How the kinetic behavior of organic chickens affects productive performance
and blood and meat oxidative status: a study of six poultry genotypes
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ABSTRACT The aim of this study was to analyze the
relationship between the kinetic behavior, carcass char-
acteristics, oxidative status (blood and meat), and meat
fatty acid profiles of 6 organically reared slower growing
chicken genotypes (SrG). One hundred male chickens of
6 SrG were used: Ranger Classic (RC), Ranger Gold
(RG), Rowan Ranger (RR), RedJA (RJ), CY Gen 5
JA87 (CY), and M22 x JA87 (M). Twenty chickens/
genotype were selected to analyze behavior, while, 15
individuals were slaughtered and different traits were
analyzed in the blood and drumstick meat. The varia-
bles were grouped into different principal components:
kinetic activity (PC1, with explorative attitude as the
highest score), productive performance (PC2, carcass
and head/feet yields), blood (PC3, carbonyls, and
TBARS) and meat (PC6, thiols, and TBARS) markers,
technological traits (PC4, pH, and color), proximate
meat composition (PCA5, moisture, lipids, protein, and
ash), fatty acid profile, and nutritional indexes (PC?7,
IP, and PUFAn-3). Uni- and bivariate analyses showed
a strong positive association between kinetic behaviors
and blood and meat oxidation and a medium positive

association with fatty acid profile and nutritional
indexes, whereas a negative association was found
between productive performance loads and the techno-
logical traits of meat. Generalized linear models showed
that all PCs were influenced by genotype. In particular,
CY and M resulted as less active genotypes; conversely,
RR showed more kinetic activity, whereas RJ, RG, and
RC exhibited intermediate levels of activity. Cluster
analysis of kinetic behavior and blood or meat oxidative
status highlighted 2 groups: nonwalking (NW: CY and
M) and walking (W: RC, RG, RR, and RJ) animals.
However, in the W group, another was visualized, con-
stituted by genotypes with high kinetic activity resulting
in the worst oxidative balance (Walking not trained-
genotypes, Wnt: RR and RJ). The present results con-
firmed that the kinetic behavior of SrG genotypes is neg-
atively correlated with productive performance.
Furthermore, a significant association between kinetic
behavior and blood (positively correlated) or meat (neg-
atively correlated) oxidative status was noted. Such dif-
ferences are mainly due to the intrinsic response of the
genotypes used (i.e., training-walking capacity).
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INTRODUCTION

Over the past 50 yr, the human perception of ani-
mal production systems has drastically changed:
humans have evolved from animal housing and
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management strategies in industrialized systems that
have only focused on productive traits to the “one wel-
fare” concept (Tarazona et al., 2020). The welfare con-
cept emphasizes the link between human welfare and
animal welfare, and poor animal welfare that makes
production systems inefficient is likely to have nega-
tive effects on human welfare too. Both stress and
pain require energy for compensation, so part of the
energy consumed by the animal is used to manage wel-
fare problems, instead of productive efficiency and
qualitative traits (Rauw, 2008).
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Poultry production is very sensitive to welfare
issues, considering the large increase of alternative
commercial rearing systems (i.e., organic, free-
range; Castellini et al., 2002a; Castellini et al.,
2012; dal Bosco et al., 2010, 2016; Hofmann et al.,
2020). In this context, many efforts have been made
to study the adaptability of different chickens
strains reared in less-controlled environments, such
as organic rearing systems, with the aim of improv-
ing the welfare and health of animals and furnishing
products that better meet consumer preferences
(Avilés-Esquivel et al., 2018; Mancinelli et al.,
2020a,b).

Until a few years ago, due to the lack of appropriate
legislation in many EU countries, poultry strains reared
in extensive systems were mainly fast-growing (FG),
characterized by a rapid growth rate (>40 g/d) and
higher breast yield, although they were not adapted to
less-controlled environments (Gélvez et al., 2020). These
strains are less resistant to environmental stress (e.g.,
heat stress), disease, and only marginally utilize pasture
(dal Bosco et al., 2010, 2012). In addition, the higher
kinetic behavior of these strains worsens the health sta-
tus of the animals (Mattioli et al., 2017; Mancinelli
et al, 2020a), as well as the quality of meat
(Castellini et al., 2002b; dal Bosco et al., 2012).

On this basis, slow growing chicken genotypes consists
of a heterogeneous group of animals represented by pure
breeds and commercial genotypes, defined by the most
breed companies as slower growing (SrG) strains.

For all these reasons, many companies have started
using SrG instead of FG, characterized as having an
intermediate growth rate (<38—40 g/d; Mancinelli
et al., 2020a) and to be more suitable for free-range sys-
tems, since they represent a good compromise between
adaptability and product quality (Castellini et al.,
2002b, 2016).

It is well documented that pure breeds showed
higher foraging behavior than FG chickens, and that
this behavior increases the quality of products
(Lindqvist, 2008; dal Bosco et al., 2016). dal Bosco
et al. (2016) demonstrated that the intake of pasture
positively affects antioxidant compounds (vitamins
and carotenes) and other bioactive molecules (poly-
unsaturated fatty acids) in the blood and meat
(dal Bosco et al., 2011; dal Bosco et al., 2012;
Castellini and Dal Bosco, 2017).

However, some studies have demonstrated that the
kinetic activity of animals, if not well balanced (with
good management practices, that is, stocking density,
dietary administration, suitable genotypes, and appro-
priate slaughtering age), triggers an oxidative thrust,
which negatively influences the health status of animals
and, in turn, the quality of the meat (Castellini and Dal
Bosco, 2017).

In this context, after analyzing the behavioral
response of the genotypes (Cartoni Mancinelli et al.,
2020a), the present study investigated the relationships
between kinetic behaviors (as a set of different parame-
ters), carcass and meat characteristics, oxidative status

(blood and meat), and fatty acid profiles of 6 organically
reared SrG.

MATERIAL AND METHODS
Animals and Farming System

The experiment was carried out at the experimental
farm of the University of Perugia (Italy). Chickens were
reared according to EU Regulation 834/07, EU Regula-
tion 889/2008, and the Italian directives (European
Parliament and Council of the European Union, 2013)
on animal welfare for experimental and other scientific
purposes. The experimental protocol was positively eval-
uated and approved by the Ethical Committee of the
University of Perugia (ID number: 112606).

A total of 100 male chickens of 6 SrGs were used:
Ranger Classic (RC), Ranger Gold (RG), Rowan
Ranger (RR), RedJA (RJ), CY Gen 5 x JA87 (CY),
and M22 x JA87 (M).

The birds were provided by 2 commercial poultry
farms: RC, RG, and RR by Aviagen (Cocconato, AT,
Italy) and RJ, CY, and M from Hubbard (Le Foeil-Quin-
tin, France). Both breeder companies define the provided
genotypes as SrG broilers (growing rate <40 g/d).

The rearing system management was reported in
detailed in the companion paper of Mancinelli et al.
(2020a).

Behavior Observations

Behavioral observations were performed using a com-
puterized system (Noldus Technology, Wageningen,
the Netherlands) comprising of 2 different software pro-
grams, Media Recorder and Observer XT, to record
and analyze the videos. The behavior observations con-
sisted of the evaluation of Explorative Attitude (EA)
and the Behavior Patterns (BP). The EA involved the
count of the animals that left the shelter for the first
time within 5 min. The EAs were recorded for each
genotype at 21 d, the age corresponding to the first
access to the pasture. A 5-min long video was recorded
for each shelter opening. Three videos were taken for
each genotype. The videos were analyzed with Observer
XT by counting the number of animals that left the
shelter at the pre-established time (5 min), as reported
in detail by Mancinelli et al. (2020a). Furthermore, the
EA scores were calculated as reported by
Mancinelli et al. (2020a). The longer is the EA time,
the lesser is the ability of the genotype to use the out-
door space (Castellini et al., 2006).

The BP included all behaviors expressed by the ani-
mals in the outdoor area. The BP was evaluated 1 wk
before slaughtering, and for each genotype, 3 videos of
20 min length were recorded. All videos were analyzed
with Observer XT software by observing the behaviors
for 1 min as described by Mancinelli et al. (2020a). The
BP expressed from the 20 identified animals/genotype
was analyzed using the focal sampling method.
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Table 1. Main behaviors expressed by the chickens in outdoor
area.

Behavior category  Behaviors Description
Kinetic Walking Bird that moves more than three steps
Run Bird that rapidly walking
Static Rest Bird that presents the body in line
with the ground with an erect head
and open eyes
Roost Bird in lying position with the ventral
body region in contact with the floor
Eating Feed Bird that pecks inside the feeder
Grass Bird that presents its head down and
beak in contact with the grass
Drink Bird that pecks the drinker

The BP was divided into 3 main macro groups of
behaviors: static (rest: body in line with the ground,
with erect head and open eyes, or roost: standing sta-
tionary, no body movement, head erect, or relaxed with
open eyes), kinetic (running, walking), and eating (feed-
ing, grass, and drink consumed), as reported in Table 1.

Productive Performances and Carcass Traits

At 81 days of age, 15 chickens/genotype were ran-
domly selected and slaughtered in a commercial slaugh-
terhouse 12 h after feed withdrawal. The animals were
electrically stunned (110 V; 350 Hz) before killed. After
bleeding, the carcasses were placed in hot water (56.5°C
for 1 min) and then plucked, eviscerated (nonedible vis-
cera: intestines, proventriculus, gall bladder, spleen,
esophagus, and full crop), and the carcasses were stored
for 24 h at 4°C to obtain the cold carcass. The head and
feet yield (% cold carcass weight including head, neck,
and feet to the live weight), bust weight, and yield (%
cold carcass without head, neck, and feet to the live
weight), as well as the breast and drumstick weights,
were registered and calculated. The drumstick meat was
excised from the carcasses and entirely removed from
the bone.

Blood Collection and In Vivo Oxidative
Status Evaluations

Blood samples were collected at slaughtering for 90
chickens (15 chicken/genotype) and collected in hepa-
rinized vacutainers to obtain the plasma for measuring
the in vivo oxidative status, or in empty tubes to recover
the serum for fatty acid determination and immunity
traits. After collection, the blood samples were immedi-
ately sent to the laboratory of the Department of Agri-
cultural, Food and Environmental Science, where the
plasma tubes were centrifuged at 1,500 x ¢ for 10 min
at + 4°C, and the serum tubes were left to separate for 2
h at room temperature. Finally, the plasma and serum
samples were frozen at —80°C until analysis (at least 2
wk later).

The extent of plasma lipid peroxidation was evaluated
using a spectrophotometer (set at 532 nm, Shimadzu

Corporation UV-2550, Kyoto, Japan), which measured
the absorbance of thiobarbituric acid reactive substan-
ces (TBARS), and a tetraethoxypropane calibration
curve in sodium acetate buffer (pH = 3.5; Mattioli et al.,
2019). The results were expressed as nmol of malondial-
dehyde (MDA)/mL of plasma.

The detection of protein carbonyl groups followed the
method of Dalle-Donne et al. (2003), using 2,4-dinitrofe-
nilhidrazina (DNPH) as the reactive. The serum was
diluted to 1:40 with phosphate-buffered saline (PBS)
before analysis. Carbonyl content was determined from
the absorbance at 366 nm using a molar absorption coef-
ficient of 22,000 M 1/cm. The results were expressed as
nmol/mg of protein.

The tocols (a-tocopherol and its isoforms y and &, and
a and y-tocotrienol) and retinol levels were measured
according to Schiiep and Rettenmaier (1994). Briefly,
0.2 mL of plasma was mixed with 1 mL of water and
4 mL of an ethanol solution of 0.06 % butylated hydrox-
ytoluene (BHT). The mixture was saponified with
water /potassium hydroxide (KOH) (60%) at 70°C for
30 min and extracted with hexane/ethyl acetate (9/1,
v/v). Following centrifugation, 2 mL of the supernatant
was transferred into a glass tube, dried under Ny, and
resuspended in 200 pL of acetonitrile. The pellet was re-
extracted twice. A 50 puL volume of filtrate was then
injected into the HPLC/FD (pump model Perkin Elmer
series 200, equipped with an autosampler system, model
AS 950-10, Jasco, Tokyo, Japan) on a Sinergy Hydro-RP
column (4 um, 4.6 x 100 mm; Phenomenex, Bologna,
Italy). The flow rate was 2 mL/min. All tocopherols and
tocotrienols were identified using an FD detector (model
Jasco, FP-1525 - excitation and emission wavelengths of
295 and 328 nm, respectively) and quantified using exter-
nal calibration curves prepared with increasing amounts
of pure standard solutions (Sigma-Aldrich, Bornem, Bel-
gium) in ethanol. The tocols sum was used for statistical
analysis. Retinol was analyzed with the same HPLC sys-
tem using a UV-VIS spectrophotometer detector (Jasco
UV2075 Plus) set at 4 325 nm. Retinol was identified and
quantified by comparing the sample with a pure commer-
cial standard in chloroform (Sigma-Aldrich, Steinheim,
Germany; Extrasynthese, Genay, France).

Reactive oxygen molecules (ROMs) of the plasma
were evaluated with a commercial kit (Diacron,
GROMsseto, Italy) and expressed as mmol HyOs.

The antioxidant power of plasma (PAQO) was mea-
sured with a commercial kit (Diacron, GROMsseto,
Italy), which evaluated the ability of the plasma to
oppose the massive oxidative action of a hypochlorous
acid (HCIO) solution. The PAO levels of each sample
were expressed as umol of neutralized HCI1O.

Proximate Composition and Technological
Traits

Moisture, ash, and total nitrogen were assessed using
the AOAC methods (AOAC, 1995—N. 950.46B,
920.153, and 928.08, respectively). Total protein was
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calculated by Kjeldahl using a 6.25 conversion factor.
Total lipids were extracted in duplicate from 5 g of each
homogenized sample and calculated gravimetrically
(Folch et al., 1957).

The ultimate pH (24 h) was measured with a Knick
digital pH meter (Broadly Corp., Santa Ana, CA) after
homogenization of 1 g of raw muscle for 30 s in 10 mL of
5 M iodoacetate (Korkeala et al., 1986).

The water-holding capacity (WHC) was estimated
by placing 1 g of whole muscle on tissue paper inside a
tube and centrifuging for 4 min at 1,500 x ¢. The water
remaining after centrifugation was quantified by drying
the samples at 70°C overnight. WHC was calculated as
follows: (weight after centrifugation — weight after dry-
ing) /initial weight x 100.

At 24 h postmortem, L* value (degree of lightness)
was measured on the cut surface of each fillet using a tri-
stimulus analyzer (Minolta Chroma meter CR-200,
Osaka, Japan), following the CIELab color system
(Robertson, 1977).

Oxidative Status of Meat and Fatty Acid
Profiles

All oxidative parameters and fatty acid profiles were
analyzed in duplicate. The «, y and é-tocopherol, o and
y-tocotrienol, and retinol contents of the meat were
quantified using the HPLC system described above,
according to Hewavitharana et al. (2004). Five milliliters
of distilled water and 4 mL of ethanol were added to 2 g
of sample and vortexed for 10 s. After mixing, 4 mL of
hexane containing BHT (200 mg/L) was added and the
mixture was carefully shaken and centrifuged at
8000 x g for 10 min. An aliquot of the supernatant (3
mL) was dried under a stream of nitrogen and dissolved
in 200 uL of acetonitrile; 50 L. was then injected into
the same HPLC.

Lipid oxidation was evaluated using a spectrophotom-
eter set at 532 nm (Shimadzu Corporation UV- 2550,
Kyoto, Japan) that measured the absorbance of TBARS
and a 1,1,3,3-tetraethoxypropane calibration curve
(Ke et al., 1977). Oxidation products were quantified as
malondialdehyde equivalents (ug MDA /g).

Carbonyl derivatives of proteins were detected
according to the method of Mattioli et al. (2018).
Briefly, the pellets from trichloroacetic acid (TCA)
extracts were mixed with 1 mL of 10 mM DNPH in 2 M
HCI. Samples were incubated for 1 h at RT and then
centrifuged at 13,000 x g for 5 min. Supernatants were
discarded and the pellets were washed 3 times with 1 mL
of ethanol—ethylacetate (1:1, v/v) in order to remove
unreacted DNPH. The pellets were then dissolved in
1.5 mL of 6 M guanidine-HCI and centrifuged as above
to pellet insoluble particles. The carbonyl content of the
resulting supernatants was evaluated spectrophotomet-
rically at 370 nm using a molar extinction coefficient of
22,000 1/M*cm; values were expressed as nmol of car-
bonyl/mg of protein in the guanidine chloride solution.

Protein concentrations were measured using the Brad-
ford method with Coomassie Brilliant Blue G-250
(Bradford, 1976), using bovine serum albumin as the
standard. The same trichloroacetic acid extract was also
used to evaluate thiol groups based on 5,5 dithio-bis-2-
dinitrobenzoic acid assay, with an extinction coefficient
of 13,600 1/M*cm and expressed as umoL. SH — group
per g.

The lipid fraction for fatty acid evaluation was
extracted from the meat following the method reported
by Folch et al. (1957). To obtain the fatty acid methyl
esters, the lipid extract was dried with a rotavapor and
1 mL of n-hexane was added. Finally, the transmetila-
tion procedure was performed with 0.5 mL of 2 M
KOH methanol solution at 60°C for 15 min. To calcu-
late the amount of each fatty acid, heneicosanoic acid
was used as the internal standard (C21:0, Sigma-
Aldrich analytical standard). The average amount of
each fatty acid was used to calculate the sum of the
total saturated (SFA), total monounsaturated
(MUFA), and total polyunsaturated (PUFA) acids
from the n-3 and n-6 series. The n-6/n-3 fatty acid ratio
was also calculated.

In the meat samples, some nutritional indexes of lipids
were evaluated, as reported below.

The peroxidability index (IP) was calculated accord-
ing to the method of Arakawa and Sagai (1986):

IP = (% monoenoic x 0.025) + (% dienoic x 1) + (%
trienoic  x  2) + (% tetraenoic x 4) + (%
pentaenoic x 6) + (% hexaenoic x 8).

Indexes of atherogenicity (IA) was calculated accord-
ing to Ulbricht and Southgate (1991). In particular:

JA=(C12:0+4xC14: 0+ C16:0)/
[(EMUFA + 3n6 + 2n3)]

Statistical Evaluation

First, a multivariate approach was used to reduce the
number of variables using principal component analysis
(PCA). The variables that could measure aspects of the
same underlying dimensions were stratified and included
in several PCAs. Thus, 7 different models were used to
analyze the kinetic behavior variables (PCA1), produc-
tive performance traits (PCAZ2), markers of blood oxi-
dative stress (PCA3), technological traits (PCA4),
and proximate composition (PCAS5) of meat, markers
of meat oxidative stress (PCA6), and fatty acid profile
and nutritional indices (PCAT). The variables were
included in each PCA after inspection of the correlation
matrix and communalities (Righi et al., 2019;
Menchetti et al., 2020a). However, some metabolically
or qualitatively important variables (e.g., tocols) were
retained despite their low commonalities. One compo-
nent (PC) for each PCA was retained to evaluate its
performance through the total variance explained, the
Kaiser criterion, and the Bartlett’s test (Garson, 2008;
Menchetti et al., 2020ab). The sign of the loadings
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(and of the scores) of PC6 was reversed to facilitate its
interpretation.

The seven PCs describing behavior, productive, chem-
ical, metabolic, and/or physiological aspects were ana-
lyzed using bi- and univariate  approaches
(Cardinali et al., 2017; Menchetti et al., 2018). A matrix
of Pearson product-moment correlations was built to
detect associations among the PCs. Correlation was
defined as high when the Pearson coefficient (r) > [0.5],
medium when r ranged from 0.3 to 0.5, and low when r
<|0.3] (Cardinali et al., 2017). Furthermore, generalized
linear models (GLMSs) were used to assess whether the
genotype influenced the profiles defined by each PC set-
ting identity link function and normal distribution
(Menchetti et al., 2018). Graphics tests were used to ver-
ify the assumptions, while the least significant difference
(LSD) method was used for pairwise comparisons. The
PCs were included in the GLMs as dependent variables
and the genotype was included as the independent vari-
able.

Finally, a two-step cluster analysis (TCA) was used
to identify clusters of animals with similar characteris-
tics in regards to the relationship between kinetic behav-
ior (PC1) and meat (PC6) or blood (PC3) oxidative
stress. Log likelihood was used as a distance measure
while Bayesian information criteria (BIC) were used as
clustering criteria (Garson, 2008). The Silhouette coeffi-
cient was used as a measure of goodness-of-fit

(Rousseeuw, 1987). Chi-square (x?) or Fisher’s tests
were conducted to determine the associations between
clusters and genotype.

Statistical analyses and visualizations were performed
using SPSS Statistics version 25 (IBM, SPSS Inc., Chi-
cago, IL) and GraphPad Prism, version 7.0 (GraphPad
Software, San Diego, CA). The level of statistical signifi-
cance was set at P <0.05.

RESULTS
Multivariate Analysis

The variables included in each PC and the respective
loadings are detailed in Table 2. Moreover, mean values
and scores were reported in Supplemental Tables S1 and
52. PC labels were chosen according to the highest posi-
tive loadings. In particular, indicators of kinetic activity
emerged in PC1, while carcass and head /feet yields were
the heaviest indicators of performance (PC2). The high-
est loadings in the PC of marker oxidative stress were
carbonyls and TBARS in the blood (PCA3), and thiols
and TBARS in the meat (PCA6). Negative scores were
obtained from tocols and carbonyls. The PCs of the
technological traits and proximate composition of meat
(PCA4 and PCAD, respectively) were also strongly bipo-
lar: the positive loading of pH was opposed to the

Table 2. Labels of Principal Components (PCs) extracted with the Principal Component Analyses (PCA), loadings of variables, and

total variance explained by each PC.

N°PCA Label of PC Ttem Loading Variance explained
PCA1 Kinetic behavior EA _reversed (*) 0.892 67.2%
Eating, % 0.777
Kinetic, % 0.607
Static, % -0.960
PCA2 Productive performance Carcass yield, % 0.878 56.9%
Head and feet yield, % 0.750
DWG, g 0.684
Drumstick, g 0.642
PCA3 Marker of blood oxidative stress Carbonyls, nmol/mg proteins 0.816 40.1%
TBARS, nmol MDA /mL 0.728
ROMSs, mmol H,O, 0.634
Retinol, nmol/mL 0.619
3, Tocols, nmol/mL —0.161
PCA4 Technological traits of drumstick meat pH 0.678 40.4%
L* 0.497
a* —0.710
PCA5 Proximate composition of drumstick meat Protein, % 0.957 71.6%
Ash, % 0.936
Lipids, % 0.744
Moisture, % —0.721
PCAG6 Marker for meat oxidative stress Thiols, umol SH-group/g 0.529 41.5%
TBARS, ug MDA /g 0.524
Carbonyls, nmol/mg proteins —0.721
3, Tocols, ug/g —0.764
PCA7 Fatty acids profile and indices P 0.780 56.6%
n-3 PUFA, % of total fatty acids 0.620
IA 0.556
PUFA, % of total fatty acids —0.794
n-6 PUFA, % of total fatty acids —0.948

(*)The signs of this traits were reversed.

Abbreviations: DWG@G, daily weight gain; EA, explorative attitude; TA, index of atherogenicity; IP, index of peroxidability; MDA, malondialdehyde;
PUFA, polyunsaturated fatty acids; ROMs, reactive oxygen molecules; TBARS, thiobarbituric reactive substances.
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negative loading of a*, while protein and ash were
opposed to moisture.

Similarly, in PCA7, the IP index and n-3 PUFA
exhibited opposite signs with respect to PUFA and total
n-6. The total variance explained by the analyses ranged
from 40.1% for PCA3 to 71.6% for PCAS5. All eigenval-
ues were above 1.0, meeting the Kaiser criterion, and
Bartlett’s tests were significant, confirming adequate
correlations among the variables.

Uni- and Bivariate Analyses

Table 3 shows the correlations among the PCs. Strong
negative associations were found between PC1 and PC2
or PC5 (P < 0.01), whereas PC1 was positively corre-
lated with PC3, PC6 (P < 0.01), and PC7 (P < 0.05).
Positive association was also found between PC3 and
PC6 (P < 0.01), and between PC5 and PC7 (P < 0.05).
Negative associations were found between PC2 and PC6
or PC7 (P> 0.01), PC3 and PC5 (P < 0.01), and PC4
and PC7 (P < 0.01).

GLMs showed that all PCs were influenced by the
genotype (P < 0.001; Tables S1 and S2). In particular,
CY and M resulted in less active genotypes (PC1); con-
versely, RR showed more kinetic activity, whereas RJ,
RG, and RC showed intermediate levels. Productive
performance scores also showed higher values in the
same genotypes, followed by that of RC (PC2). Consid-
ering the markers of blood and meat oxidative stress
(Figure 1C - PC3 and 1F - PC6, respectively), CY, M,
RC, and RG showed a similar trend regarding in vivo
markers, whereas RC showed a different trend in PC6
respect to RG, RR, and RG. RR and RJ had lower load-
ings for in vivo oxidative marker and higher in drum-
stick meat. Considering the TBARS and tocols scores,

Table 3. Matrix of Pearson product-moment correlations.

the RR and RG showed lower and higher values for in
vivo oxidative markers and the contrary in meat. How-
ever, protein oxidation (carbonyls) showed an opposite
trend in the blood and meat, independent of genotype.

The technological traits and proximate composition
PC (Figures 1D- PC4 and 1E- PC4 and 5) showed a
unique trend depending on the genotype: CY and M pre-
sented higher pH, lower redness (a*), and higher protein
and lipid respect to RC and RR. Conversely, RJ showed
lower pH and L* values, and higher redness, but dis-
played a lower percentage of all main nutrients com-
pared to that of the other genotypes.

Figure 1G shows the PC scores of the fatty acid profile
and indices. The most kinetic birds (RJ and RR)) showed
a higher n-3 PUFA amount than others associated with
a higher IP and TA. Conversely, RC, RG, CY, and M
showed a higher n-6 PUFA presence in the drumstick
meat.

Cluster Analysis

Figures 2A and 2B show the two-step cluster analyses
based on kinetic behavior and blood (TCA1, Panel A)
or meat (TCA2, Panel B) oxidative status across the dif-
ferent genotypes. From the analysis, two clusters
emerged with a good level of cohesion and separation
(Silhouette coefficient >0.5). The most important pre-
dictor was kinetic behavior (PC1).

Cluster 1 showed a negative mean score for both the
PCs and included all of the samples of the CY and M
genotypes. Cluster 2 showed positive mean scores for
both PCs and included almost all samples of the RC,
RG, RR, and RJ genotypes (x* = 40.0 and x* = 38.3 for
TCA1 and TCA2, respectively; P < 0.001). Thus, the
clusters denoted clearly that the genotypes with higher

PCT7 Fatty acids
PC3 Marker of Technological PC5 Proximate PC6 Marker for profile and
PC2 Productive blood oxidative traits of composition of meat oxidative nutritional
Label of PC performance stress drumstick drumstick stress indices
PC1 Kinetic —0.487"" 0.400"" —0.257 —0.512%* 0.609** 0.382*
behavior
PC2 Productive —0.078 0.030 0.036 —0.472%* —0.523**
performance
PC3 Marker of 0.110 —-0.734" 0.568" —0.203
blood oxidative
stress
PC4 Technologi- —0.008 —0.112 —0.411""
cal traits of
drumstick
PC5 Proximate -0.564"" 0.373*
composition of
drumstick
PC6 Marker for —0.194

meat oxidative
stress

**Correlation is significant for 0.01 level (2-tailed).
*Correlation is significant for 0.05 level (2-tailed).
Boldface indicates the significant correlations.
Abbreviation: PC, principal component.
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Figure 1. PC scores of different poultry genotypes. (A) Kinetic behaviors (PC1); (B) productive performance (PC2); (C) marker of blood oxida-

tive stress (PC3); (D) proximate composition of drumstick meat (PC4); (E) technological traits of drumstick meat (PC5); (F) marker for meat oxi-
dative stress (PC6); (G) fatty acid profile and nutritional indices (PC7). Bars not sharing any superscript are significantly different at P < 0.05.

kinetic activity (Walking — W: RR and RJ, Figures 2A  Figures 2A and 2B) that were grouped separately. How-
and 2B) also showed a higher blood/meat oxidation  ever, in the walking group, a third sub-cluster, composed
than did the nonwalking genotypes (NW: CY and M -  mainly of RC and RG genotypes (Figure 2, dotted black



A)

Genotype
ORC
@®RG
@®RR
®RJ
OCcYy
OM

PC Marker of blood oxidative status

-3.0

PC Kinetic behaviour

B)

Genotype
3.0

2.0

PC Marker for meat oxidative stress
o

PC Kinetic behaviour

Figure 2. Two step cluster analysis (TCA) of kinetic behaviour
(PC1) and marker of blood (PC3, Panel A) and meat (PC6, Panel B)
oxidative stress. Red circle contains the samples included in the cluster
1 (Not walking genotypes, NW) showing negative mean scores for both
PC1 and PC3 or PC6; Solid Black circle contains the samples included
in the cluster 2 (Walking genotypes, W) showing positive mean scores
for both PC1 and PC3 or PC6; Dotted black line: walking not-trained-
genotypes (Wnt).

line), is possible to visualize. In this sub-group, a higher
kinetic score determined a particularly high blood and
meat oxidation (may be defined as walking not-trained-
genotypes, Wnt) compared to typical Walking geno-
type. Furthermore, the RC genotype showed a tendency
oriented toward a lower kinetic activity respect to RG
which are mainly located in the right square of the TCA
graph.

DISCUSSION
PCA Correlations

Literature has reported that extensive poultry rearing
systems improve meat quality as the kinetic activity and
the scavenger aptitude of the birds (Castellini et al.,
2006, 2016) increase the ingestion of bioactive com-
pounds (tocopherols, carotenoids, polyphenols, and
PUFAs, especially o-linolenic) contained in grass,
insects, and earthworms (dal Bosco et al., 2016).

However, kinetic activity may be also associated with
a worsening of productive performances, antioxidant
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status, and shelf-life of meat due to the interaction of
other factors, including energy balance, genetic features,
dietary intake, or metabolic stress (Celi et al., 2017,
He et al., 2018).

This study confirms that kinetic behavior (PC1) and
productive performance (PC2) are negatively correlated.
The daily weight gain (DWG), carcass and head /feet
yield, and drumstick weight were lower in more walking
birds, due to a great expenditure of energy compared to
that of the more static individuals. Probably, on one
hand, the kinetic behavior triggered regulatory changes
(an increased mobilization of energy and a shift in
metabolism) further reducing growth performance
(Bureau et al., 2009), on the other hand, it is also true
that the less weight of animals favored the kinetic activ-
ity of them.

There is a strict relationship between genotype and
DWG. However, it is important to note that genotypes
with similar DWG may exhibit different behavioral pat-
terns, predominantly in kinetic activity (Mancinelli
et al., 2020a). On the same time, this study confirms
that kinetic (PC1) and blood (PC3) or meat (PC6) oxi-
dative status was highly correlated (0.400 and 0.609 cor-
relation values, respectively). Chickens with high EA or
kinetic activity increased their production of ROMs
with consequent in vivo oxidation of proteins (carbon-
yls) and lipids (TBARS); meanwhile, retinol enhanced
and tocols decreased in the plasma (Table 2; Figures 1C
and 1F).

The oxidative markers of the drumstick meat (PC6)
showed a positive correlation with kinetic behavior:
reduced protein oxidation and tocols content, and
increased TBARS and thiols were associated with higher
kinetic behavior. At the same time, the IP of the meat
also increased, most likely due to the higher n-3 PUFA
content (PCAT).

Other authors (Lewis et al., 1997; Castellini et al.,
2002b) confirmed that free-range chickens could exhibit
lower meat oxidative stability due to higher motor activ-
ity that increases oxidative metabolism and free radical
production. Furthermore, high ROMs production can be
stimulated by stressful conditions, which can cause
lipid peroxidation and oxidative damage to proteins
(Droge, 2002).

Mancinelli et al. (2020b) evaluated the effect of the
cooking procedure on breast meat in different chicken
genotypes and defined the kinetic chickens as “more vul-
nerable” toward lipid oxidation compared to that of the
static chickens. Genotypes with higher kinetic activity
consume more antioxidants than static animals to coun-
teract the production of ROM by movement; hence,
they have less antioxidant availability during the cook-
ing process.

However, it should be underlined that not always,
higher kinetic activity means higher foraging, and then,
pasture intake. The present data clearly indicated that
the overproduction of free radicals compromised in vivo
antioxidant defenses and oxidative stress, but it was
neutralized by antioxidant intake (foraging behaviors)
resulting in the not oxidatively damaged meat (i.e.,
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walking genotypes). Fresh grass has approximately
6 times more a-tocopherol and 2 to 8 times more carote-
noids than that of standard poultry feed (Smet et al.,
2008). Ponte et al. (2008) demonstrated that the syner-
gistic cooperation of the terpene content of grass (i.e.,
a-tocopherol, y-tocotrienol, and B-carotene) acts to pre-
vent radical formation in extensively reared chickens.
Dietary intake of pasture increases the antioxidant con-
tent of the plasma (Castellini et al., 2002a,b; Mugnai
et al., 2014), and, if necessary, these antioxidants are
utilized to balance the oxidative thrust of the body. It is
possible to hypothesize a turnover/loop mechanism of in
vivo antioxidants: higher kinetic activity increases
ROMs production and, thus, lipid and protein oxidation
(higher ROMs = higher TBARS). Contemporary, the
foraging behavior enhances the antioxidants recovered
by grass intake (higher intake = higher antioxidants);
consequently, the ingestion of enough antioxidants
through grass, counteracts the oxidative thrust, result-
ing in a lower oxidation (higher antioxidants = lower
TBARS); finally, a reduction of available antioxidants
may occur in the different tissues if not followed
by a progressive ingestion (lower intake = lower
antioxidants = higher TBARS).

The apparent discrepancy between the pro- and anti-
oxidant molecules in the blood has to be related to the
intrinsic balance of the body; it is most likely associated
with specific response of genotypes (§ next paragraph).
A similar finding was observed for some chemical com-
ponents of the meat, which was negatively correlated
with kinetic behavior. Indeed, such correlation was
mainly due to the different proximate compositions,
attributable to the genotypes.

Michiels et al. (2014) observed a higher TBARS val-
ues associated with lower a-tocopherol content in the
plasma of outdoor chickens compared to that of indoor
chickens. However, such outcomes are referred to as
fast-growing chickens, which have low kinetic activity
and poor foraging abilities (dal Bosco et al., 2010), con-
firming that foraging ability and pasture availability are
crucial for organic chickens as an antioxidant source.

In the drumstick tissue, the antioxidants showed a dif-
ferent trend. The pro-oxidative environment created in
postmortem muscles upon animal slaughter led to the
occurrence of oxidative reactions in the poultry muscle,
mainly in the drumstick, which is the muscle that sup-
ports walking. Branciari et al. (2009) suggested that a
shift of muscle fibers from a-white, which are more gly-
colytic, to a-red fibers, which are more oxidative, could
be a kinetic-adaptation mechanism (primarily the Ileo-
Tibialis lateralis). This shift renders the muscle more
efficient and resistant to fatigue; in addition, other mus-
cle modifications, such as the expression of contractile
proteins (e.g., myosin) and an increase in muscle mito-
chondria (Kikusato and Toyomizu, 2013), increased cel-
lular respiration rate and oxidative capacity. Both of
these changes resulted in higher oxidative metabolism
and, thus, in ROMs production, which leads to the oxi-
dative status of tissues. In this study, lipid oxidation
(TBARS) increased, but mnot proteins (carbonyls,

PCAG). This trend was likely due to the higher suscepti-
bility of lipid oxidation, mainly because the tissues were
constituted by PUFAs (Mancinelli et al., 2020b). In con-
nection with PUFA reduction, vitamin E decreased,
whereas no significant correlation was found in PC6 for
retinol.

The different trends observed for the antioxidant mol-
ecules were most likely due to their specific biological
effects. Tocols are the combination of tocopherols and
tocotrienols, which constitute vitamin E. Vitamin E,
like fat-soluble antioxidants, are more active against
lipid oxidation, and work as chain-breakers in the hydro-
peroxide formation that begins with PUFA (Galli et al.,
2017). Retinol derivatives from the metabolism of caro-
tenes are more abundant in grazing birds and stored in
animal tissues, and its amount is predominantly related
to specific intake due to its late action in the antioxidant
chain. Thiol content, consisting of indirect measures of
the enzyme glutathione, increases with movement as a
response to exogenous stressors (Sliwa-Jézwik et al.,
2002) for restoring optimal oxidative conditions
(Fellenberg and Speisky, 2006).

Among animal-source foods, poultry meat has been
recognized as a very sensitive source of oxidative pro-
cesses owing to the high degree of unsaturation in the
muscle lipids (Min and Ahn, 2005). Even the fatty acid
profile PC (PCAT) showed that the kinetic behaviors
(as foraging one) positively affected n-3 content due to
grass ingestion, whereas n-6 was negatively correlated.
Furthermore, PUFA content decreased due to
oxidation, as has already been demonstrated by
Mancinelli et al. (2020b) during cooking,.

Comparison of Genotypes

We found that chickens with higher DWG (RC, CY,
and M; Supplemental Table S1) showed different
responses compared to that of less productive birds.

It is known that the selection for higher growth rate
decreases all functions not directly connected with mus-
cle growth (e.g., locomotive activity, immune response,
thermoregulation; Zampiga et al., 2021; Siegel and Hon-
aker, 2009; Zhou et al., 2014); thus, high-performance
chickens do not take advantage of outdoor runs, how-
ever, they produce a limited amount of oxidative media-
tors. Equilibrium between a “sufficient” movement for
taking advantage of the pasture and the antioxidant
power of the body should be determined by comparing
different genotypes and/or managing the dietary intake
of antioxidants (solid feed supplement/favor intake of
more antioxidants in the pasture; Benbrook, 2005).

Indeed, the adaptation of chicken strains to outdoor
environments affects animal equilibrium by modulating
the intake of grass (Castellini et al., 2002b; Mugnai
et al., 2014) and body metabolism (Branciari et al.,
2009; Dransfield and Sosnicki, 1999), with implications
on the health status and the oxidative stability of the
meat (Castellini et al., 2006; Mancinelli et al., 2020Db).
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Such differences seem not only related to the growing
performances of animals but also to the genotype itself.

In a recent paper, Mancinelli et al. (2020a), demon-
strated that the adaptability of chickens to organic sys-
tem mainly depends on the genotype defined as an
“independent prediction factor of adaptability,” whereas
the DWG has less predictive power. Based on such evi-
dence, DWG should be considered as a prerequisite but
a “true” adaptability can be assessed only characterizing
the single poultry genotype.

In the present study, the 6 SrG poultry genotypes
showed important differences: first, the kinetic score was
lower in the genotypes with higher growth rates (CY
and M; Figures 1A and 1B), while the opposite was true
for RJ, RR, and RG. Only RC showed a positive trend
between kinetic scores and productive performance,
indeed it showed higher live weight (Mancinelli et al.,
2020a), although the kinetic behaviors resulted better
than CY and M.

Such trend was probably due to the explication of
kinetic actions different to the movements (walking,
running), such as eating. Indeed, the positive items
included in the PC1 are EA, kinetic, and eating
(Table 2). In agreement, Mancinelli et al. (2020a) dem-
onstrated that RC genotypes spent more time in the
feeding action respect to other kinetic actions as walking
or running.

Moreover, Wallenbeck et al. (2016) found more
kinetic behavior in RR than in Ross 308. In addition,
Pulcini et al. (2021), demonstrated that the same geno-
types here tested, classified as walking strains (RG, RR,
and RedJ), showed a less curved tibia that not-walking
ones; on the same time, altered tibia shape was posi-
tively correlated with carcass and growth rate.

Comparing the oxidative scores, this research con-
firmed that heavier chicken strains are more sedentary
than the lighter one and have better in vivo antioxidant
status (respectively, about 0 vs. 20% kinetic activity;
4.50 vs. 5.80 mmol H,O, for ROMs, Supplemental Table
S1), whereas the others had a strain-specific trend
(Figures 1C and 1F).

Accordingly, the cluster plots (Figures 2A and 2B)
clearly showed the in vivo and postmortem trends:
the heavier animals (CY and M) were grouped in the
less oxidative and less kinetic shape, separately from
the others. These genotypes may be classified as non-
walking chickens (NW). However, in the “Walking”
(W) chickens group, not all the birds showed a better
oxidative profile; thus, physical exercise in this group
enhanced muscle training, reducing, as a consequence,
ROMs production.

However, within W chickens RC and RG clustered
separately from the other “more kinetic animals” (RJ
and RR), because they showed a higher oxidative profile
correlated with the movement, whereas RR and RJ dem-
onstrated a lower ROMs production. It should be under-
lined that RC showed also a lower (although not
significantly different) kinetic activity than RG. To
explain this trend, it is possible to formalize 2 different
hypotheses:

1) Walking activity is different from scavenging
(often, kinetic behavior, is only related to the
walking activity of birds, without including pas-
ture intake; Mancinelli et al., 2020a);

2) Different muscular adaptation to the movement
occurred: for RG and mainly RC, the walking has
not training effect (ntW) whereas in RJ and RR
(W) the activity resulted in training.

Mattioli et al. (2017) found that FG chickens (Ross
308) subjected to “forced” and moderate kinetic activ-
ity (approximately 4 km/day) increased the oxidative
thrust of the plasma and skeletal muscles ( Dal Bosco
et al., 2011) due to the high production of free radi-
cals (Droge, 2002). In contrast, pure breed chickens
(i.e., Leghorn), which show high exploratory attitude
and marked rusticity, have a better response to exer-
cise.

Furthermore, even the technological traits and proxi-
mate composition of meat (PC 4, 5; Figures 1D and 1E)
showed an unusual trend, primarily related to kinetic
thrust. The main differences were recorded in the tech-
nological parameters between M and CY vs. RC, RR,
and RJ, and between RJ and CY and RC and RG for
the proximate composition. Considering the animals
were housed under the same conditions and with the
same dietary plan, the main differences in the technolog-
ical parameters could be related to the genotype (intrin-
sic item) and movement (extrinsic item). Accordingly,
the kinetic birds (RR, RJ, and RC) showed higher values
of PC4 with higher redness and lower pH or L*, justified
by a shift in muscle fibers from white/glycolytic to red/
oxidative (Petracci et al., 2015). Similarly, proximate
composition showed differing trends, predominantly in
the less kinetic animals, associated with higher moisture
and less protein and lipid content, probably linked to
the higher live weights of the animals. The reduction in
protein content coupled with moisture increase may also
be an indirect index of fiber degeneration and atrophy
(Petracci and Cavani, 2012).

CONCLUSIONS

The present results confirmed that the kinetic behav-
ior, a prerequisite for the adaptation of SrG genotypes
to outdoor systems, is negatively correlated with pro-
ductive performance. Furthermore, our data demon-
strated, for the first time, that there were opposing
trends between kinetic behavior and blood (positively
correlated) or meat (negatively correlated) oxidative
status. Such differences are mainly due to the intrinsic
response of the genotypes used. Indeed, every genotype
showed a specific response to movement that may be
identified as training-walking capacity.

Nevertheless, the genotypes investigated in the pres-
ent study were classified as SrG, many differences
regarding kinetic behavior, performance, and oxidative
status were recorded. Such differences allowed to iden-
tify the least suitable genotypes (not walking); whereas,
in order to define the best one, is necessary manage
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various aspects: that is, rearing system, pasture and/or
environmental enrichments availability, diet, stocking
density, slaughtering age, etc., which influence all herein
evaluated parameters.
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