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A B S T R A C T

An experiment was performed as a completely randomized design in a 4× 2 × 2 factorial ar-
rangement with 4 replicates of 15 chicks in each pen to investigate the effects of flaxseed ex-
trusion and expansion accompanying with enzyme addition in mash or pelleted diets on protein
and lipid molecular structure spectral and performance characteristics of broiler chickens.
Factors included were four types of flaxseed: control (corn-soybean meal based diet with no
flaxseed), raw flaxseed (RF, 200 g/kg), extruded flaxseed (ETF, 200 g/kg) and expanded flaxseed
(EPF, 200 g/kg); two levels of carbohydrase enzyme (0 or 25mg/kg) and two forms of diet (pellet
or mash). Performance criteria, protein and lipid molecular structures, blood biochemical
characteristics, digestive enzymes activity and nutrient digestibility, cecal microbial population
and breast muscle fatty acids profile were evaluated during the trial. EPF increased BW and
reduced FCR compared to the RF and ETF throughout the experimental period (0–28 d.,
P≤0.001). Pelleting the diets increased BW, improved feed consumption and reduced FCR in
comparison to the mash diets fed chicks (P≤0.001). Enzyme addition had no impact on BW,
FCR and feed intake of chickens. Both EPF and ETF reduced α-helix and increased ß-sheet height
and increased CH3 asymmetric stretching compared to raw flaxseed (P < 0.05). Distinct spectral
differences were detected between RF and processed flaxseed and also diets containing the
processed flaxseed. Digestive lipase and alkaline phosphatase activity were increased when
chicks were fed with diets containing EPF and ETF (P≤0.003). Total alkaline protease (APA)
was reduced by inclusion of RF. Plasma total protein concentration was significantly increased
and triglyceride and HDL cholesterol levels were reduced in chicks fed with flaxseed included
diets (P≤0.05). Except for villus to crypt ratio which was increased (P≤ 0.05) by RF addition,
no significant differences were observed in intestinal morphological characteristics by flaxseed
processing, pelleting the diets and enzyme supplementation. Apparent total tract lipid and cal-
cium digestibility were increased (P≤0.001) and phosphorus digestibility was reduced as RF
incorporated to the diets. Salmonella and E. coli population were considerably reduced by ETF
and EPF (P≤0.001). The total polyunsaturated fatty acids (PUFAs) were increased and mono-
unsaturated fatty acids (MUFAs) were reduced in breast muscle by feeding the flaxseed
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containing diets regardless of flaxseed processing (P≤0.01). Long chain n-3 fatty acids (18:3 n-
3; 20:5 n-3; 22:5 n-3 and 22:6 n-3) were increased and n-6 to n-3 ratio was reduced with in-
clusion of flaxseed regardless of processing conditions (P≤0.01). Myristic, palmitic and stearic
acid content of breast muscle were reduced (P≤ 0.01) in EPF included diets. In conclusion the
findings suggest that expansion of flaxseed is beneficial for inclusion of high levels of flaxseed in
broiler rations and for meat enrichment with n-3 fatty acids.

1. Introduction

In 2016, global production of flaxseed or linseed (Linum usitatissimum L.) was around 2.9 million metric tons and of flaxseed oil
was around 0.66 million metric tons which has been shown the fastest growth rates among oil seeds. The rate of increase is expected
to bemore than 4 percent annually according to the reports by FAO (2017). Most of the global increase is attributed to the growing
awareness about the health benefits of flaxseed and flaxseed-oil consumption encouraging the global production of this oilseed.
Apperson and Cherian (2017) reported that flaxseed is a rich source of α-linolenic acid, which has beneficial effects due to increasing
n-3 fatty acids in chicken body tissues. Lewinska et al. (2015) reported that inclusion of flaxseed in daily regimen had beneficial
effects on controlling human cardiovascular diseases.

However, flaxseed contains anti-nutrients such as non-starch polysaccharides, mucilage, linatine, cyanogenic glycosides, trypsin
inhibitors and phytic acid that may have adverse influence on the gastrointestinal health and nutrient utilization in broiler chickens
(Madhusudhan et al., 1986; Bhatty, 1993; Alzueta et al., 2003; Apperson and Cherian, 2017). Flaxseed inclusion in broiler diets
increases the viscosity of ileal digesta, reduces nutrient digestibility and growth of broiler chickens at early stage of life (Rodriguez
et al., 2001; Alzueta et al., 2003). An overview of the previous trials in this specific area specified the adverse effects of flaxseed on
broiler growth to reduction in energy and other nutrient digestion (Lee et al., 1991; Alzueta et al., 2003; Apperson and Cherian,
2017). Rodriguez et al. (2001) mentioned that water-soluble non-starch polysaccharides are mainly responsible for flaxseed anti-
nutritional effects in broiler chickens. Apperson and Cherian (2017) showed that treating the flaxseed with carbohydrase enzyme
improved villi growth and increased breast, thigh and adipose tissue n-3 fatty acid content. However, they found a minimal effect of
enzyme supplementation on performance parameters in flaxseed fed chicks. They suggested that more time and high dose of enzyme
are required to significantly change the viscosity of the digesta at high inclusion rates of flaxseed (Apperson and Cherian, 2017). On
the other hand, Yu and Damiran (2011) showed that heat processing such as autoclaving had a great impact on lipid, carbohydrate
and protein structural conformation of flaxseed which is detectable using the mid-infrared molecular spectroscopy. Doiron et al.
(2009) reported that heat processing of raw flaxseed reduced α-helix to ß-sheet ratio in secondary structures of protein which has
been shown to be positively correlated with increased protein absorption from intestine. Yu (2008) and Liu and Yu (2010) de-
monstrated that the diffuse molecular spectroscopy is capable to detect molecular structural features in individual ingredients as well
as in complete feed. Therefore, application of appropriate, innovative and valuable processing technology may play an important role
in reducing the antinutritional compounds, changing the molecular structure and boosting the carbohydrase enzyme activity in
flaxseed based diets for broiler chickens.

Extrusion and expansion are hydro-thermal processing technologies by using a combination of moist heat and shear treatment
simultaneously which are suitable for processing of high protein rations and food mixtures for infant feeding (Eastman et al., 2001;
Harper, 1989). It has been reported that extrusion and expansion are comprehensive processing techniques (Singh et al., 2007) in
which raw ingredients and also complete feeds expose to shear and temperatures between 100–180 °C which can cause structural
change within the raw materials (Guy, 2001; Aslaksen et al., 2006; Day and Swanson, 2013; Beck et al., 2017); leading to increase in
nutrient solubility and digestibility (Alonso et al., 2000) and reducing the digesta viscosity (Beck et al., 2017) as well as changing the
secondary structure of protein, lipid and carbohydrate specially in complete rations containing a variety of non-starch poly-
saccharides (Guerrero et al., 2014). Nikmaram et al. (2017) proposed that application of extrusion processing for animal feed since
combining a thermo-mechanical cooking facilitates a quicker and more consistent way to cause thermal/chemical breakdown of anti-
nutritional factors and they mentioned that extrusion could alter the physical, chemical and nutritional nature of nutrients in a
desirable manner. It has been postulated that extrusion can increase the digestibility of starch and reduce ileal digesta viscosity (Rojas
et al., 2016) and increase the soluble fiber digestion of seed meals (Björck et al., 1984; Barrows et al., 2007; Jing and Chi, 2013).
Singh et al. (2007) mentioned that extrusion or expansion has many benefits concerning to the availability and accessibility of the
food for human as well as products for animal feeds such as starch gelatinization, reduction in lipid oxidation, enhancing the soluble
dietary fibers and lowering the anti-nutritional factors. One of the valuable features of extrusion and expansion technology is the
facilitation of liquids addition such as fat and molasses to complete feed, which is making this technology suitable for processing of oil
seeds such as flaxseed. Previous study in our laboratory showed that expansion improved nutritional value of flaxseed with regards to
the anti-nutritional factors and modification in lipid and carbohydrate structures of diets when is fed to the broiler chicken in mash
form (Pirmohammadi et al., 2019). Jia and Slominski (2010) proposed enzyme addition and feed pelleting as practical solutions to
improve the nutritive value of flaxseed for broiler chickens. They clearly showed that thermal processing such as pelleting have great
beneficial effects on growth performance particularly when whole, intact seeds are used, indicating a potential for using whole
flaxseed in pelleted diets.

To the best of our knowledge there is no literature dealing with the thermal processing of flaxseed such as extrusion and expansion
which can result in a noticeable changes of molecular fragmentation and inter-molecular aggregation during processing to overcome
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on its anti-nutritional compounds and to alter lipid digestion and muscle fatty acid profile. Present study was performed to further
elucidation of the effects of extrusion and expansion processing of flaxseed in combination with carbohydrase enzyme followed by
pelleting the diets for broiler chicken. It was hypothesized that extrusion or expansion of raw flaxseed may reduce the anti-nutritional
compounds and also could considerably change its texture and nutrient structure; which can help to increase efficiency and improve
overall carbohydrase enzymes activity in pelleted whole flaxseed included diets.

2. Materials and methods

2.1. Extrusion and expansion of flaxseed

A batch (1500 kg) of raw flaxseed was obtained from a local company and was divided into 3 equal portions. The first portion was
extruded at high temperature (132 ± 2 °C) with high pressure for a short period of time (20 s) using a single screw (speed of
450 rpm, diameter of 10 cm), double conditioner extruder system (Amandus Kahl, Extruder, OEE 32, GmbH and Co., KG, Germany).
Second portion was expanded in temperature between 115 to 125 °C with high pressure for a period of time (30 s) using a single screw
(speed of 450 rpm, diameter of 10 cm) single conditioner expander machine (Amandus Kahl, Expander, AK-72-E06, GmbH and Co.,
KG, Germany). Third portion was used as raw flaxseed in diets after grinding using a hammer mill (horizontal rotor hammer mill,
Changzhou Farthest Machinery Co. China). Raw, extruded and expanded flaxseeds were analyzed for crude protein by Kjeldahl
(Kjeldahl Apparatus Gallenkamp, Germany; BUCHI-339 Distillation Unit; method, 954.01; AOAC, 2000). Crude fiber and ether
extract of flaxseed were determined by sequential extraction with diluted acid and alkali (method 962.09; AOAC, 2000) and by
Soxhlet (BUCHI- Extraction System B-811) fat analyzer after 3 N HCl acid hydrolysis (method 920.39; AOAC, 2000) after oven drying
(60 °C for 72 h), respectively. Total phosphorus content of the raw, extruded and expanded flaxseeds were measured by digestion
with hydrochloric and nitric acid and phosphorus determined by the ammonium molybdate by using spectrophotometer (UNICO
2150, Germany) measuring absorbance at 340 nm (method 946.06, AOAC International, 2000). The calcium content of flaxseed was
measured after perchloric acid digestion and quantification by using the triethanolamine (50%) and KOH 4N, using a spectro-
photometer (UNICO 2150, Germany) measuring absorbance at 630 nm. Chemical Composition and nutrient analysis of raw, extruded
and expanded flaxseeds are shown in Table 1.

2.2. Bird husbandry and experimental diets

All experimental procedures were approved by animal care and use committee of the department of animal science, university of
Zanjan. Nine hundred and sixty day old male Ross-308 broiler chicks with an initial BW of 43 ± 1.1 g (parent stock age, 42 weeks)
were obtained from a local hatchery and were housed in an environmentally controlled building. Chicks were allotted randomly into
64 experimental pens (1.5 m2) with 15 chicks in each pen. Experiment was performed as a completely randomized design in a
factorial arrangement (4×2× 2) with 4 replicates of 15 chicks in each pen. Factors included were 4 types of flaxseed: control (corn-
soybean meal based diet), raw flaxseed (RF, 200 g/kg), extruded flaxseed (ETF, 200 g/kg) and expanded flaxseed (EPF, 200 g/kg); 2
levels of a multi enzyme (0 or 25mg/kg, KEMZYME Plus, Herentals, Belgium, ß-glucanase 5,000,000 units/kg; cellulase 5,000,000
units/kg; α-amylase 2,000,000 units/kg; protease 2,000,000 units/kg and xylanase 2,000,000 units/kg) and 2 forms of diet (Pellet or
Mash). Experimental diets are shown in Table 2. For each treatment a batch of 1500 kg of each ration was mixed using a twin-shaft
paddle mixer and batches of the resulting 16 experimental diets were packaged according to its batch number. Eight of sixteen rations
were prepared in mash form and the other eight rations were steam pelleted (Matador, model SZLH35, Denmark) at 79 °C for 40 s
using a 1.8mm die with an effective thickness of 38mm.

Feed and water were provided ad libitum during the experiment (0–28 d). Body weight (BW) and cumulative feed intake (FI) were
measured weekly and feed conversion ratio (FCR) was calculated. Weekly FI in each pen was calculated by total amount of feed
placed in the feeders minus the residual feed. Chicks were brooded following standard temperature regimens which gradually de-
creased from 32 to 24 °C; the photoperiod was 23:1 light: dark cycle.

2.3. Molecular spectroscopy of processed flaxseed

The infrared (IR) absorbance of samples (RF, ETF, EPF included diets and control) was determined by FTIR spectroscopy (Bruker

Table 1
Nutrient composition of raw, expanded and extruded flaxseed as a dry matter basis.

Raw Flaxseed Expanded flaxseed Extruded flaxseed
(g/kg)

AME (MJ /kg) 4300 ± 34 4174 ± 55 4013 ± 42
Crude protein 196 ± 7 198 ± 5 211 ± 2
Crude fat 454 ± 9 423 ± 6 416 ± 11
Crude fiber 63 ± 3 78 ± 1 54 ± 1
Calcium 2.7 ± 0.02 5.4 ± 0.04 3.1 ± 0.06
Total phosphorus 4.4 ± 0.08 4 ± 0.1 4.2 ± 0.12
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Table 2
Composition and calculated analyses of the basal diets.

Ingredients Basal diets (g/kg)1

Control RFa ETFa EPFa

Maize 534 435.9 435.9 435.9
Soybean meal 389.5 294 294 294
flaxseed 0 200 200 200
Maize oil 26 18 18 18
Dicalcium phosphate 17 17 17 17
Limestone 8 8 8 8
Sodium chloride 3 3 3 3
Vitamin and mineral premix2 3 3 3 3
DL-Met 1.9 2 2 2
L-Lys HCL 1.6 3.1 3.1 3.1
Pellet Binder 16 16 16 16
Calculated Composition
ME (MJ/kg) 12.31 12.53 12.24 12.13
Crude protein 214 204 204 204
Crude Fiber 54 40 40 40
NSP3 135 162 162 162
SID-Lys4 12.51 13.20 13.20 13.20
SID-Met 5.4 5.55 5.55 5.55
SID-Met+Cys 8.91 8.89 8.89 8.89
SID-Thr 8.72 8.70 8.70 8.70
Calcium 10 10 10 10
Phosphorus (available) 4.5 4.5 4.5 4.5
Analyzed Composition
Crude protein 202 198 197 195
Ether extract 90 172 167 146
Calcium 10 13 12 13
Total Phosphorus 6.2 7.7 7.5 7.4

a RF= raw flaxseed; ETF= extruded flaxseed; EPF= expanded flaxseed.
1 Soybean meal proteins in a corn-soy control diet were calculated and replaced with 20 percent of raw, extruded or expanded flaxseed protein.
2 Vitamin and mineral mix supplied the following per kg of diet: transretinol: 11mg; cholecalciferol: 0.5 mg; a tocopherol acetate: 80mg;

menadione: 3mg; thiamine: 3mg, riboflavin: 8mg; pyridoxine: 5mg; cyanocobalamin: 0.024mg; nicotinic acid: 60mg; folic acid: 2mg; Ca pan-
tothenate: 15mg; choline chloride: 250mg; Mn: 120mg; Zn: 100mg; Cu: 15mg; Se: 0.3 mg; I: 1 mg; and Fe: 30mg. 3Non-starch polysaccharides.
4SID: Standardised ileal digestibility.

Fig. 1. Full FTIR spectrum (800 to 4000 cm−1 wavenumber region) of Intact (a) and Grinded (b) raw flaxseed (black), extruded (red) flaxseed and
expanded flaxseed (blue); each graph is an average of four FTIR scans for each sample (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.).
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Tensor 27, Bruker Optics Inc., Billerica, MA, USA) coupled with a universal attenuated total reflectance accessory. The samples (4 per
each group) were finely ground and pressed uniformly against the diamond surface using a spring-loaded anvil, and the mid-IR
spectrum recorded from 800 to 4000 cm−1 of wavenumber region for whole and grinded raw, ETF and EPF (Fig. 1), and also for
experimental diets included different kind of flaxseed in mash or pellet (Fig. 2) form. The FTIR protein area (amide I and amide II))
for whole and grinded raw, ETF and EPF (Fig. 3) and experimental diets included different kind of flaxseed in mash or pellet (Fig. 4)
were recorded at 1490 to 1720 cm-1 wave length region. The FTIR lipid area (CH2 and CH3 symmetric and anti-symmetric functional
groups) for whole and grinded raw, ETF and EPF (Fig. 5) and experimental diets included different kind of flaxseed in mash or pellet
(Fig. 6) were recorded at 2800 to 2990 cm-1 wave length region. The FTIR spectroscopy was performed according to the procedures
described by Yu (2011). Each sample was scanned for 2 times (4 replicate × 2 scans= 8 scans for each sample). The collected spectra
were corrected against air as background.

2.4. Univariate molecular spectral analysis

Normalization of data and correction for baseline were done using the Origin Pro software (OriginLab, Northampton, MA, US,
2016). Amide I and II peak area and height, α-helix and ß-sheet peak height intensities, and their ratios were used to detect the
protein structural changes. Functional groups were identified according to the method described by Wetzel et al. (2003). In current
trial, the analyzed spectral baseline was ca. 1720–1485 cm−1 for proteins. The analyzed spectral regions for amide I and II were ca.
1720–1575 and ca. 1575– 1490 cm-1 and for lipid compound were ca. 2800 to 2990 cm-1 to detecting the CH2 and CH3 symmetric
and anti-symmetric functional groups. For the α-helix and ß-sheet, the peak falls within the range of ca. 1650–1660 and
1620–1640 cm-1, respectively. Different ratios were calculated according to respective absorbance intensity value (Yu, 2005; Yu and
Nuez-Ortín, 2010).

2.5. Multivariate analysis

Protein and lipid IR fingerprint data of diets were investigated using agglomerative hierarchical cluster analysis (CLA) and
principal component analysis (PCA) using Origin software (OriginPro, OriginLab, Northampton, MA, US, 2016) (Yu, 2005; Yu et al.,
2010). These results were used to classification of protein and lipid structural differences to recognize the variation within the protein
amide I and II fingerprint spectra for whole and grinded raw, ETF and EPF (Fig. 7) and experimental diets included different kind of
flaxseed in mash or pellet (Fig. 8) (ca. 1490 to 1720 cm−1), as well as CH2 and CH3 symmetric and anti-symmetric functional groups
for whole and grinded raw, ETF and EPF (Fig. 9) and experimental diets included different kind of flaxseed in mash or pellet (Fig. 10)
(ca. 2800 to 2990 cm−1).

2.6. Digestive enzymes activity measurement

On d 7 and 28, two chicks from each pen (after 6 h of feed withdrawal) were randomly chosen, weighed and slaughtered in
accordance with the procedure and guidelines approved by the animal care committee of the university. The duodenum and a 10-cm

Fig. 2. Full FTIR spectrum (800 to 4000 cm−1 wavenumber region) of Pellet (a) and Mash (b) diets contained raw flaxseed (red), extruded flaxseed
(blue) and expanded flaxseed (pink) and pellet diet without flaxseed (control diet; black); each graph is an average of three FTIR scans for each
sample (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).
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segment of the jejunum adjacent to the distal pancreas, free of residual feed, were removed and frozen in liquid nitrogen. Specimens
were transferred into the liquid nitrogen until preparation for assay. The frozen intestine was partially thawed in the refrigerator at
4 °C for 2 h. Each samples were homogenized separately (dilution 1:5, w/v) in cold buffer (50mM Tris–HCl, pH 8.0 containing 10mM
CaCl2) on ice at 14,000×g for 2min. Afterwards, the homogenate was centrifuged at 14,000×g for 45min. at 4 °C and then su-
pernatants were collected, and aliquots were stored at −80 °C until digestive enzyme were assayed. Enzymes activities were mea-
sured at 37 °C using spectrophotometer and according to the procedures described below: trypsin (EC 3.4.21.4) activity was de-
termined using BAPNA as substrate according to the method of Erlanger et al (1961). One unit of activity was defined as the enzyme
releasing 1 μmol p-nitroaniline min-1 at 410 nm. Lipase (EC 3.1.1.3) activity was measured by hydrolysis of ρ-nitro phenyl myristate
as substrate according to method of Iijima et al (1998). One unit of enzyme activity was defined as 1 μmol of ρ-nitrophenol released
per min at 405 nm. Total alkaline protease activity (APA) was determined based on casein hydrolysis assay of Kunitz (1947) as
modified by Walter (1984). One unit of activity was defined as the amount of enzyme needed to produce 1 μmol tyrosine per min at

Fig. 3. FTIR protein area (amide I and amide II; 1490 to 1720 cm−1 wavenumber region) of Intact (a) and Grinded (b) raw flaxseed (black),
extruded (red) flaxseed and expanded flaxseed (blue); each graph is an average of three FTIR scans for each sample (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.).

Fig. 4. FTIR protein area (amide I and amide II; 1490 to 1720 cm−1 wavenumber region)) of Pellet (a) and Mash (b) diets contained raw flaxseed
(red), extruded flaxseed (blue) and expanded flaxseed (pink) and pellet diet without flaxseed (control diet; black); each graph is an average of three
FTIR scans for each sample (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.).
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280 nm. Phosphatase was assayed according to the procedure described by Walter and Schütt (1974). Briefly, homogenates were
incubated with p-nitrophenyl phosphate as substrate and the increase in absorbance was measured continuously for 30min at
405 nm. The concentration of soluble protein in extracts was determined by the method of Lowry et al. (1951) using bovine serum
albumin (0–1mg /mL) as a standard at 750 nm and enzymes activities were expressed as units per milligram of soluble protein.

2.7. Plasma biochemistry

On d 28, two chickens were randomly picked from each pen and blood samples were collected into heparinized tubes by
puncturing the brachial vein. The samples were immediately centrifuged for 10min at 3000 × g at 20 °C and the supernatants were
harvested and stored at -20 °C for measuring triglyceride, cholesterol, low-density lipoprotein (LDL), and high-density lipoprotein

Fig. 5. FTIR lipid area (CH2 and CH3 symmetric and anti-symmetric functional groups; 2800 to 2990 cm−1 wavenumber region) of Intact (a) and
Grinded (b) raw flaxseed (black), extruded (red) flaxseed and expanded flaxseed (blue); each graph is an average of three FTIR scans for each sample
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).

Fig. 6. FTIR lipid area (CH2 and CH3 symmetric and anti-symmetric functional groups; 2800 to 2990 cm−1 wavenumber region) of Pellet (a) and
Mash (b) diets contained raw flaxseed (red), extruded flaxseed (blue) and expanded flaxseed (pink) and pellet diet without flaxseed (control diet;
black); each graph is an average of three FTIR scans for each sample (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.).

M. Avazkhanloo, et al. Animal Feed Science and Technology xxx (xxxx) xxxx

7



(HDL). Plasma from heparinized tubes was used for measuring the plasma uric acid, albumin and total protein concentration. The
concentration of triglyceride, total cholesterol, HDL and LDL cholesterol in the serum samples were analyzed with an automatic
biochemical analyzer (Hitachi Boehringer Mannheim 717) using colorimetric method (Fossati and Prencipe, 1982). The serum was
then analyzed for uric acid (Fossati et al., 1980). Glucose determined directly using a Diagnostic kit (PARSAZMOON, catalogue no.
1500, Iran (by using a spectrophotometer (PERKIN-ELMER 35, USA) measuring absorbance at 340 nm.

2.8. Jejunal morphology

On d 28, a 2-cm segment of the middle of the jejunum samples were washed in physiological saline solution and fixed in 10%
buffered formalin and the fixing solution was changed 3 times in daily intervals for fixation. A single 0.5-cm sample was cut from
each ileal section, dehydrated using increasing ethanol concentrations, cleared with xylene and placed into polyfin embedding wax.
Tissue sections (2 μm) were cut by microtome (Easy cut 202, Italy), floated onto slides and stained with hematoxylin (Gill number 2;
Sigma, St. Louis, MO) and eosin (Sigma Aldrich, Darmstadt, Germany). For each sample, villus height, crypt depth, villus surface area,
lamina propria thickness and epithelial cell layer thickness were measured using a digital camera that had light microscopy (Motic-
SMZ-140, Germany). Twenty five images from 15 tissue sections of each ileal section were taken and villus heights and crypt depths
were measured by imaging software. Measurements for villus lengths were taken from the tip of the villus to the valley adjacent to
villus-crypt junction. The surface area of villi calculated by measuring the height and width of villi. The lamina propria thickness was
measured from the epithelium to the basement membrane. The epithelial cell layer thickness measured from submucosa to the serosa.
Goblet cell number and density determined according to the method described by Uni et al. (2003). Briefly, the number of goblet cell
in each villus (45 measurements from 15 tissue section) was counted and the density of the goblet cells was determined as the number
of goblet cell in each unit of the surface area (μm2).

2.9. Total tract nutrient digestibility

On d 22, two chicks from each pen were randomly selected and were transferred to the metabolic cages (500 cm2 floor spaces,
provided with a tube feeder and a bell drinker). Chicks were kept in the cages for 2 d to acclimate for the new environmental
situation. Then, feed was removed from feeders for 12 h to permit intestinal emptying of the birds. The same experimental diets were
offered to the birds ad libitum for 48 h and total excreta output was collected every 24 h from the beneath trays throughout a 72 h

Fig. 7. Principle component analysis and cluster analysis of FTIR protein area (amide I and amide II; 1490 to 1720 cm−1) of Intact (a and b) and
Grinded (c and d) raw flaxseed (code R), extruded flaxseed (code ET) and expanded flaxseed (code EP).
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period. Spilled materials such as feathers were removed, and excreta was dried (50 °C) inside the incubator (GmbH, D-91126,
Germany). FI was calculated by total amount of feed placed in feeder minus the residual feed. Excreta and feed samples were ground
through a 1-mm screen. Samples were then used to determine dry matter content following drying at 105 °C for 24 h. Crude protein,
lipid, phosphorus and calcium contents of diets and excreta samples were determined using the methods described earlier.
Digestibility was calculated using the nutrient content of diet and excreta with regards to the amount of consumed feed and collected
excreta.

2.10. Viscosity

Viscosity of ileal content was measured on d 28 by collecting and pooling the ileal content of two chicks from each pen. The
procedure described by Bedford and Classen (1993) was applied to collecting (1.5 g) and centrifuging (12,700×g for 5min) the ileal
digesta. Brookfield digital viscometer (model DV2T, USA) at a speed rate of 200 RMP and shear rate at 60 s−1 at 25 °C was used for
determining the viscosity. Data collected using the optional Rheocalc T software.

2.11. Cecal microflora population

On d 28, one gram of the cecal contents of two birds from each pen was pooled and used for serial dilution. Microbial populations
were determined by serial dilution (10−5 to 10−6) of cecal samples in anaerobic diluents (saline solution 9%) before inoculation onto
petri dishes of sterile agar as described by Bryant and Burkey (1953). Salmonella Shigella agar (Liofilchem, Zona Ind.le-Roseto d.
Abruzzi-Lot: 111816503, Italy) is used to salmonella culture and McConkey agar (Liofilchem, Zona Ind.le-Roseto d. Abruzzi-Lot:
120316502, Italy) for coliforms and E. coli. Plates were incubated at 37 °C and were counted between 24 and 48 h after inoculation.
Colony forming units were counted immediately after removal from the incubator (GmbH, D-91126, Germany).

2.12. Breast muscle lipid extraction and fatty acid analysis

Breast lipids were extracted using a 2:1 chloroform:methanol solution according to the method described by Folch et al. (1957).

Fig. 8. Principle component analysis and cluster analysis of FTIR protein area (amide I and amide II; 1490 to 1720 cm−1) of Pellet (a and b) and
Mash (c and d) diets including control diet (without flaxseed code C), raw diet (contained raw flaxseed code R), extruded diet (contained extruded
flaxseed; code ET) and expanded diet (contained expanded flaxseed; code EP).
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Fatty acid methyl esters were prepared from extracted lipids of breast muscle as described by Metcalf et al. (1966). Briefly, as
described by Cherian et al. (2002), 10 g of breast meat was drawn into a 250-mL tube. Fifty milliliters of FolchI solution (chlor-
oform:methanol 2:1; Folch et al., 1957) was added. The samples were homogenized with a polytron3 for 30 s at high speed. Then
after 50mL Folch-I solution was added to the homogenate and kept overnight in the refrigerator (4 °C). The sample was filtered into a
500-mL graduated cylinder; the tube was rinsed with 25mL of Folch solution. NaCl (0.88%) was added to the filtrate at an amount
equal to 25% of the filtered sample volume and was mixed into it. After phase separation, the top layer was carefully siphoned off.
The total lipid content was collected gravimetrically. One gram of extracted total lipid was drawn into 15mL tubes. Five milliliters of
methanolic sodium hydroxide (2%) was added to the tubes and was heated on a steam bath for 10min until the fat globules were
incorporated into the solution. Afterwards tubes were brought out gently from steam bath and cooled in ambient room temperature.
Then, 2.175 milliliters of BF3-methanol (20%) was added to the tubes and the mixture was boiled for 3min and after that sample was
cooled in ambient room temperature. Thereafter, one ml of a N-Hexane (Merck, Darmstadt, Germany) and one milliliter of saturated
sodium chloride solution was added to the tubes, shaked strongly and then let them to make an aqueous two-phase supernatant.
Upper phase of supernatant (0.2 microliters) was injected into the gas chromatograph (Unicam 4600 Gas Chromatograph, England)
for determining the fatty acid methyl esters.

2.13. Statistical methods

Data were analyzed by 1-way (breast fatty acid analysis) and 3-way of ANOVA using the MIXED procedure of SAS (SAS Institute,
2003) with an average of 15 birds in each pen as the experimental unit for performance characteristics and an average of 2 birds as
the experimental unit for the other characteristics. The effects of the 4 type of flaxseed (No-flax (corn-soy basal diet), RF, ETF and
EPF), 2 levels of carbohydrase enzyme (0 or 25mg/kg) and 2 forms of diet (pellet or mash) were investigated using a 4 × 2 × 2
factorial arrangement. Apart from the analysis of data in factorial arrangement, performance data were used in the repeated measure
analysis of PROC MIXED procedure of SAS (SAS Institute Inc., Cary, NC) according to the following model;

Yijkl=μ + Di + Ej + Fk + Wl + DWil +EWjl +FWkl + ðij + eijkl

Fig. 9. Principle component analysis and cluster analysis of FTIR lipid area (CH2 and CH3 symmetric and anti-symmetric functional groups; 2800 to
2990 cm−1) of Intact (a and b) and Grinded (c and d) raw flaxseed (code R), grinded extruded flaxseed (code ET) and grinded expanded flaxseed
(code EP).
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where μ = overall mean, Di= fixed effect of feed form, Ej= fixed effect of Enzyme, Fk= fixed effect of flaxseed, Wl= fixed effect of
week (l = 1–4, for production performance), DWil= interaction between feed form and week, EWjl= interaction between enzyme
and week, FWkl= interaction between flaxseed and week, ðij= random error variation, the variance between chicks (subjects) within
treatment eijkl= random error variation, the variance between measurements within chicks.

The normal distribution of the residual was tested by the UNIVARIATE procedure of SAS (SAS Institute, 2003). Differences
between treatment means were tested using Tukey test. Statistical significance was declared at P ≤ 0.05. Trypsin and alkaline
phosphatase activity and also microbiological concentrations were subject to log10 transformation before analysis.

2.14. Correlation analysis

After testing the normal distribution of the data and residuals using shapiro-wilk normality test, the Pearson correlation I analysis
were conducted to determine the relation between the changes in FTIR lipid and protein molecular structures amide I and II area, the
amide I and II ratio, α-helix and ß-sheet height and their ratios and CH2 symmetric, CH2 and CH3 anti-symmetric stretching and the
changes in measured characteristics using PROC CCORR of SAS software (2003). Significant difference was declared at P< 0.05.
Treatment means were compared using the Tukey test.

3. Results

3.1. Performance

The main effects and interactions between the flaxseed processing, enzyme addition and feed form on performance of broiler
chickens are shown in Tables 3, 4 and 5. Compared to the control soy-corn diet, body weight gain was reduced and FCR was increased

Fig. 10. Principle component analysis and cluster analysis of FTIR lipid area (CH2 and CH3 symmetric and anti-symmetric functional groups; 2800
to 2990 cm−1) of Pellet (a and b) and Mash (c and d) diets including control diet (without flaxseed code C), raw diet (contained raw flaxseed code
R), extruded diet (contained extruded flaxseed; code ET) and expanded diet (contained expanded flaxseed; code EP).
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Table 3
Overall performance1 of broiler during the experimental period using the repeated2 measure analysis and considering the fix effect of week
and also interaction between flaxseed, feed form and enzyme supplementation and week.

Treatment BWG FI FCR

Effect of Flaxseed
No-flax 307a 462b 1.291c

Raw-flax 255b 492a 1.795a

Extruded-flax 262b 486a 1.715a

Expanded-flax 305a 493a 1.495b

SEM 11.71 8.22 0.046
Effect of Feed form
Mash 243b 427b 1.597
Pellet 322a 540a 1.552
SEM 8.28 5.81 0.023
Effect of Enzyme
0 285 482 1.584
25 g/kg multi enzyme 280 485 1.564
SEM 7.88 5.81 0.023
Effect of week
WK1 (0 to 7 d) 134d 116d 0.868c

WK2 (8 to 14 d) 193c 341c 1.814ab

WK3 (15 to 21 d) 362b 617b 1.746b

WK4 (22 to 28 d) 440a 861a 1.868a

SEM 11.92 8.22 0.033
P-value
Flaxseed 0.001 0.001 0.001
Feed Form 0.001 0.001 0.169
Enzyme 0.601 0.701 0.527
Week 0.001 0.001 0.001
Flaxseed×Week 0.299 0.029 0.001
Feed Form×Week 0.001 0.001 0.001
Enzyme×Week 0.945 0.957 0.064
Flaxseed×Feed Form×Enzyme×Week 0.094 0.660 0.505

a–dMeans within a column without a common superscript differ signifficantly (P < 0.05).
1 BWG (g)=body weight gain; FI= Feed intake (g); FCR=Feed conversion ratio (g of feed/g of BWG).
2 The “Unstructured (UN)” variance and covariance structure was considered as final structure according to the criteria for evaluating

model fit (AIC, AICC and BIC).

Table 4
The main effect of Feed form, Flax type, and enzyme addition on broiler performance1 at different age.2.

0 to 7 d 0 to 14 d 0 to 21 d 0 to 28 d

Treatment BWG FI FCR BWG FI FCR BWG FI FCR BWG FI FCR

Flax
No-flax 146a 117 0.804 369a 453 1.225d 774a 1036b 1.338d 1214a 1855b 1.501d

Raw-flax 126c 112 0.899 297c 467 1.561a 608b 1095a 1.797a 1017b 1979a 1.931a

Extruded-flax 127c 116 0.921 300c 443 1.468b 626b 1073ab 1.704b 1039b 1949ab 1.859b

Expanded-flax 138b 117 0.853 344b 463 1.343c 751a 1104a 1.471c 1218a 1978a 1.614c

SEM 2.51 2.77 0.016 5.44 8.83 0.023 13.75 17.69 0.026 37.97 33.27 0.024
Feed form
Mash 125b 113 0.908 287b 424b 1.471a 594b 955b 1.620a 953b 1714b 1.717
Pellet 143a 118 0.830 368a 489a 1.328b 786a 1199a 1.535b 1291a 2167a 1.699
SEM 1.77 1.96 0.011 3.85 6.25 0.016 9.72 12.51 0.018 26.84 23.53 0.017
Enzyme
0 135 115 0.881 328 452 1.382 693 1075 1.592 1109 1940 1.712
25 g/kg multi enzyme 133 116 0.857 327 461 1.416 687 1079 1.562 1135 1941 1.703
SEM 1.76 1.96 0.011 3.85 6.25 0.016 9.72 12.51 0.018 26.84 23.53 0.017
Effect P-values
Flax 0.0001 0.539 0.0001 0.0001 0.235 0.0001 0.0001 0.045 0.0001 0.0001 0.035 0.0001
Feed form 0.0001 0.071 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 0.002 0.0001 0.0001 0.465
Enzyme 0.479 0.643 0.159 0.968 0.340 0.148 0.696 0.825 0.262 0.486 0.960 0.723
Flax× Feedform×Enzyme 0.939 0.363 0.051 0.366 0.551 0.971 0.386 0.162 0.965 0.393 0.266 0.082

a–dMeans within a column without a common superscript differ signifficantly (P < 0.05).
1 BWG (g)=body weight gain; FI=Feed intake (g); FCR=Feed conversion ratio (g of feed/g of BWG).
2 Pen means were used to calculate dietary averages.
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over the entire experimental period by inclusion of flaxseed to diets regardless of processing type (P≤0.001; Table 3). Body weight
and feed intake were increased linearly by increasing age of birds and pelleting the diets, however FCR exhibited quadratic increases
with age (P≤0.001; Table 3). EPF fed birds had higher BWG and lower FCR compared to the RF and ETF throughout the experi-
mental period and performance value for EPF was comparable to that of control corn-soybean meal fed chickens (P≤0.001). Feed
intake was, also, higher in flaxseed fed birds (P < 0.05) in 0–21 and 0–28 days periods (Table 4). Despite the higher feed intake in
flaxseed fed birds, the best BWG and FCR were observed in control soy-corn fed chicken (P≤0.001). Enzyme addition had no impact
on performance of the chickens. Pelleting of the diets increased BWG, FI and reduced FCR in comparison to the mash fed chicks
(P≤0.001). A 2-way interaction was observed between feed form and flaxseed type on FI during 0–21 and 0–28 days and pelleted
diets containing flaxseeds had higher FI that pelleted control. A 2-way interaction was observed between enzyme addition and
flaxseed type on FI and FCR at 0–14 days in which enzyme addition improved FI and FCR in EPF fed chicks. A 3-way interaction was
observed between flax processing, enzyme addition and feed form on FCR at 0–7 days, which is reduced by addition of enzyme and
pelleting of the diets containing flaxseed (Table 5). No significant interactions were detected for other performance criteria.

3.2. Molecular spectroscopic study

3.2.1. Univariate analysis
Lipid and protein FTIR structures of flaxseed with regards to the different thermal processing (extrusion, expansion) and grinding

compared to the raw whole flaxseed as well as structural changes in flaxseed included diets accompanying to the diet form for amide I
and II, protein secondary structures of α-helix and ß-sheet height, CH2 symmetric, CH2 and CH3 asymmetric stretching are presented
in Tables 6 and 7. The results showed that both extrusion and expansion processing reduced α-helix height and increased ß-sheet
height, consequently reduced α-helix to ß-sheet height ration when compared to the RF (Table 6, P < 0.05). The protein secondary
structure change was highly distinguishable with expansion processing. Protein amid I area and also amid I to II ratio were reduced
(P≤0.001) and CH3 asymmetric stretching increased (P≤0.05) by extrusion and expansion processing of flaxseed (Table 6). The
major impact of the grinding on molecular structure was only on the amid I area which was reduced after grinding (P≤0.001).
Results on the molecular changes in complete diets according to the processed or RF inclusion revealed no prominent difference in
protein features neither mash nor pellet diets (Table 7). Results for lipid features in complete diets showed an increase in CH2
symmetric and asymmetric stretching by incorporation of flaxseed to diets regardless of thermal processing (P≤0.001). Pelleting
only increased (P≤0.05) amid I area and the other molecular features were almost similar between mash and pellet diets (Table 7).

A positive correlation (r= 0.99; P≤0.05; Table 8) was observed, only, between lipase activity and CH2 asymmetric stretching of
lipid structure. However a negative correlation (r= -0.99; P≤ 0.05; Table 8) was detected between CH2 asymmetric stretching of
lipid structure and lipid digestibility. No other significant relationship was detected between structural conformation of diets and
measured parameters.

3.2.1.1. Molecular spectral multivariate analysis. The cluster analysis (CLA) and principal component analysis (PCA) for classifying the
structural differences in whole and grinded RF, ETF and EPF and also experimental diets for protein (amid I and II) and lipid (CH2
and CH3 functional groups) were presented in figures 7, 8, 9 and 10 respectively. The spectral cluster of whole and grinded RF, ETF
and EPF showed great differences from each other with regards to the protein (amid I and II) structure (Fig. 7a). A difference in
protein structures for EPF was so considerable especially when the flaxseed was grinded before the expansion processing (Fig. 7b).

Table 6
Spectroscopic molecular structures of grinded raw and processed flaxseed (interaction effects between processing type and grinding).

Processing Raw Extrusion Expansion SEM P-Value

Grinding – + – + – + Processing Grinding Processing×Grinding

Molecular structure Protein secondary structures
α-Helix height 0.49a 0.39a 0.23c 0.47a 0.28b 0.31b 0.070 0.04 0.14 0.02
ß-Sheet height 0.51b 0.62ab 0.77a 0.53b 0.72a 0.69a 0.070 0.04 0.14 0.02
Ratio of α-helix to ß-sheet height 0.95a 0.63ab 0.31b 0.94a 0.40b 0.48b 0.120 0.05 0.16 0.01

Protein and lipid FTIR molecular structures
Amide I area
Peak height (ca. 2990 cm−1) 0.110a 0.008c 0.035b 0.015bc 0.009c 0.032b 0.011 < .0001 < .0001 < .0001
Amide II area
Peak height (ca. 2990 cm−1) 0.063a 0.023c 0.055ab 0.032b 0.021c 0.057ab 0.012 0.867 0.295 0.007
Ratio of amide I to II area 1.758a 0.311b 0.579b 0.410b 0.307b 0.546b 0.130 < .0001 < .0001 < .0001
Lipid
CH3 asymmetric stretching 0.026 0.017 0.032 0.032 0.027 0.023 0.005 0.05 0.40 0.18
CH2 asymmetric stretching 0.083 0.061 0.095 0.101 0.076 0.092 0.012 0.14 0.96 0.30
CH2 symmetric stretching 0.124 0.054 0.134 0.143 0.104 0.121 0.022 0.12 0.42 0.14

a–cMeans within a column without a common superscript significantly differ (P<0.05).
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PCA and CLA of protein area (amide I and amide II) for mash diets (Fig. 8a) including control diet (without flaxseed code C), diet
contained RF, diet contained ETF and diet contained EPF showed distinct spectral differences when EPF was incorporated to the diets.
However CLA and PCA were unable to make distinctions between the treatments original spectra at protein area for pellets (Fig. 8b).
Results of CLA and PCA analysis of lipid area (CH2 and CH3 symmetric and anti-symmetric functional groups) of whole (Fig. 9a) and
grinded (Fig. 9b) RF, ETF and EPF indicated that the ETF and EPF spectra dramatically differ from the raw flaxseed spectra and
suggested that there was dramatic structural change based on the asymmetric and symmetric CH3 and CH2 bands regions, which the
PCA analysis was able to detect the subtle heat-induced changes in lipid conformation. The spectral comparisons by PCA and CLA
were not able to distinguish any clear group (CH2 and CH3 symmetric and anti-symmetric) differences in mash diets (Fig. 10a)
contained ETF and EPF from the RF, however the results indicated remarkable heat-induced changes in lipid conformation by
pelleting when EPF was included in diets (Fig. 10b).

3.2.1.2. Digestive enzymes activity. ALP activity (Table 9) was reduced by inclusion of ETP and RF on d 7 and 28 respectively
(P≤0.001). Trypsin activity showed no differences between experimental groups on d 7 and 28. A meaningful increase in lipase
activity was observed on d 7; when chicks were fed with diets containing ETF and EPF in comparison with those of control soy-corn or
RF included diets (P≤ 0.003). Total alkaline protease activity (APA) was similar among treatments on d 7; however it was reduced
by inclusion of RF on d 28. The high level of APA activity was assayed in chicks fed with EPF both on d 7 and 28 (P≤0.001; Table 9).
Trypsin activity was reduced at 7 days and lipase activity was increased at 28 days when chicks were fed with pelleted diets

Table 7
Structural characteristics in typical infrared molecular spectrum in different type of processed (raw, extrude and expand) flaxseed included in diets:
comparison of mash vs. pellet diets.

Molecular structure Type of processed flaxseed included in practical diets (TPF) Feed Form (FF) SEM P-Value

Control Raw Extruded Expanded Mash Pellet TPF FF TPF FF TPF×FF

Protein secondary structures
α-Helix height 0.415 0.331 0.315 0.360 0.406 0.305 0.062 0.044 0.69 0.12 0.45
ß-Sheet height 0.586 0.669 0.684 0.639 0.595 0.694 0.062 0.044 0.70 0.13 0.44
Ratio of α-helix to ß-sheet

height
0.782 0.576 0.511 0.681 0.727 0.548 0.162 0.115 0.66 0.28 0.35

Protein and lipid FTIR molecular structures
Amide I area
Peak height (ca. 2990 cm−1) 0.023 0.019 0.016 0.018 0.012b 0.026a 0.007 0.004 0.91 0.05 0.82
Amide II area
Peak height (ca. 2990 cm−1) 0.016 0.031 0.027 0.029 0.022 0.030 0.004 0.003 0.15 0.08 0.49
Ratio of amide I to II area 1.825 0.606 0.540 0.602 0.588 1.198 0.594 0.420 0.37 0.31 0.45
Lipid
CH3 asymmetric stretching 0.0008 0.0037 0.0045 0.0126 0.0038 0.0069 0.004 0.003 0.26 0.47 0.42
CH2 asymmetric stretching 0.012b 0.035a 0.029a 0.035a 0.025 0.030 0.003 0.002 0.003 0.11 0.58
CH2 symmetric stretching 0.009b 0.029a 0.024a 0.028a 0.020 0.025 0.002 0.002 < .0001 0.07 0.48

Table 8
Correlation between FTIR protein primary and secondary molecular structures and lipid functional groups characteristics of different type of
flaxseed vs. parameters measured on d 28.

Item α-Helix height ß-Sheet height Ratio of α-helix to
ß-sheet

CH2 symmetric CH2 asymmetric CH3 asymmetric Ratio of amide I
to II area

21 d of age r P-value r P-value r P-value r P-value r P-value r P-value r P-value

FCR (g of feed/
g of BW)

0.89 0.28 −0.89 0.28 0.74 0.46 −0.18 0.88 −0.95 0.18 −0.25 0.83 0.74 0.46

BW (g) −0.84 0.36 0.84 0.36 −0.66 0.53 0.06 0.95 0.92 0.25 0.13 0.91 −0.66 0.53
ALP (mg/dL) 0.19 0.87 −0.19 0.87 0.45 0.69 −0.91 0.27 −0.03 0.97 −0.87 0.32 0.45 0.69
Lipase activity (nmol/

mg of protein)
−0.98 0.11 0.98 0.11 −0.89 0.29 0.44 0.71 0.99 0.01 0.50 0.66 −0.89 0.28

Lipid digestibility 0.99 0.07 −0.99 0.07 0.93 0.24 −0.51 0.65 −0.99 0.04 −0.57 0.61 0.93 0.23
Total SFA 0.48 0.68 −0.48 0.68 0.22 0.85 0.41 0.72 −0.62 0.57 0.35 0.77 0.22 0.85
Total MUFA −0.52 0.64 0.52 0.64 −0.26 0.82 −0.37 0.75 0.65 0.54 −0.31 0.79 −0.26 0.82
Total PUFA −0.47 0.68 0.47 0.68 −0.21 0.86 −0.42 0.71 0.61 0.57 −0.36 0.76 −0.21 0.86
Salmonella 0.52 0.64 −0.52 0.64 0.73 0.47 −0.99 0.05 −0.38 0.75 −0.98 0.09 0.73 0.47
Coliform 0.47 0.68 −0.47 0.68 0.22 0.85 0.42 0.72 −0.62 0.57 0.35 0.76 0.22 0.85
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(P≤0.05). The chicks responded well to exogenous carbohydrase enzyme supplements by reducing the APA and enhancing the lipase
activity on d 7 and 28 respectively (P≤0.05; Table 9).

3.2.2. Blood biochemistry
Plasma total protein concentration was significantly increased and triglyceride levels were reduced in chicks fed with flaxseed

included diets compared to the control group (P≤0.05; Table 10). HDL cholesterol was lowest in RF fed birds (P≤0.05). Fasting

Table 9
The effect of Feed form, Flax type, and enzyme addition on digestive enzymes activity.

Treatment 7 d of age 28 d of age

ALP2

(UA/mg of
protein)

Trypsin
(nmol/mg of
protein)

APA1

(nmol/mg of
protein

Lipase
(mU/mg of
protein)

ALP2

(UA/mg of
protein)

Trypsin
(nmol/mg of
protein)

APA1

(nmol/mg of
protein)

Lipase
(mU/mg of
protein)

Flax
No-flax 3.12a 857.6 28479 14.65c 2.79ab 433 31832bc 21.34
Raw-flax 2.99ab 1001.3 28905 26.45bc 2.75b 353 27515c 25.49
Extruded-flax 2.83b 768.2 31217 41.81ab 2.82ab 326 35996b 19.32
Expanded-flax 2.98ab 773.2 31633 58.98a 2.89a 418 42961a 21.51
SEM 0.052 116 1675 7.47 0.03 62 2205 5.79
Feed form
Mash 3.07 969.8a 30223 31.02 2.83 377 36066 15.47b

Pellet 2.96 739.4b 29894 39.92 2.80 389 33481 27.65a

SEM 0.037 82 1184 5.91 0.02 45 1646 4.34
Enzyme
0 3.02 959.1 33134a 33.81 2.81 438 35330 14.94b

25 g/kg multi enzyme 2.95 750.0 26983b 37.13 2.82 333 34331 28.58a

SEM 0.038 82 1184 6.00 0.02 43 1618 4.18
Effect P-value
Flax 0.005 0.493 0.444 0.003 0.05 0.572 0.001 0.90
Feed form 0.347 0.05 0.845 0.29 0.520 0.908 0.185 0.04
Enzyme 0.258 0.05 0.001 0.69 0.826 0.113 0.477 0.02
Flax× Feedform×Enzyme 0.279 0.985 0.615 0.12 0.061 0.957 0.113 0.97

a–dMeans within a column without a common superscript significantly differ (P<0.05).
1 Total alkaline protease activity.
2 ALP; alkaline phosphatase.

Table 10
The effect of Feed form, Flax type, and enzyme addition on plasma metabolites of broilers at 28 d of age.

Treatment 28 d of age

Uric acid
(mg/dl)

Total protein
(mg/dl)

Albumin
(mg/dl)

Glucose
(mg/dl)

Triglyceride
(mg/dl)

HDL
(mg/dl)

LDL
(mg/dl)

Flax
No-flax 5.98 5.41b 2.73 225a 115.7a 28.9a 94.6
Raw-flax 5.95 5.52a 2.74 173b 109.6b 18.0d 102.5
Extruded-flax 6.00 5.51a 2.76 220a 109.8b 20.8c 105.4
Expanded-flax 5.97 5.46ab 2.68 205ab 109.5b 24.5b 96.56
SEM 0.03 0.02 0.04 13.46 1.85 0.95 3.62
Feed form
Mash 5.98 5.44b 2.73 214 108.9b 23.2 100.9
Pellet 5.97 5.50a 2.73 198 113.3a 22.8 98.6
SEM 0.02 0.02 0.02 9.52 1.31 0.68 2.55
Enzyme
0 5.96 5.47 2.75 200 110.6 24.3a 102.3
25 g/kg multi enzyme 5.99 5.46 2.71 212 111.7 21.8b 97.3
SEM 0.02 0.02 0.03 10.16 1.31 0.65 2.55
Effect P-value
Flax 0.64 0.006 0.61 0.03 0.05 < .0001 0.13
Feed form 0.91 0.011 0.88 0.23 0.003 0.68 0.52
Enzyme 0.21 0.83 0.37 0.35 0.58 0.01 0.17
Flax× Feedform×Enzyme 0.51 0.679 0.51 0.66 0.50 0.66 0.96

a–dMeans within a column without a common superscript significantly differ (P<0.05).
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glucose level was reduced (P≤0.05) in chicks fed with RF diets, however plasma glucose level was almost similar among chicks fed
control or diets contained ETF and EPF (P≥0.05; Table 10). Feeding the diets in pellet form increased plasma total protein and
triglyceride concentration (P≤0.05). Enzyme supplements did reduce total and HDL cholesterol content of serum (P≤0.05).

3.2.2.1. Jejunum morphology. Except for villus to crypt ratio which was increased (P≤0.05) by RF addition, other intestinal
morphological characteristics did not influence neither by flaxseed processing nor by feed form and enzyme supplements (Table 11).
Goblet cells density was increased by the enzyme addition (P≤ 0.05).

Table 11
The effect of Feed form, Flax type, and enzyme addition on ileal morphology.

Treatment 28 d of age

Villus height
(μm)

Villus
surface area
(μm2)

Crypt depth
(μm)

Villi/crypt
ratio

Epithelial cell layer
thickness
(μm)

Goblet cell
density

Goblet cell no./
villi

Flax
No-flax 569.9 383305 112.7 5.07 23.8 97.5 26.6
Raw-flax 594.8 263411 95.6 6.22 22.4 106.0 31.2
Extruded-flax 577.3 254879 104.4 5.52 20.3 107.1 28.7
Expanded-flax 598.2 235899 104.5 5.72 19.4 100.0 25.0
SEM 19.98 67954 5.9 0.31 1.9 13.3 4.09
Feed form
Mash 567.9 325167 99.97 5.89 19.9 93.1 26.2
Pellet 602.2 243580 108.7 5.84 23.2 112.9 29.6
SEM 14.12 48050 4.1 0.24 1.4 9.3 2.9
Enzyme
0 571.1 321263 104.7 5.75 22.1 86.5b 28.5
25 g/kg multi enzyme 599.1 247484 104.3 5.97 21.0 116.8a 27.2
SEM 14.12 48050 4.1 0.24 1.4 9.1 2.8
Effect P-value
Flax 0.70 0.41 0.25 0.25 0.33 0.94 0.73
Feed form 0.09 0.23 0.14 0.88 0.09 0.14 0.41
Enzyme 0.17 0.28 0.91 0.52 0.57 0.03 0.75
Flax× Feedform×Enzyme 0.83 0.52 0.51 0.46 0.52 0.89 0.53

a–dMeans within a column without a common superscript significantly differ (P<0.05).

Table 12
The effect of Feed form, Flax type, and enzyme addition on digesta viscosity and total tract nutrient digestibility.

Treatment 28 d of age

Viscosity Total tract nutrient digestibility Malondialdehyde

(cP) (percentage) (nmol/mg of breast meat)

10 s 30 s Protein phosphorus Calcium

Flax
No-flax 15.56 14.21 51.38 75.32ab 52.74c 0.35d

Raw-flax 15.77 14.42 45.43 71.54b 67.31a 1.00a

Extruded-flax 15.48 14.14 43.22 73.98ab 63.17b 0.83b

Expanded-flax 15.70 14.40 47.98 77.41a 64.24ab 0.57c

SEM 0.12 0.10 2.44 1.33 1.30 0.03
Feed form
Mash 15.76a 14.38 48.58 74.61 59.04b 0.69
Pellet 15.50b 14.21 45.64 74.60 64.69a 0.68
SEM 0.09 0.07 1.81 0.92 0.92 0.02
Enzyme
0 15.58 14.32 45.98 76.41a 65.95a 0.69
25 g/kg multi enzyme 15.67 14.26 48.24 72.92b 57.78b 0.68
SEM 0.09 0.07 1.85 0.89 0.92 0.02
Effect
Flax 0.36 0.16 0.16 0.02 < .0001 < .0001
Feed form 0.04 0.11 0.26 0.92 < .0001 0.96
Enzyme 0.50 0.54 0.42 0.006 < .0001 0.74
Flax×Feedform×Enzyme 0.89 0.83 0.97 0.40 0.72 0.52
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3.2.2.2. Total tract nutrient digestibility and digesta viscosity. The effects of flaxseed processing, diets pelleting and enzyme addition on
nutrient digestibility and on ileal digesta viscosity are shown in Table 12. Protein and calcium digestibility were increased (P≤0.001)
by inclusion of flaxseed to the diets regardless of processing type of flaxseed, however phosphorus digestibility was reduced as RF

Table 13
The interaction effects of Feed form, Flax type, and enzyme addition on cecal bacterial population and total tract lipid digestibility (Interaction
effects).

Treatment Feed form Enzyme 28 d of age 28 d of age

Flaxseed Salmonella
(log10 cfu/g of DM)

Coliforms
(log10 cfu/g of DM)

E. Coli
(log10 cfu/g of DM)

Total tract lipid digestibility (%)

No-flax Mash – 6.94de 7.07g 7.75a 91.45g

No-flax Mash + 7.30b 7.29ef 7.61abc 94.60bcde

No-flax Pellet – 7.18bc 7.42def 7.43bcdef 92.43fg

No-flax Pellet + 7.28b 7.89a 7.80a 88.65b

Raw-flax Mash – 6.56g 7.27efg 6.77h 96.10ab

Raw-flax Mash + 6.65fg 7.25eg 7.24defg 94.93abcde

Raw-flax Pellet – 6.78ef 7.65bc 7.33def 95.53abc

Raw-flax Pellet + 7.29b 7.89a 7.46bcde 96.30a

Extruded-flax Mash – 7.28b 7.75ab 7.48bcde 93.85def

Extruded-flax Mash + 7.03cd 7.51cd 7.22efg 95.73abc

Extruded-flax Pellet – 6.97d 7.68b 7.23efg 95.43abcd

Extruded-flax Pellet + 7.61a 7.85ab 7.82a 95.38abcde

Expanded-flax Mash – 6.78ef 6.93g 7.01gh 95.38abcde

Expanded-flax Mash + 7.28b 7.26fg 7.20fg 94.12cde

Expanded-flax Pellet – 7.26b 7.36def 7.66ab 93.40ef

Expanded-flax Pellet + 6.79e 7.48cde 7.41cdef 95.40abcd

SEM 0.05 0.07 0.09 0.63
Effect P-value
Flaxseed 0.001 0.001 0.001 0.001
Feed form 0.001 0.001 0.001 0.153
Enzyme 0.001 0.001 0.002 0.541
Flaxseed × Feed form 0.001 0.003 0.001 0.004
Flaxseed × Enzyme 0.008 0.003 0.069 0.495
Feed form × Enzyme 0.700 0.021 0.099 0.154
Flaxseed × Feed form× Enzyme 0.001 0.028 0.001 0.001

a–hMeans within a column without a common superscript significantly differ (P<0.05).

Table 14
The effect of Flax seed processing on breast muscle fatty acids content.

Fatty acid (%) Dietary treatment SEM P-Value

Control Raw Flax Extrude Flax Expand Flax

12:0 0.84 0.95 0.98 0.89 0.09 0.71
14:0 0.66a 0.49ab 0.52ab 0.40b 0.06 0.05
16:0 22.8a 22.4a 23.4a 20.3b 0.64 0.03
16:1 2.14a 1.22b 1.00b 1.40ab 0.27 0.05
18:0 8.90ab 10.90ab 12.60a 8.60b 1.12 0.05
18:1 31.74a 22.75b 21.39b 22.50b 1.42 0.001
18:2 n-6 21.73 19.70 18.88 21.84 0.95 0.11
18:2 n-3 1.55b 9.60a 9.67a 9.18a 1.32 0.002
20:3 n-3 0.86 0.69 0.65 0.74 0.11 0.43
20:3 n-6 1.17 1.36 0.78 2.26 0.81 0.62
20:4 n-6 4.69a 1.77b 1.99b 2.08b 0.54 0.007
20:5 n-3 0.24c 2.16a 2.31a 1.40b 0.10 < .0001
22:4 n-6 0.11 0.00 0.00 0.00 0.02 0.02
22:5 n-3 0.87c 3.83a 3.79a 3.04b 0.23 < .0001
22:6 n-3 0.56b 1.74a 1.80a 1.78a 0.18 0.001
Total SFA 33.17ab 34.71ab 37.54a 30.28b 1.80 0.05
Total MUFA 33.89a 23.97b 22.39b 26.89b 1.67 0.001
Total PUFA 31.81b 40.86a 39.88a 42.34a 1.4 0.008
LC n-6 FA 5.98 3.13 2.78 4.34 1.04 0.17
LC n-3 FA 2.55b 8.41a 8.57a 6.97a 0.56 < .0001
n-6:n-3 FA 6.92a 1.30b 1.21b 1.64b 0.33 < .0001

a–dMeans within a column without a common superscript significantly differ (P<0.05).
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incorporated to diet but it was similar between control and diets contained ETF and EPF. Results showed an improvement in calcium
digestibility by pelleting the diets (P≤0.001). Enzyme addition reduced both calcium and phosphorus digestibility (P≤0.001). Only
a 3-way interaction among flaxseed processing, feed form and enzyme supplements were observed for lipid digestibility (Table 13;
P≤0.001). The highest lipid digestibility (96.3%) was obtained when raw flaxseed was incorporated in pellet diets and diet
supplemented with enzyme. Flaxseed processing and also enzyme addition showed no considerable impact on ileal digesta viscosity
(Table 12). Nonetheless, pelleting the diets containing flaxseed reduced digesta viscosity significantly (P≤0.05).

3.2.3. Cecal microflora population
Salmonella and E. coli population of ceca reduced meaningfully in flaxseed fed chicken compared to the control soy-corn fed

chicken (P≤0.001; Table 13). Salmonella and E. coli population reduction were considerable in ETF and EPF included diets
(P≤0.001). Flaxseed expansion significantly (P≤0.001) reduced Coliforms compared to the extruded or raw flaxseed. Compared to
mash diets, the feeding of pellets increased (P≤0.001) Salmonella, E. coli and Coliforms population of ceca. There was a 3-way
interaction among flaxseed processing, feed form and enzyme supplements for Salmonella, E. coli and Coliforms population of ceca
(P≤0.001).

3.2.3.1. Breast muscle lipid and fatty acid content and oxidation index. Fatty acid composition of breast muscle is presented in Table 14.
The total polyunsaturated fatty acids (PUFAs) content of breast muscle increased and monounsaturated fatty acids (MUFAs) reduced
by feeding the flaxseed contained diets regardless of flaxseed processing (P≤ 0.01). However only inclusion of EPF reduced total
saturated fatty acids content of breast muscle (P≤0.01). Long chain n-3 fatty acid (18:2 n-3; 20:5 n-3; 22:5 n-3 and 22:6 n-3) was
increased and n-6 to n-3 ratio was reduced by inclusion of flaxseed regardless of processing condition (P≤0.01). A great reduction
(P≤0.01) of myristic, palmitic and stearic acid content of breast muscle was achieved when EPF incorporated to the diets. The results
of our present study showed that the malondialdehyde (MDA) concentration in breast muscle was significantly (P < 0.01) increased
in RF and ETF treatments compared with the control and the EPF treatments in broilers (Table 12).

4. Discussion

The results of current study clearly showed that extrusion and expansion processing inactivated the antinutritional factors as-
sociated with raw flaxseed such as trypsin inhibitor. The pronounced effect of flaxseed on broiler performance in current trial was
well in agreement with the results reported previously (Lee et al., 1991; Ajuyah et al., 1993; Slominski et al., 2006; Zuidhof et al.,
2009; Apperson and Cherian, 2017), those whom recognized that the presence of various anti-nutritional factors in flaxseed including
high levels of cell-wall non-starch polysaccharides significantly reduced growth and carcass yield, however, noticeable improvement
in production aspects and growth rate were observed in chicks fed with EPF especially at the late stage of experimental period.
However differences in performance criteria between RF and ETF fed chickens were negligible. The increase in performance by
feeding the diets containing the expanded flaxseed was paralleled by an increase in protein and lipid structural changes, which
implied that expansion cooking reduced α-helix and amid I and increased ß-sheet in protein structure, and also increased CH3

asymmetric stretching in lipid structure. By visual observation, expansion cooking but not extrusion dramatically changed spectral
pattern. The reduction in α-helix and amid I and increased ß-sheet structures with expansion might have been caused by an increase
in protein aggregates which finally can reduce protein digestibility. Nonetheless we did not detect any differences in protein di-
gestibility between flaxseed included treatments. Carbonaro et al. (2012) reported a linear increase in digestibility for a decrease in ß-
sheet structures for both dairy products and legumes (white common bean, chickpea and soybean). It is interesting to note that in
spite of the considerable changes in protein and lipid structure of raw, extruded and expanded flaxseed the proportion of aggregates
detected with FTIR remained similar by incorporation of the flaxseed into diets; it is possible that the aggregates made up from
extrusion and expansion might have disrupted by pelleting of the diets because of enhancement of the ß-turn structures. Doiron et al.
(2009) reported that heat processing reduced protein secondary structure α-helix to ß-sheet ratio in the flaxseed which has been
positively increased protein absorption from intestine.

Enzyme addition even though high dose of carbohydrate enzyme had no effect on performance in birds fed diets containing RF,
ETF or EPF. Apperson and Cherian (2017) and Jia and Slominski (2010) reported no or minimal differences in performance during
the starter or grower phase due to enzyme addition to diets containing whole flaxseed. Unlike the previous studies (Apperson and
Cherian, 2017; Jia and Slominski, 2010) the current trial showed no changes of ileal digesta viscosity when carbohydrase enzyme was
supplement in diets containing RF, ETF or EPF, which was not surprising considering the huge amount of variation in water-soluble
polysaccharides of flaxseed ranged from 3.6 to 8.0% in 109 samples (Oomah et al., 1995) and heterogeneity of the flax cell wall
polysaccharides. Moreover, mucilage isolated from different flax cultivars exhibited different rheological properties with viscosity
varying over a wide range from 0.02 to 0.28 Pa·s when using a 1% solution (Wannerberger et al., 1991). In addition, no effect of
enzyme supplementation on digesta viscosity in current trial was suggesting a low amount of soluble NSP content of flaxseed that was
used. However, an improvement was observed in birds fed pelleted diets compared to the mash diets containing different process
flaxseed. In comparison with mash diets, feed pelleting showed a significant effect on growth performance when ETF and EPF were
incorporated to the diets. It would appear that the pre-cooking of flaxseed through extruder and expander and pressure forcing feed
ingredients leaving the conditioner through the holes in a pellet die and the steam imposed during the pelleting process may boost the
rupture of the seed, disruption of the cell wall structure, and thus better exposure of oil to digestive enzymes. In addition, some
antinutritional factors present in flaxseed (i.e., trypsin inhibitors and enzymes responsible for the conversion of cyanogenic glycosides
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to toxic end products) could be totally inactivated by pre-cooking through extruder and heat employed during the pelleting process
(Feng et al., 2003).

Increase in lipase activity through extrusion and expansion of flaxseed might be due to the positive correlation with lipid
structural changes which was associated with the changes occurred in CH2 and CH3 stretching in lipid structure by thermal pro-
cessing of flaxseed (Yu and Damiran, 2011) and mechanisms involved in a breakdown of water-soluble polysaccharide and reduction
which have been occurred in their detrimental impact on lipase activity, consequently diffusion rate between digestive lipase and its
substrates (Ikegami et al., 1990) could be enhanced by high thermal pre-cooking leading to the enhanced lipase activity. As a result,
emulsification and hydrolysis of dietary lipids, micelle formation, and their transport to the epithelial surface may be improved by
enhancement of lipase activity and reduction of digesta viscosity. However there was little effect of thermal processing on lipid
digestibility and also on digesta viscosity in this trial. Plasma triglyceride concentrations showed a reduction in birds fed flaxseed
included diets compared with those birds fed the soy-corn diet regardless of processing applied. A decrease in serum triglyceride has
been observed in chicken and laying hens after consumption of diets rich in unsaturated fatty acids (Sanz et al., 2000; Celebi and Utlu,
2006; Wongsuthavas et al., 2007). Consistent with the present findings, Shimomura et al. (1990) and Lai and Ney (1995) observed
lower plasma triacylglycerol concentrations by using diets containing corn oil or sunflower oil compared with those fed saturated fats
(palm oil, butterfat, and tallow) that could be attributed to greater activity of lipoprotein lipase in muscle.

Alkaline phosphatase activity and also phosphorus and calcium digestibility were increased by expansion of flaxseed. Edwards
(1993) mentioned that the amount of phytate utilization depended on the amount which was broken down into IP5. It is reasonable
to think that processing such as steam pelleting or expansion might increase IP6 utilization by breaking it down before the ingredient
is fed to the chickens (Edwards, 1993; Edwards et al., 1999). Therefore, an increase in ALP activity through expansion may be results
from an improvement in phosphorus availability in intestinal lumen.

Findings of the current study showed lower trypsin inhibitor content when flaxseed exposed to the extrusion and expansion
processing which was associated to the enhance in total alkaline protease activity and elevation of total protein levels of plasma,
suggesting that the extrusion and expansion sufficiently inactivated the anti-nutritional factors associated with raw flaxseed, so that
increased in gastrointestinal protease activity could increase protein and amino acids digestibility and resulting to the better per-
formance in broilers. Despite the increase in protease activity by extrusion and expansion of flaxseed protein digestibility was lower
than that of control diet. Beck et al. (2017) reported that high moisture content during the extrusion and expansion reduced the water
solubility of proteins, which was attributed to the formation of disulphide crosslinking and increase in ß-sheet of the protein structure
and formation of aggregate, which resulting in protein insolubility and thus could reduce the protein digestion.

Apperson and Cherian (2017) mentioned that gastrointestinal tract microscopic structures could be good indicators of the re-
sponse of the intestinal tract to dietary whole flaxseed inclusion. As reported by Apperson and Cherian (2017) the ratio of villi height
to crypt depth was increased in the ileum of birds fed flaxseed when compared to the corn soy-diets. Processing did not change
neither villi height nor crypt depth and their ratio as well. Villi height to crypt depth ratio is an important criterion for estimating the
digestive capacity of the small intestine. Montagne et al. (2003) told that high villi height to crypt depth ratio enhanced the digestive
and absorptive capacity of the small intestine. In this sense, the high villi to crypt ratio observed in ileum of flaxseed fed birds could
enhance digestive capacity of nutrients as it was remarkable in the case of lipid digestibility in current trial. Enzyme supplementation
effects on ileal morphology manifested only by increasing the density of goblet cells. Mixture of carbohydrase enzymes resulted in a
significant changes in jejunal morphology of flaxseed fed birds (Apperson and Cherian, 2017).

Water-soluble polysaccharide of flaxseed limits digestion and absorption of dietary nutrients (Rodriguez et al., 2001; Alzueta
et al., 2003; Jia and Slominski, 2010), consequently nutrients passage to the hind gut increase the microflora proliferation and
colonization and can lead to energy losses (Feighner and Dashkevicz, 1988; Choct et al., 1996; Smits et al., 1997; Langhout et al.,
1999). The results of the present study indicated that processing of the flaxseed might have resulted in increased digestibility of the
nutrient, so that Salmonella, coliform and E. coli population of ceca were reduced considerably by thermal processing of the flaxseed.

Yang et al. (2010) mentioned that the fatty acid composition of poultry meat could be easily modified by dietary means. The
present study showed higher deposition of PUFA specially n-3 fatty acids in breast muscle by incorporation of linseed in diets
regardless of processing. The ration of n-6 to n-3 and also MUFA contents of breast muscle were reduced by application of flaxseed in
diets. Leskanich and Noble (1997) reported that the contents of n-3 PUFA in edible tissues were relatively low when birds fed
traditional diets. Previous studies have demonstrated that the n-3 PUFA content of breast meat could be elevated when fish oil or fish
meal incorporates into the diets (Hulan et al., 1988; Nash et al., 1995). It was well established that fish oil increased the content of
long-chain n-3 PUFA in meat, such as 18:2 n-3, and 22:5 n-3. The results of this trial indicated that increasing the concentration of n-3
PUFA in diets through flaxseed inclusion resulted in an increase in n-3 PUFA, such as 18:2 n-3, 20:5 n-3 and 22:5 n-3 content of breast
meat similar to the fish oil enriched diets. The n-6 Fatty acids content of breast meat such as 20:4 n-6 reduced by inclusion of flaxseed.
Apperson and Cherian (2017) showed higher incorporation docosapentenoic acid (22:5 n-3) and lower incorporation of doc-
osahexaenoic acid (22:6 n-3) in breast and thigh muscle when chicken was fed with diets contained 15% whole flaxseed. Reduction in
SFA content of breast muscle such as 14:0, 16:0 and 18:0 was considerable when flaxseed exposed to the expansion processing.

Malondialdehyde is an important end product of lipid peroxidation could be used to assess the extent of lipid peroxidation (Wu
et al., 2015). The main problem of increasing the n-3 fatty acid tissue levels arises from a higher susceptibility to lipid oxidation. The
concentration of MDA was increased in the broiler chickens fed with raw flaxseed. Malondialdehyde concentration decreased in the
breast meat of broiler chickens when their diets were supplemented with EPF. These findings suggest that expansion of flaxseed is
beneficial for protecting tissues against lipid peroxidation when high levels of flaxseed will be used in diets for meat enrichment by n-
3 fatty acids. These effects of flaxseed expansion on oxidative stability of meat might be due to lipid structural changes associated
with CH2 symmetric and asymmetric stretching group which was enhanced by expansion.
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5. Conclusion

In conclusion the findings suggest that expansion of flaxseed is an effective way for inclusion of high levels of flaxseed in broiler
rations and for meat enrichment by n-3 fatty acids.
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