosa in broiler chickens. Poult Sci. 2007;86:488–95. https://doi.
org/10.1093/ps/86.3.488.

41. Macari M. Aspectos fisiológicos do sistema digestivo das aves. Veterinária,
Sacavet-Semana Acadêmica. 1998;8:4–18.

42. Iji PA, Saki A, Tivey DR. Body and intestinal growth of broiler chicks on a
commercial starter diet. 1. Intestinal weight and mucosal development. Br
Poult Sci. 2001;42:505–13.

43. Jankowski J, Zduńczyk Z, Mikulski D, Przybylska-Gornowicz B, Sosnowska E,
Juśkiewicz J. Effect of whole wheat feeding on gastrointestinal tract
development and performance of growing turkeys. Anim Feed Sci Technol.
2013;185:150–9. https://doi.org/10.1016/j.anifeedsci.2013.07.012.

44. Kosmala M, Zduńczyk Z, Karlińska E, Juśkiewicz J. The effects of strawberry,
black currant, and chokeberry extracts in a grain dietary fiber matrix on
intestinal fermentation in rats. Food Res Int. 2014;64:752–61. https://doi.org/
10.1016/j.foodres.2014.07.010.

45. Savory CT, Gentle MJ. Changes in food intake and gut size in japanese quail
in response to manipula-tion of dietary fibre content. Br Poult Sci. 1976;17:
571–80.

46. Kehoe FP, Ankney CD, Alisauskas RT. Effects of dietary fiber and diet
diversity on digestive organs of captive mallards ( Anas platyrhynchos ). Can
J Zool. 1988;66:1597–602.

47. Williamson SA, Jones SKC, Munn AJ. Is gastrointestinal plasticity in king quail
(Coturnix chinensis) elicited by diet-fibre or diet-energy dilution? J Exp Biol.
2014;217:1839–42. https://doi.org/10.1242/jeb.102418.

48. Liying Z, Li D, Qiao S, Johnson EW, Li B, Thacker PA, et al. Effects of
stachyose on performance, diarrhoea incidence and intestinal bacteria in
weanling pigs. Arch Tierernahr. 2003;57:1–10 http://www.ncbi.nlm.nih.gov/
pubmed/12801075. Accessed 9 Jan 2020.

49. Nyamambi B, Ndlovu L, Naik Y, Kock N. Intestinal growth and function of
broiler chicks fed sorghum based diets differing in condensed tannin levels.
S Afr J Anim Sci. 2007;37:202–14. https://doi.org/10.4314/sajas.v37i3.4092.

50. Fotschki B, Juśkiewicz J, Kołodziejczyk K, Jurgoński A, Kosmala M, Milala J,
et al. Protective effects of Ellagitannin-rich strawberry extracts on
biochemical and metabolic disturbances in rats fed a diet high in fructose.
Nutrients. 2018;10:445. https://doi.org/10.3390/nu10040445.

51. Kohl KD, Ciminari ME, Chediack JG, Leafloor JO, Karasov WH, McWilliams SR,
et al. Modulation of digestive enzyme activities in the avian digestive tract
in relation to diet composition and quality. J Comp Physiol B. 2017;187:339–
51. https://doi.org/10.1007/s00360-016-1037-6.

52. Thomsen LL, Tasman-Jones C. Disacchandase levels of the rat jejunum are altered
by dietary fibre. Digestion. 1982;23:253–8. https://doi.org/10.1159/000198758.

53. Klewicka E, Zduńczyk Z, Juśkiewicz J. Effect of lactobacillus fermented
beetroot juice on composition and activity of cecal microflora of rats. Eur
Food Res Technol. 2009;229:153–7.

54. Selma MV, Espín JC, Tomás-Barberán FA. Interaction between Phenolics and
gut microbiota: role in human health. J Agric Food Chem. 2009;57:6485–
501. https://doi.org/10.1021/jf902107d.

55. Sunkara LT, Jiang W, Zhang G. Modulation of antimicrobial host defense
peptide gene expression by free fatty acids. PLoS One. 2012;7:e49558.
https://doi.org/10.1371/journal.pone.0049558.

56. Onrust L, Ducatelle R, Van Driessche K, De Maesschalck C, Vermeulen K,
Haesebrouck F, et al. Steering Endogenous Butyrate Production in the
Intestinal Tract of Broilers as a Tool to Improve Gut Health. Front Vet Sci.
2015;2 DEC. doi:https://doi.org/10.3389/fvets.2015.00075.

57. Jakobsdottir G, Jädert C, Holm L, Nyman ME. Propionic and butyric acids,
formed in the caecum of rats fed highly fermentable dietary fibre, are
reflected in portal and aortic serum. Br J Nutr. 2013;110:1565–72.

58. Zduńczyk Z, Juśkiewicz J, Estrella I. Cecal parameters of rats fed diets containing
grapefruit polyphenols and inulin as single supplements or in a combination.
Nutrition. 2006;22:898–904. https://doi.org/10.1016/j.nut.2006.05.010.

Colombino et al. Journal of Animal Science and Biotechnology           (2020) 11:63 Page 16 of 17

https://doi.org/10.1371/journal.pone.0170074
https://doi.org/10.1371/journal.pone.0170074
https://doi.org/10.1016/j.anireprosci.2014.03.006
https://doi.org/10.1016/j.anireprosci.2014.03.006
https://www.feedipedia.org/node/21923
https://www.nap.edu/catalog/2114/nutrient-requirements-of-poultry-ninth-revised-edition-1994
https://www.nap.edu/catalog/2114/nutrient-requirements-of-poultry-ninth-revised-edition-1994
https://www.aoac.org/official-methods-of-analysis-21st-edition-2019/
https://doi.org/10.1007/s00217-013-2070-2
https://doi.org/10.3382/ps.2011-01675
https://doi.org/10.3382/ps.2014-04091
https://doi.org/10.1093/jn/121.6.832
https://doi.org/10.3390/nu10091181
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1093/bioinformatics/btr507
https://doi.org/10.1111/jpn.12487
https://doi.org/10.1111/j.1654-1103.2003.tb02228.x.26
https://doi.org/10.22358/jafs/65560/2016
https://doi.org/10.1111/jpn.12415
https://doi.org/10.1590/S0102-09352008000200025
https://doi.org/10.1093/ps/86.3.488
https://doi.org/10.1093/ps/86.3.488
https://doi.org/10.1016/j.anifeedsci.2013.07.012
https://doi.org/10.1016/j.foodres.2014.07.010
https://doi.org/10.1016/j.foodres.2014.07.010
https://doi.org/10.1242/jeb.102418
http://www.ncbi.nlm.nih.gov/pubmed/12801075
http://www.ncbi.nlm.nih.gov/pubmed/12801075
https://doi.org/10.4314/sajas.v37i3.4092
https://doi.org/10.3390/nu10040445
https://doi.org/10.1007/s00360-016-1037-6
https://doi.org/10.1159/000198758
https://doi.org/10.1021/jf902107d
https://doi.org/10.1371/journal.pone.0049558
https://doi.org/10.3389/fvets.2015.00075
https://doi.org/10.1016/j.nut.2006.05.010


59. Kühn I, Katouli M, Lund A, Wallgren P, Möllby R. Phenotypic diversity and
stability of the intestinal coliform Flora in piglets during the first 3 months
of age. Microb Ecol Health Dis. 1993;6:101–7. https://doi.org/10.3109/
08910609309141313.

60. Oakley BB, Lillehoj HS, Kogut MH, Kim WK, Maurer JJ, Pedroso A, et al. The
chicken gastrointestinal microbiome. FEMS Microbiol Lett. 2014;360:100–12.
https://doi.org/10.1111/1574-6968.12608.

61. Stanley D, Keyburn AL, Denman SE, Moore RJ. Changes in the caecal
microflora of chickens following Clostridium perfringens challenge to
induce necrotic enteritis. Vet Microbiol. 2012;159:155–62. https://doi.org/10.
1016/j.vetmic.2012.03.032.

62. Allen HK, Stanton TB. Altered egos: antibiotic effects on food animal
microbiomes. Annu Rev Microbiol. 2014;68:297–315.

63. Wang Y, Sun J, Zhong H, Li N, Xu H, Zhu Q, et al. Effect of probiotics on the
meat flavour and gut microbiota of chicken. Sci Rep. 2017;7:6400. https://
doi.org/10.1038/s41598-017-06677-z.

64. Costa MC, Bessegatto JA, Alfieri AA, Weese JS, Filho JAB, Oba A. Different
antibiotic growth promoters induce specific changes in the cecal
microbiota membership of broiler chicken. PLoS One. 2017;12:e0171642.
https://doi.org/10.1371/journal.pone.0171642.

65. Wages JA, Feye KM, Park SH, Kim SA, Ricke SC. Comparison of 16S rDNA
next sequencing of microbiome communities from post-scalder and post-
picker stages in three different commercial poultry plants processing three
classes of broilers. Front Microbiol. 2019;10. https://doi.org/10.3389/fmicb.
2019.00972.

66. Chantziaras I, Boyen F, Callens B, Dewulf J. Correlation between veterinary
antimicrobial use and antimicrobial resistance in food-producing animals: a
report on seven countries. J Antimicrob Chemother. 2014;69:827–34. https://
doi.org/10.1093/jac/dkt443.

67. Abriouel H, Lerma LL, Casado Muñoz M, Del C MBP, Kabisch J, Pichner R,
et al. The controversial nature of the Weissella genus: technological and
functional aspects versus whole genome analysis-based pathogenic
potential for their application in food and health. Front Microbiol. 2015;6.
https://doi.org/10.3389/fmicb.2015.01197.

68. Ren C, Zhang Q, de Haan BJ, Zhang H, Faas MM, de Vos P. Identification of
TLR2/TLR6 signalling lactic acid bacteria for supporting immune regulation.
Sci Rep. 2016;6:34561. https://doi.org/10.1038/srep34561.

69. Bjerrum L, Engberg RM, Leser TD, Jensen BB, Finster K, Pedersen K. Microbial
community composition of the ileum and cecum of broiler chickens as
revealed by molecular and culture-based techniques. Poult Sci. 2006;85:
1151–64. https://doi.org/10.1093/ps/85.7.1151.

Colombino et al. Journal of Animal Science and Biotechnology           (2020) 11:63 Page 17 of 17

https://doi.org/10.3109/08910609309141313
https://doi.org/10.3109/08910609309141313
https://doi.org/10.1111/1574-6968.12608
https://doi.org/10.1016/j.vetmic.2012.03.032
https://doi.org/10.1016/j.vetmic.2012.03.032
https://doi.org/10.1038/s41598-017-06677-z
https://doi.org/10.1038/s41598-017-06677-z
https://doi.org/10.1371/journal.pone.0171642
https://doi.org/10.3389/fmicb.2019.00972
https://doi.org/10.3389/fmicb.2019.00972
https://doi.org/10.1093/jac/dkt443
https://doi.org/10.1093/jac/dkt443
https://doi.org/10.3389/fmicb.2015.01197
https://doi.org/10.1038/srep34561
https://doi.org/10.1093/ps/85.7.1151

	Abstract
	Background
	Results
	Conclusions

	Introduction
	Materials and methods
	Birds and husbandry
	Diets
	Chemical analyses of pomaces and experimental diets
	Growth performance
	Pre-slaughter procedures
	Histomorphological investigations
	Small intestinal and cecal physiological indices
	Excreta microbiota characterization
	Bioinformatics and statistical analysis

	Results
	Chemical analyses of pomaces and experimental diets
	Growth performance
	Histomorphological investigations
	Small intestinal parameters
	Cecal parameters
	Excreta microbiota characterization

	Discussion
	Conclusion
	Supplementary information
	Abbreviations
	Acknowledgements
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References

