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ARTICLE INFO ABSTRACT

Keywords: Optimization of broiler chicken breast muscle protein accretion is key for the efficient production of poultry
Broiler chicken meat, whose demand is steadily increasing. In a context where antimicrobial growth promoters use is being
Proteomics

restricted, it is important to find alternatives as well as to characterize the effect of immunological stress on
broiler chicken’s growth. Despite its importance, research on broiler chicken muscle protein dynamics has mostly
been limited to the study of mixed protein turnover. The present study aims to characterize the effect of a
bacterial challenge and the feed supplementation of citrus and cucumber extracts on broiler chicken individual
breast muscle proteins fractional synthesis rates (FSR) using a recently developed dynamic proteomics pipeline.
Twenty-one day-old broiler chickens were administered a single 2H,0 dose before being culled at different
timepoints. A total of 60 breast muscle protein extracts from five experimental groups (Unchallenged, Chal-
lenged, Control Diet, Diet 1 and Diet 2) were analysed using a DDA proteomics approach. Proteomics data was
filtered in order to reliably calculate multiple proteins FSR making use of a newly developed bioinformatics
pipeline. Broiler breast muscle proteins FSR uniformly decreased following a bacterial challenge, this change was
judged significant for 15 individual proteins, the two major functional clusters identified as well as for mixed
breast muscle protein. Citrus or cucumber extract feed supplementation did not show any effect on the breast
muscle protein FSR of immunologically challenged broilers. The present study has identified potential predictive
markers of breast muscle growth and provided new information on broiler chicken breast muscle protein syn-
thesis which could be essential for improving the efficiency of broiler chicken meat production.

Significance: The present study constitutes the first dynamic proteomics study conducted in a farm animal species
which has characterized FSR in a large number of proteins, establishing a precedent for biomarker discovery and
assessment of health and growth status. Moreover, it has been evidenced that the decrease in broiler chicken
breast muscle protein following an immune challenge is a coordinated event which seems to be the main cause of
the decreased growth observed in these animals.
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1. Introduction

Global meat production is expected to keep increasing over the
forthcoming decades reaching 377Mt by 2031 [1] as a result of an
increasing global population, which is expected to reach 8.6 billion in
2030 [2], who aim to satisfy their protein and amino acid requirements.
Meat consumption will keep shifting towards poultry meat due to its
efficient production, acceptance by most cultures and low price [1]. This
high demand can be satisfied due to the selection of chicken strains that
show accelerated growth, particularly in the pectoralis (breast) muscle
[3]. Muscle protein accretion is the result of the difference between
protein synthesis and breakdown. Improving our understanding of
broiler chicken muscle synthesis would contribute towards the
enhancement of poultry meat production efficiency and feeding an
increasing human population.

Despite its importance, research on chicken muscle protein dynamics
has been mostly limited to the study of mixed muscle protein turnover
[4-8]. The recent introduction of proteomics methods to study protein
synthesis in mammalian species allows calculation of individual protein
synthesis rates at a proteome scale [9]. In recent years, Omics methods
have been used to broaden our current understanding of broiler chicken
breast muscle proteome [10], transcriptome [11] and metabolome [12].
The importance of integrating multi-omics approaches to obtain a full
picture of biological processes influencing animal performance and
disease resistance has been highlighted [13]. However, only one study,
conducted during the early developmental stages of the dynamic pro-
teomics field, has aimed to characterize the turnover of individual
chicken breast muscle proteins [14]. Moreover, studies on broiler mixed
muscle protein synthesis have mainly revolved around the comparison
of different broiler strains’ growth [5,15-17] and the effect of dietary
modifications on muscle synthesis [18-22], with only one study aiming
to characterize the effect of an acute immunological challenge on broiler
muscle protein synthesis [23]. Restrictions imposed on the use of anti-
microbial growth promoters (AGPs) in animal production around the
globe [24] increase the necessity to characterize the effects of immu-
nological stress on broiler chicken growth in order to better identify and
prevent it. Dynamic proteomics studies could prove extremely valuable
to find early biomarkers of immune stress due to the fact that protein
synthesis rates are modified before significant changes in protein con-
centration can be measured [25].

Feed additives have been identified as a promising alternative to the
use of AGPs in poultry production [26-28], enhancing chicken growth
performance and immune status, with a good number of candidates
having been proposed [26]. Citrus extracts are one of these candidates.
Citrus extracts are rich in flavonoids, carotenoids, soluble fiber
(including pectins) and insoluble fiber [29]. Citrus pectin has been re-
ported to improve chicken energy utilization and nutrient digestibility
[30] when added to broiler’s diet as well as having immunomodulatory
effects on broiler monocytes [31]. Citrus flavonoids have been reported
to improve feed efficiency of broilers under heat stress [32] as well as
showing immunomodulatory properties in chickens challenged with E.
coli LPS [33]. Extracts derived from cucumber have shown anti-
inflammatory properties in rodents [34] and in porcine aortic endo-
thelial cells challenged with E.coli LPS [35] as well as antioxidant
properties in human blood cells [36]. Hence, citrus and cucumber ex-
tracts are two feed supplements with potential to positively impact
broiler chicken’s growth and health status in the absence of AGPs.

Recently, we developed a new dynamic proteomics approach for the
calculation of protein synthesis rates following a single bolus dose of
2H,0, this approach was validated for its use on the broiler chicken
species [37]. A simple experimental design makes this approach espe-
cially convenient for its use in free living animals. Additionally, the
aforementioned study presented a list of n(AA) values (which describes
the apparent number of deuterium atoms incorporated by free amino
acids from body water) specific for its use in broiler chicken dynamic
proteomics studies. However, this approach was applied to the
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calculation of a reduced number of handpicked peptides fractional
synthesis rate (FSR). The application of this approach to analyze large
proteomics datasets has yet to be accomplished and requires the meth-
odology to be expanded with a robust bioinformatics pipeline capable of
filtering peptides and calculating their 2H enrichment as well as rate
constant (k1) and FSR. Different bioinformatics tools for the analysis of
2H labelled proteomics data for the calculation of protein synthesis rates
are freely available, such as ProTurn [38], DeuteRater [39] and d2ome
[40]. However, these software solutions have been developed for use in
studies following a different experimental design other than a single
2H,0 bolus, making it necessary to develop a bioinformatics pipeline for
this purpose. Furthermore, some of the available tools embed an amino
acid 2H labelling pattern which may not correspond with the one
recently characterized in the broiler chicken species [37].

The present study aimed to calculate the FSR of individual broiler
chicken breast muscle proteins using our recently developed ZH,0
labelling approach complemented with a newly developed bioinfor-
matics pipeline. Estimation of protein FSR was performed on healthy
broilers as well as broilers immunologically challenged with E.coli LPS in
order to characterize the effect of an acute immune challenge in broilers
breast muscle protein synthesis. Additionally, the effect of citrus and
cucumber extracts on the rates of synthesis of breast muscle proteins of
immunologically challenged chickens was also assessed.

2. Materials and methods
2.1. Experimental design and in vivo animal procedures

All chemicals were supplied by Sigma-Aldrich (Gillingham, UK)
unless otherwise stated.

In vivo animal trials have been described in detail elsewhere [37].
Briefly, two different animal trials were held at the University of Glas-
gow Cochno Farm and Research Centre. The aim of the first trial (con-
ducted in June 2018) was to characterize the effect of an immune
challenge in broiler chicken muscle protein synthesis by comparing an
experimental group of healthy broiler chicken with a group of immu-
nologically compromised chicks. The aim of the second trial (conducted
in August 2018) was to investigate the effect of supplementing two
different feed additives into the diet consumed by immunologically
challenged broiler chickens under the literature-based hypothesis that
these extracts may be able to counteract the effect of an LPS-induced
inflammatory response. Therefore, the first trial comprised two
different experimental groups (“Unchallenged” and “Challenged™) while
the second trial featured three experimental groups (‘“Control Diet”,
“Diet 1" and “Diet 27). It is worth highlighting that experimental con-
ditions for the “Challenged” experimental group in the first trial and the
“Control Diet” group in the second trial were identical (E.coli LPS
injected and basal diet provided), however these groups should not be
considered biological replicates (and directly compared) as it is not
possible to guarantee that they were exposed to the same stimuli from
hatching to the time they were culled. The fact that is not recommended
to draw comparisons between experimental groups which are part of
trials carried out at different points in time was the reason why the
“Control Diet” group was included in the second trial. While it would
have been appropriate to carry out a single trial comprising four
experimental groups (“Unchallenged”, “Challenged”, “Diet 1 and “Diet
2) limitations related with the available staff and experimental facilities
made this option unviable. Experimental groups were comprised of four
replicate pens in which 7 one day old, male Ross 308 broiler chicks (PD
Hook Hatcheries Ltd., UK) were allocated, making the total number of
birds 140 (56 in the first trial, 84 in the second trial). Access to water and
a corn-soybean meal-based feed (Nuscience, Ghent, Belgium) was pro-
vided ad libitum. Diet energy and digestible AA content was slightly
lower (97%) than commercially available diets. Birds in the “Diet 1"
experimental group had their basal diet supplemented with a citrus
extract (300 g/ton) while birds in the group “Diet 2" had their basal diet
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supplemented with a cucumber extract (75 g/ton).

The experiment started on day 21 of the birds life (0 h). At time O h,
five birds per pen were administered an oral dose of 2H,0 (10 g/kg 99.8
atom percent 2H,0) dropwise using a 10 mL syringe while its movement
was restrained. One hour after 2H,0 administration, all birds in the pen
were weighed and injected subcutaneously a dose of Escherichia coli
lipopolysaccharide (LPS from E.coli 0111:B4; 2 mg/kg of body weight)
or an equal volume of sterile saline (0.9% sodium chloride) if birds
belonged to the “Unchallenged” experimental group. One 2H,0 dosed
bird from each pen was weighed, blood sampled and culled by barbi-
turate (Euthatal 200 mg/mL, Merial, UK) overdose 4 h, 24 h, 48 h and
96 h post 2H,0 administration with an extra dosed bird being culled at
the 96 h timepoint. Undosed birds were culled at the 48 h and 96 h
timepoints. A visual summary of the procedures carried out from the 0 h
timepoint to broiler chickens in one exemplary pen can be observed in
Fig. 1. Blood samples up to 2 mL volume were collected from the bird’s
wing vein and placed into EDTA coated tubes (Midmeds, Hertford, UK).
Blood samples were centrifuged at 3000 g for 15 min at 4 °C and the
resulting plasma was collected, aliquoted and immediately frozen at —
20 °C. Breast muscle samples were collected immediately after the birds
were culled and were snap-frozen using a dry ice bath before being
transferred to a — 80 °C freezer.

The in vivo trial and all its associated animal procedures were
approved by the University of Glasgow MVLS College Ethics Committee
and conducted under UK Home Office license (N° P4A4CA831).

2.2. Plasma FTIR analysis

All birds used in the trial had their body water (BW) °H abundance
measured directly on small plasma samples without further processing
using a portable Fourier-Transform Infrared Spectroscopy (FTIR) in-
strument (model 4500, Agilent, Cheadle, UK) as previously described
[37]. Briefly, D—O bonds absorbance was measured around a wave-
number of 2504 cm ™! in duplicate using a 20 pL plasma volume. Two
water standards were measured in duplicate before and after each
analysis session. BW 2H abundance (mg/kg) was calculated using an
internal calibration model and exported from the manufacturer’s
Microlab software to Microsoft Excel where molar abundance was ob-
tained before calculation of enrichment values expressed in atom %
excess (APE) deuterium.

2.3. Breast muscle protein extraction

Three 2H labelled breast muscle samples (collected at 24 h, 48 h and
96 h) and an unlabelled sample, from three different pens per each of our

Oh 1h 4h 24h 48h 96h

X

X

111

X X

l‘

Fig. 1. Experimental design visual summary detailing the procedures carried
out on broiler chickens allocated in the same experimental pen from the 0 h
timepoint to the 96 h timepoint.
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five experimental groups (for a total of 60 samples), had their protein
content extracted following a protocol adapted from the work of
Almeida et al. [41], which has been shown to allow the extraction of
both sarcoplasmic and myofibrillar proteins. Two hundred mg of tissue
were blended with 1 mL 50 mM ammonium bicarbonate, 8 M urea, 2 M
thiourea and 10 pL Halt™ protease inhibitor cocktail (100x) (Thermo
Fisher Scientific, Renfrew, UK). A 5 mm diameter stainless steel milling
ball was added to the tube before the mixture was homogeneised using a
Retsch MM400 oscillating mill (Retsch GmbH, Haan, Germany) for 2
min at a frequency of 30 Hz. Samples were then centrifuged for 6 min at
12,500 g and the supernatant was collected. One hundred pL of the
collected supernatant were mixed with nine hundred pL of sodium
dodecyl sulphate (SDS) buffer (4% SDS, 100 mM Tris/HCL pH 8.2, 100
mM DTT) before being heated for 5 min at 95 °C. Lastly, samples were
placed for 10 min on an ultrasonic bath (U100, Ultrawave, Cardiff, UK)
with the aim of disrupting protein aggregates. Breast muscle extracts
had their protein concentration measured by using a Pierce 660 nm
protein assay kit (Thermo Fisher Scientific, Renfrew, UK).

2.4. LC-MS/MS analysis and protein identification

Muscle protein extracts (50 pg protein) were diluted in 2% SDS, 100
mM triethylammonium bicarbonate (TEAB) pH 7.55, then were reduced
and alkylated (15 mM tris(2-carboxyethyl)phosphine, 25 mM chlor-
oacetamide) at 45 °C for 60 min. Protein digestion was performed
following the single-pot solid-phase-enhanced sample preparation (SP3)
protocol [42]. Briefly, ethanol was added to the samples to a final
concentration of 70% and proteins were incubated for 15 min with SP3
beads at a bead/protein ratio of 10:1 (weight/weight). Beads were then
rinsed using 80% ethanol and proteins were digested with trypsin
(Promega, Wisconsin, USA) and Lys-C (Wako, Osaka, Japan) in 50 mM
TEAB pH 7.55 (protein: enzyme ratio 1:50, 16 h at 37 °C).

Samples were analysed using an UltiMate 3000 RSLnano LC system
coupled to a Q Exactive HF-X mass spectrometer equipped with an
EASY-Spray source (Thermo Fisher Scientific, Renfrew, UK). Peptides
were loaded onto a trap column (Acclaim™ PepMap™ 100 C18 LC
Columns, 5 pm particle size, 100 pm diameter, 20 mm length) (Thermo
Fisher Scientific, Renfrew, UK) for 3 min at a flow rate of 10 pL/min in
0.1% FA. Then, peptides were transferred to an EASY-Spray PepMap
RSLC C18 column (2 pm particle size, 75 pm diameter, 500 mm length)
(Thermo Fisher Scientific, Renfrew, UK) operated at 45 °C and separated
using a 60 min effective gradient (buffer A: 0.1% formic acid; buffer B:
100% ACN, 0.1% formic acid) at a flow rate of 250 nL/min. The gradient
used was, from 2% to 6% of buffer B in 2 min, from 6% to 33% B in 58
min, from 33% to 45% in 2 min, plus 10 additional minutes at 98% B.
Peptides were sprayed at 1.5 kV into the mass spectrometer via the
EASY-Spray source and the capillary temperature was set to 300 °C. The
mass spectrometer was operated in a data-dependent acquisition (DDA)
mode, with an automatic switch between MS and MS/MS scans using a
top 12 method. Intensity threshold was set to >3.5e°. Dynamic exclusion
was set to 20 s and charges +1 and > +6 were excluded. MS spectra were
acquired from 350 to 1400 m/z with a resolution of 60,000 FWHM (200
m/z). Ion peptides were isolated either using a 1.6 Th window and
fragmented using higher-energy collisional dissociation (HCD) with a
normalized collision energy of 27. MS/MS spectral resolution was set to
15,000 (200 m/z). The ion target values were 3e® for MS (maximum IT
of 25 ms) and 1e° for MS/MS (maximum IT of 22 ms).

Protein identification from Thermo raw files was performed using
MaxQuant 2.0.1.0 (Andromeda search engine) [43] against a Gallus
gallus database (Swiss-Prot/TrEMBL, 34,808 sequences, accessed 23/
06/2021). Main search peptide tolerance was set at 4.5 ppm and MS/MS
match tolerance at 20 ppm. Carbamidomethylation of cysteines was set
as a fixed modification whereas oxidation of methionine and protein N-
terminal acetylation were set as variable modifications. Minimal peptide
length was set to 6 AA and a maximum of 2 tryptic missed cleavages per
peptide were allowed. Results at the peptide and protein level were
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filtered at a 0.01 false discovery rate (FDR). For shared peptides, only an
instance assigned to the leading razor protein was considered for anal-
ysis. The mass spectrometry proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE [44] partner repository
with the dataset identifier PXD044325.

2.5. Peptide 2H enrichment and protein FSR calculation

The experimental design utilized in this study is based on the
administration of a single 2H,0 bolus. In this kinetic model, precursor
(assumed to be BW) 2H enrichment will steadily decline after reaching
its maximum enrichment once mixed in BW shortly after 2H,0 dosing.
An equation (Eq. (1)) has been developed for the calculation of protein
FSR when following this experimental approach. This equation has been
adapted to the calculation of FSR at the peptide level following product
2H enrichment calculation from proteomics data.

E = pxn(pep) x e ' x (l—e”‘1 '”) D

Where E represents peptide ?H enrichment calculated from prote-
omics mass isotopologue intensity data (see below), p represents
maximum precursor enrichment expressed in APE and derived as the
exponent of the intercept of the regression line of the natural logarithm
of BW 2H enrichment against time for each individual pen, k, represents
precursor enrichment elimination rate expressed as the slope of the
logarithmic regression line and n(pep) represents the maximum
apparent number of 2H atoms that can be incorporated by each peptide,
which is the sum of its component AA n(AA) values. Theoretical con-
siderations for the use of the present formula as well as the calculation of
n(AA) values used in this study have been explained elsewhere [37].

Eq. (1) allows the calculation of a protein fractional synthesis rate
constant (kj, in units of per hour) which can then be multiplied by 100 to
express protein FSR in % hour !, which in turn can be converted to %
day™! when multiplied by 24. K; is calculated by the least squares
method by fitting modelled data to the product enrichment data
collected at different timepoints (t) post 2H,0 administration. Product
enrichment data from four birds from the same pen (with equal p and
k2), culled at different timepoints (24 h, 48 h, 96 h and an undosed bird),
was used in the present study to calculate protein FSR values at the
broiler pen level. The decision to use only four timepoints despite having
a fifth one available (4 h) was informed by a pilot experiment in which a
set of five breast muscle samples (4 h, 24 h, 48 h, 96 h and baseline) was
analysed in duplicate. This pilot revealed that the amount of 2H incor-
porated by muscle proteins at 4 h (indicated by the ratio between the
peak area of the M; and My isotopologues) was very low (Fig. S1B). As a
result, it was judged adequate to optimize time and expense by not
analysing breast muscle samples collected at the 4 h timepoint.

For the calculation of peptide enrichment (E) expressed in mole
percent excess (MPE) at each timepoint, baseline peptide 2H abundance
(MP; Mole percent) needs to be subtracted from a peptide 2H abundance
at the given timepoint. Peptide MP is calculated using the formula:

Peptide Mole%(MP) = MPM, x 1 + MPM, x 2+ MPM; x 3 (2)
Where MPM,; is determined as:

MPM, = [MI/Z (M[)...M3)] x 100% 3

Peptide mass isotopologue intensities were mined using Skyline
(version 21.1.0.146) [45], where a spectral library was built using the
results from the peptide search and proteomics raw data. The number of
transitions to be displayed was set to 4 (M, to Ms). Mass isotopologue
intensities were exported from Skyline, allowing the calculation of
peptide MPE and protein FSR using a script developed in Rstudio
(version 2022.7.1.554, R version 3.6) software [46]. This script, which
has been named SB-FSR (Single Bolus Fractional Synthesis Rate), has
been made available in Github under a CC BY-SA-4.0 license (https://gi
thub.com/Jorge-Peinado-Izaguerri/SB-FSR) along with the original
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metadata that was used to obtain the protein FSR values described in the
Results section.

The net change of a protein pool over a particular interval is defined
as the difference between its FSR and FBR (Fractional breakdown rate).
On the assumption that broiler chicken weight changes are in proportion
to breast muscle protein changes, we can derive breast muscle protein
FBR (%, day-1) from the equation: FBR = FSR - FGR. 21 day old
chicken’s FGR (Fractional growth rate; %, day-1) was estimated from
weight gain (body mass change).

2.6. Peptide selection and data processing

Accurate peptide 2H enrichment, and therefore protein FSR, assess-
ment relies on the presence of accurate and consistent raw mass iso-
topologue intensity data across multiple samples. As a result, it is crucial
to establish a functioning quality control (QC) system capable of filtering
out those peptides whose acquired signal should not be relied upon for
accurate FSR calculation. Optimal raw data signals should show sym-
metrical and consistent Gaussian peak shape in the absence of inter-
fering transitions, Fig. S1A displays an example of the raw data signal
profile that is expected from peptides used for FSR calculation. With this
aim, a number of QC parameters were used to filter peptide data using
SB-FSR based on both, chromatographic and non-chromatographic
properties, as described below. The general approach applied to the
selection of QC parameters values was that peptides eliminated by a
given parameter would consist of a higher percentage of peptides with
an improperly characterized signal, acknowledging that all QC checks
are likely to remove some peptides with a proper signal if they filter data
effectively. Whenever an instance of a peptide, acquired at a certain
timepoint, failed to fulfill any QC condition, all instances of that peptide
across the sample timecourse (24 h, 48 h, 96 h and baseline), for that
specific pen, were removed from the dataset. Different charge states of a
peptide were treated independently.

The first QC parameter applied to the dataset was a 0.95 isotope dot
product (idotp) cut-off. The idotp parameter is determined in the Skyline
software and was used to compare the measured isotopic distribution of
a peptide signal with its theoretical profile. This filter was set purposely
coarse with the aim to effectively remove just noisy signals present in the
dataset, which are likely to represent a peptide present in the spectral
library but not in every sample acquired raw data. Subsequent QC filters
were applied by the SB-FSR script after data was exported from Skyline.
Peptides that did not include an M3 transition were deleted from the
dataset in order to make the number of transitions consistent across all
peptides used for MPE calculation. It has been reported that the number
of mass isotopologue peaks used affects calculation results [47], this
phenomenon has also been demonstrated using data from the present
study (data not shown). Peptides with an My peak area intensity lower
than 2 x 10° were eliminated from the dataset in an effort to remove
peptides with inconsistent/noisy signal. Peptides whose coefficient of
variation (CV) between the retention time (RT) of its different mass
isotopologues was >5 x 10~* were eliminated, aiming to remove those
peptides with interfering signals or those which may have skewed peak
shapes, causing response errors. At this point n(pep) values were
calculated for each peptide. All peptides with an n(pep) value lower than
5 were eliminated as they were unlikely to incorporate sufficient 2H to
allow accurate FSR calculation.

Peptide 2H enrichment and then FSR were calculated at this stage by
the SB-FSR script. Peptides with calculated FSR value higher than 240%
day ! were eliminated from the dataset as the experimental design in
this study was unlikely to allow an accurate calculation of greater pro-
tein FSR and the fact that such high values for breast muscle proteins
were more likely to be the result of inaccurate mass isotopologue in-
tensity data than of any biological phenomenon. Peptides with negative
FSR values were also removed. Relative root mean square error
(RRMSE) was calculated for every peptide by dividing the root mean
square error (RMSE) between calculated and measured MPE values
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across the sampling timecourse by the mean calculated MPE value and
then multiplying the result by 100 as described in Despotovic et al. study
[48]. Peptides whose RRMSE was higher than 60% (80% for Diet 1
experimental group, details in Section 3.2) were eliminated from the
dataset. Lastly, baseline peptide MP was compared with a theoretical
estimation of the peptide MP using natural isotopic abundances, which
was facilitated by the R package enviPat. Peptides whose baseline MP
was 3% higher or 5% lower than its theoretical MP were eliminated.

At this point in the analysis, peptide annotation was manually
inspected and corrected in Microsoft Excel using the Uniprot database
and its BLAST tool [49]. All changes made to the dataset annotation are
detailed in Table S1. The final list of peptides which fulfilled all the QC
criteria is shown in Table S2. An individual pen protein FSR was
determined by averaging all the FSR values estimated for peptides
associated with that protein. The mean FSR for each experimental group
was determined by averaging protein FSR from all individual pens
belonging to that group.

2.7. Statistical and functional analysis

Unpaired two-tailed t-tests were performed in GraphPad Prism
version 10.1.1 for Windows (GraphPad Software, Boston, Massachusetts
USA, www.graphpad.com) on mean protein FSR estimates between the
Unchallenged and Challenged experimental groups values in Experi-
ment 1, as well as between the Control Diet and Diet]l and Control Diet
and Diet 2 in Experiment 2. Equal variance was assumed for all proteins
mean FSR estimations after observing that only 7.5% of the estimations
showed a significant F-test p-value (<0.05). Mean protein FSR was
assumed to follow a normal distribution. This assumption was supported
by frequency distribution analysis of individual pens and experimental
group peptide FSR estimations (Fig. S2). In the instances were multiple t-
tests were performed on the same dataset, q-values (p-values adjusted
for multiple comparisons) were calculated using the False Discovery
Rate (FDR) method described by Benjamini and Hochberg [50].

Protein functional classification was performed using STRING online
tool version 12 [51].

3. Results
3.1. BW H enrichment

One of the main differences between this study’s experimental
design and that of previous studies was the fact that FSR was calculated
at the broiler pen level and not at the level of an individual bird. The fact
that ?H enrichment measurements (precursor and product) were
collected from different individuals at each timepoint, which received a
similar but not exactly equal 2H,O dose per unit of weight due to
practical issues with administering the dose, may have introduced a
degree of imprecision into the final FSR values. This issue would un-
likely be a concern in larger animals whose tissues can be sampled
serially. Precursor 2H enrichment elimination plots, which are needed
for the calculation of protein FSR, allow us to assess differences in dosing
and 2H,0 metabolism between individual birds and its impact on the
overall pen values as well as to identify pens which were likely to pro-
duce more accurate FSR values because of a more even dose adminis-
tration. For data inspection, calculated BW 2H enrichment values (APE)
were multiplied by a normalization value before drawing semi loga-
rithmic elimination plots (Fig. 2). Normalization values for each bird
were calculated by dividing each pen’s mean 2H,0 dose (g) per unit of
bird body weight (kg) by each individual bird 2H,O dose per body
weight. Regression lines derived from logarithmic elimination plots
goodness of fit indicated by the square of Pearson’s correlation coeffi-
cient (R?) and the normalization values coefficient of variation (CV)
were used to judge the pens in which birds had ingested similar 2H,0
doses and were more likely to produce accurate FSR results, pens were
ranked accordingly (Table S3). The pen from each experimental group
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Fig. 2. BW ’H enrichment (InAPE) elimination plots and their resulting
regression line from which p and k,, values were derived for the best ranked pen
among each experimental group. Light Blue = Unchallenged, Red = Chal-
lenged, Dark Blue = Control Diet. Yellow = Diet 1, Green = Diet 2. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

that received the lowest rank did not have its product enrichment ana-
lysed for protein FSR calculation. R? values were also used to decide
which of the two available 96 h samples would be selected for prote-
omics analysis and FSR calculation, being chosen the one that maxi-
mised R? for that particular pen.

Normalized BW 2H enrichment values were only used to select birds
for proteomics analysis and not for the purpose of protein FSR calcula-
tion. Here, logarithmic BW 2H elimination plots were constructed using
raw data. The exponent of the intercept (p) and the slope (k2) of the
logarithmic regression lines derived from these plots were used for
protein FSR calculation (Fig. 2).

3.2. Effect of QC parameters

MaxQuant protein search identified a total of 14,611 non-redundant
peptides across the 60 analysed muscle samples. Given the fact that 15
groups (corresponding to pens) of 4 samples each (corresponding to
different timepoints) were loaded into separated Skyline instances, the
count of starting peptides was 219,165. 74% of these peptides were
eliminated by the idotp Skyline filter. The final number of peptides
exported from Skyline was 56,526. Skyline software counts different
charge state instances of a peptide as the same peptide, however these
were treated as individual peptides for the purpose of data filtering and
FSR calculation, making the total number of peptides loaded into SB-FSR
73,394. The percentage of peptides eliminated by each QC parameter
(referring to the number of remaining peptides at that stage) was: M3
signal = 0.25%; M, peak area = 85%; RT CV = 5.8%; n(pep) = 0.01%;
Minimum FSR = 2.64%; Maximum FSR = 0.65%; RRMSE = 10.59%;
baseline MP high = 2.43%; baseline MP low = 3.31%; The total number
of peptides that fulfilled all the QC criteria was 8442, an average of 563
peptides per pen.

Fig. 3 shows that the goodness of fit (indicated by RRMSE) between
measured and calculated peptide MPE was worse than the average for
two out of three pens in the Diet 1 experimental groups. If the general
RRMSE cut off value of 60 would have been applied to this experimental
group, it would have severely limited the number of peptides from this
experimental group in the final dataset and therefore the comparison
between this experimental group results with others. This observation
motivated the use of a coarser RRMSE filter for this experimental group,
however data interpretation needs to take into account this phenome-
non. The mean percentage of peptides eliminated by the RRMSE filter
(80) in Diet 1 pens (3 pens) was 12.35% which, even with a higher cut
off value, was higher than the mean percentage of peptides eliminated
from the rest of the dataset (12 pens) at 10.16%.

Despite the baseline MP filter being skewed, the number of peptides
eliminated with a MP value below the limit was still higher than the
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is referred to the web version of this article.)

number of peptides eliminated above this filter. This provides support
for the decision to use an unequal filter as well as evidence that the
Orbitrap MS may tend to underestimate the natural 2H abundance in
peptides [47].

3.3. Effect of an immune challenge in breast muscle protein FSR

Table 1 shows the mean protein FSR calculated for breast muscle
proteins in Experiment 1 groups ordered by the total number of peptides
which had their FSR estimated across all available pens (sum of the
peptides which had their FSR calculated from each pen). Proteins whose
FSR was not estimated in all 6 analysed pens have not been reported in

Table 1. Every mean protein FSR value calculated at the individual pen
level in experiment 1 can be found in Table S4.

Exemplar mass spectrometry data, showing mass isotopomer distri-
bution, from three peptides that had their FSR estimated is provided on
Fig. S3. One peptide belonging to “Myosin heavy chain, skeletal muscle,
adult (1F)” (protein with the higher number of peptide FSR estimates in
the dataset), one peptide belonging to “Actin, alpha skeletal muscle”
(protein with the lowest FSR value in the Unchallenged group) and one
additional peptide belonging to Albumin (protein with the highest FSR
value in the Unchallenged group). Mass spectrometry data from the four
samples (Baseline, 24 h, 48 h and 96 h) that were used for FSR calcu-
lation for each of the three biological replicates in experimental groups
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List of breast muscle proteins FSR estimated for each experimental group in experiment 1. FSR estimates are reported as the mean + standard deviation of that protein
FSR value estimated for three replicate pens. FSR log, fold change between Unchallenged and Challenged group is also reported as well as the p-value and g-value
resulting from an FDR adjusted unpaired t-test (n = 3) performed between both experimental groups FSR estimations.

Protein Description Protein Gene Name Total Unchallenged FSR Challenged FSR Fold Change p_value  qvalue
Accession peptides (%, day™1) (%, day™1) (logz)

Myosin heavy chain, skeletal muscle, AO0A1D5P603 MYHI1F 683 15.5 + 2.2 12.0 £1.5 -0.36 0.088 0.164
adult (1F)

Myosin heavy chain, skeletal muscle, =~ AOA1D5NYC2 MYHI1E 385 21.3+3.2 157 £1.2 —0.43 0.048 0.137
adult (1E)

Actin, alpha skeletal muscle P68139 ACTA1 224 128 + 1.4 9.7 £ 1.4 —0.42 0.049 0.137

Pyruvate kinase AOA1D5P9VO PKLR 135 17.5+ 2.2 13.2+1.8 —-0.4 0.06 0.141

Alpha-actinin-2 P20111 ACTN2 129 23.2+3 16 £2.2 —0.54 0.028 0.132

Glyceraldehyde-3-phosphate P00356 GAPDH 122 15.4 + 1.6 11.2 £ 0.8 —0.45 0.014 0.105
dehydrogenase

L-lactate dehydrogenase E1BTT8 LDHA 108 18.3 £5.6 11.6 + 1.5 —0.67 0.114 0.195

Triosephosphate isomerase P00940 TPI1 106 17.2+2 13+1.4 —0.42 0.037 0.137

Tropomyosin alpha-1 chain P04268 TPM1 104 16.1 £ 2.5 10.7 £ 2.1 -0.6 0.045 0.137

Beta-enolase P07322 ENO3 103 16.5 + 2.1 11.1 £ 0.5 —0.58 0.013 0.105

Creatine kinase M-type P00565 CKM 85 17.9 £ 2.7 14.6 £ 0.5 -0.3 0.105 0.188

Phosphoglycerate kinase FINU17 PGK2 80 18+ 21 128 +1 —0.49 0.019 0.105

Phosphoglycerate mutase 1 Q5ZLN1 PGAM1 75 16.5 + 2.7 119+1.2 —0.47 0.053 0.137

Myosin regulatory light chain 2, P02609 MYLPF 74 16.1 £1.2 11.8 £ 0.7 —0.45 0.007 0.105
skeletal muscle isoform

Glucose-6-phosphate isomerase AOA1L1RQ91 GPI 68 16.6 + 3.3 13.4+3 —0.3 0.286 0.340

Phosphoglucomutase 1 FINN63 PGM1 62 20.6 £ 5.4 143+ 1.5 —0.54 0.121 0.199

Myosin light chain 1, skeletal muscle =~ P02604 MYL1 60 188 +£1.2 13.1+1.5 —0.54 0.007 0.105
isoform

Fast skeletal muscle troponin T Q7ZZH5 TNNT3 55 25.4 + 3.7 17.4 +£ 2.4 —0.56 0.035 0.137
isoform

Alpha-1,4 glucan phosphorylase AOA3Q3AC33 LOC107049660 47 21.4 + 3.4 18.7 £1.3 -0.2 0.267 0.332

Myosin-binding protein C, fast-type P16419 MYBPC2 43 19.6 £ 1.6 17.1 £ 0.4 —0.12 0.158 0.242

Troponin C, skeletal muscle P02588 TNNC2 38 20 + 2.6 175+ 4 —0.18 0.424 0.479

Albumin P19121 ALB 36 46.5 + 12.4 37.2+1.8 —-0.32 0.268 0.332

Troponin I, fast skeletal muscle P68246 TNNI2 34 20.5+ 1.5 16.9 £ 2.2 —0.27 0.08 0.163

ATP-dependent 6- Q90YA3 pfk 29 38.6 + 9.6 30.2+5.1 —-0.36 0.253 0.332
phosphofructokinase

Fructose-bisphosphate aldolase R4GM10 ALDOC 29 179 £ 2.1 145+ 1.5 —0.3 0.088 0.164

Glycerol-3-phosphate dehydrogenase AOA3Q8WI14 GPD1 29 29.7 + 14.4 19.03 +£ 1.1 —0.64 0.27 0.332
[NAD(+)]

Elongation factor 1-alpha FIN9H4 EEF1A2 23 271 £6.7 17 £ 1.5 —0.67 0.064 0.141

Alpha-1,4 glucan phosphorylase E1BSN7 PYGB 22 26.2 + 5.6 18.9 £5.5 —0.47 0.183 0.262

Calsequestrin AOA3Q2TXF6 CASQ2 21 19.7 £ 5.5 19.8 +£5.9 0.01 0.977 0.976

Fructose-bisphosphate aldolase Q92007 ALDOA 18 16.2 £ 5.1 143+ 0.6 —0.18 0.563 0.605
(Fragment)

Fructose-bisphosphatase AOA1D5PN46 FBP2 17 36.7 + 11.3 16.3 + 4.9 -1.18 0.046 0.137

Myosin heavy chain, skeletal muscle, ~ P13538 MYH1A 15 249+ 4 183 +1.6 —0.45 0.054 0.137
adult

Adenylate kinase isoenzyme 1 P05081 AK1 14 154 £ 6.7 12.6 + 4.4 —0.29 0.582 0.610

Fructose-bisphosphate aldolase Q7LZE8 LOC107050559 12 25.2 + 3.6 149 + 3.1 -0.76 0.02 0.105
(Fragment)

Myosin heavy chain, skeletal muscle, F1P3X1 MYH1G 11 17.3+5 14.6 + 4.8 —0.25 0.535 0.589
adult (1G)

Nebulin (Fragment) Q9DEG4 NEB 10 17.5+ 2.4 151 +£1.2 —-0.22 0.183 0.262

Myosin, heavy chain 7B, cardiac AOA1DSNZY9 MYH7B 9 18.2+ 1.5 13.5+ 0.6 —0.43 0.008 0.105
muscle, beta

2-phospho-D-glycerate hydro-lyase AOA1L1RQQO ENO1 6 16.8 £ 1.5 10.3 + 4.2 -0.71 0.066 0.141

GOLD domain-containing protein Q5ZIR6 TMED10 6 23.1+9.4 129 +8.1 —0.84 0.228 0.316

Heat shock cognate 71 kDa protein AOA1DSPYKO HSPAS8 6 21.4+1.8 24 +8.7 0.16 0.636 0.651

Myosin light chain 3, skeletal muscle ~ P02605 MYL1 6 26.1 +5.2 21.4 + 6.6 -0.29 0.387 0.449
isoform

Tropomyosin 3 AOA1D5PV56 TPM3 6 199 + 5.6 13.7+1 —0.54 0.132 0.210

Tropomyosin 4 F1NK75 TPM4 6 143 £ 1.9 10 £ 0.1 —0.51 0.019 0.105

“Unchallenged” and “Challenged” is provided. Visual representation of
the MPE values calculated from proteomics data at each measured
timepoint as well as the continuous MPE values calculated using the
fitted K; value for the same peptides has been generated by the SB-FSR
script and can be inspected in Fig. S4.

Among the 43 proteins whose FSR was estimated, 41 (95%) proteins
showed a decrease in their FSR in the presence of an LPS challenge. This
negative change in protein FSR was judged significant by an unpaired t-
test (p-value <0.05) for 15 proteins. Fig. 4 visually summarises this in-
formation in a volcano plot.

STRING online tool identified two major local network clusters in

which most proteins whose FSR was estimated in this experiment, and
whose identifier was recognised by STRING, were grouped (Fig. 5). 14
proteins were assigned to the “Mixed incl. Contractile fiber and Muscle
protein” (Cluster 1) cluster while 14 proteins were assigned to the
“Carbon metabolism and Starch and sucrose metabolism” (Cluster 2).
Mean FSR for Cluster 2 was 21.26 (%, day’l) for the Unchallenged
group and 15.01 (%, day?) for the Challenged group, as calculated by
averaging the mean Cluster 2 FSR from the three pens in each group. The
calculation of a mean FSR for Cluster 1 needs to take into account the
notable difference in concentration between some of the proteins pre-
sent in this cluster. First a mean myosin heavy chain (MYHC) FSR was
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version of this article.)

calculated by averaging the FSR of MYHC 1F, 1E, 1G and 7B, then a
weighed mean was performed were MYHC had 35.9% proportion,
a-actin had 21.9% proportion and the rest of the proteins in the cluster
had 42.2% [52], this calculation was performed at the pen level. Mean
Cluster 1 FSR was 17.17 (%, day™!) for the Unchallenged group and
13.10 (%, day!) for the Challenged group. The change in both clusters
mean FSR between both groups was judged significant by a t-test with p-
values of 0.034 for Cluster 1 and 0.005 for Cluster 2 (Fig. 6).

Broiler FGR was determined for each pen at each timepoint from the
bird’s weight recorded at the time of 2H,0 dosing and at the time they
were culled. Cluster 1 mean protein FSR was assumed to represent mean
breast muscle protein FSR for the calculation of broiler breast muscle
protein FBR. Results from these calculations are showed in Table 3.

3.4. Effect of two novel feed compounds in breast muscle protein FSR

Breast muscle proteins mean FSR values calculated for experimental
groups in Experiment 2 using are shown in Table 2. Proteins which did
not have its FSR estimated in all experimental pens are not reported in
Table 2. Individual pen’s mean protein FSR values are showed in
Table S5.

Out of 38 proteins, only 1 protein showed a significant change in FSR
compared to the Control Diet value in the Diet 1 and Diet 2 groups. Only
7 proteins showed a positive protein FSR fold change in Diet 1 and 14
proteins in Diet 2, however fold change values were modest overall.
Proteins were assigned to the same STRING functional local network
clusters described in Section 3.3 (Fig. 5). 11 proteins were assigned to
Cluster 1 while 13 proteins were assigned to Cluster 2. Mean FSR for
Cluster 1 was calculated as previously described but including only
MYHC 1F and 1E for MYHC FSR calculation. Cluster 1 mean FSR values
were 14.54 (%, day’l) for the Control Diet group, 13.53 (%, day’l) for
the Dietl and 14.01 (%, day’l) for Diet2. Mean FSR for Cluster 2 was
17.31 (%, day_l) for Control Diet, 15.87 (%, day_l) for Diet 1 and 16.84
(%, day’l) for Diet 2. These cluster mean FSR showed similar values and
were not judged significant upon performing a t-test (Fig. 6). Broiler FGR
values as well as mean breast muscle protein FBR were calculated as
previously described and are shown in Table 3.

4. Discussion

A panel of broiler chicken breast muscle protein FSRs has been
reliably estimated in the present study following a recently developed
single 2H,0 bolus labelling approach optimised for the study of free-
living animals. The calculation of these FSR values has been facilitated
by a newly developed dynamic proteomics bioinformatic pipeline
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integrating freely available software. The study has shown that an acute
E.coli LPS immunological challenge causes breast muscle protein’s FSR
to uniformly decrease over a period of 96 h. Neither citrus nor cucumber
extracts supplemented in the feed were shown capable of alleviating the
effect of the immune challenge on breast muscle protein FSR at the
concentration used in this study.

The 2H,0 labelling methodology and experimental design used in
this study contains some limitations which have been described else-
where [37], results from the present study provide new information
which help further characterising these limitations. Timepoints selected
for data collection in the present study were not fully optimised for the
calculation of muscle protein FSR, as shown by the lack of significant
tracer incorporation in muscle samples collected 4 h post 2H,0 admin-
istration. However, the lack of data collected at an early timepoint is
unlikely to have impacted muscle protein FSR estimation, due to their
relatively slow turnover. The absence of early timepoints mostly limits
the accuracy of fast turnover protein’s FSR (FSR > 240% day_l), which
was the rationale for the inclusion of a maximum FSR QC criterion. The
maximum FSR QC deleted only 0.65% of the remaining peptides at that
stage of the QC process, a small number of peptides whose high FSR
estimates were most likely derived from mathematical errors caused by
inaccuracy in their isotopic abundance measurements and not repre-
sentative of broiler muscle biology. A different characteristic of the
experimental design used in this study was the decision to estimate FSR
at pen level instead of at an individual bird level. This feature is a
necessary compromise that facilitates the study of protein dynamics in
certain small free living animal tissues maximizing animal welfare by
avoiding the collection of serial biopsies and is facilitated by broiler
chicken’s flock homogeneity. A consistent pattern was identified among
peptides whose calculated and measured MPE differed the most (eval-
uated by the RRMSE QC parameter), many of these peptides showed a
higher measured MPE compared to that calculated for the 96 h time-
point (Fig. 3A). This phenomenon may be the result of the fitted pen BW
2H,0 enrichment dropping below the precursor enrichment of the bird
culled at the 96 h timepoint. Alternatively, tracer recycling, which may
become noticeable 96 h post szO administration [37], could also
explain this observation. Poor overall peptide RRMSE observed in two of
the pens from the Diet 1 group might be due to these phenomena which
could have impacted the FSR values calculated from these pens. While
this observation should be considered when interpreting the data, the
overall MPE fit was regarded to be robust and FSR values calculated for
these pens were regarded close to reality. The fact that this phenomenon
was noticeable in two pens from the same experimental group is unlikely
to be linked with the experimental group itself and more likely to have
happened by chance. Future studies in muscle dynamic proteomics
performed in larger animals may involve taking serial samples from the
same individual, these studies should not observe this phenomenon
occurring while studies similar to the one described here could
ameliorate this phenomenon by collecting additional samples at earlier
timepoints.

The bioinformatics pipeline applied in this study was originally
developed using the freely available software Skyline paired with the
SB-FSR script. This pipeline implements a strict QC process to ensure the
reliability of protein FSR estimates, evidenced by the overall goodness of
fit observed in our peptide calculated MPE estimates (Fig. 3B). This
bioinformatic pipeline could be easily replicated in future studies aiming
to study dynamic proteomics using a single H,0 bolus experimental
design, it could also be readily adapted to be applied in experiments
following a plateau labelling approach. The necessity to ensure FSR
estimate’s reliability by implementing a QC process that warrants a
peptide MPE close to that fitted across multiple samples is a reason for
the number of proteins reported in this study being lower than con-
ventional chicken breast muscle proteomics studies [10]. The fact that
chicken breast muscle shows a great dynamic range solely in its sarco-
plasmic fraction [3] and the fact that the present study aimed to char-
acterize protein FSR in both fractions, myofibrillar and sarcoplasmic,
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contribute to the reduced number of reported FSR values. Nevertheless,
the most abundant enzyme proteins in the sarcoplasmic fraction re-
ported by Doherty and coworkers [3], p-enolase, glyceraldehyde 3-
phosphate dehydrogenase, lactate dehydrogenase, triosephosphate
isomerase, phosphoglycerate mutase, creatine kinase, pyruvate kinase
and phosphoglycerate kinase, had their FSR calculated in the present
study. Future studies could improve the number of protein FSR estimates
by focusing on the sarcoplasmic fraction of breast muscle or by depleting
its most abundant proteins, improving the likelihood to estimate FSR for
less abundant proteins such as those present in the mitochondria.

More than >43 breast muscle proteins had their FSR calculated in
this study. Calculated FSR values were very similar across all breast
muscle proteins with the vast majority of the proteins in the Unchal-
lenged group (76.74%) showing FSR values between 15 and 25%, day
and proteins in the groups challenged with LPS (88.37%) showing lower
values between 10 and 20%, day . These FSR values are in line with
values reported in the literature for growing broiler chickens (21 days-
old) mixed breast muscle protein FSR [5,18,20,53,54], usually be-
tween 10 and 30% day’, consistency across different breast muscle
protein FSR values may be unsurprising when accounting for broiler
breast muscle tissue specialization [3]. Moreover, it has been shown
that an acute immune challenge causes a coordinated and uniformed
decrease in breast muscle protein FSR as evidenced here by the asym-
metrical Volcano plot displayed in Fig. 4. When interpreting the statis-
tical significance of individual proteins FSR reduction reported in this
study following an immune challenge, it is necessary to consider that q-
values for these proteins showed values between 0.105 and 0.141.
Correcting for multiple test comparisons is good statistical practice
when 43 different t-tests are being conducted in the same dataset [55],
as 2.15 of the p-values calculated by those t-tests are expected to be
below 0.05 just by chance. Individual proteins that showed a significant
reduction in their FSR would be considered a discovery by an FDR
corrected t-test if the FDR would be set at a minimum of 15%, meaning
that at most 15% of the significant findings (2.25 out of 15) are
mistakenly concluded to be true positives. Therefore, it is important to
point out some degree of uncertainty regarding the statistical signifi-
cance of these individual FSR changes and that none of them would be
considered a discovery shall a more conservative 5% FDR cut-off be
applied.

Proteins whose FSR values have been reported in this study have
been functionally classified in two different clusters that correspond
closely with myofibrillar (Cluster 1) and sarcoplasmic (Cluster 2) pro-
teins, both clusters showed a similar reduction in their mean FSR in
response to an acute LPS challenge. These observations contradict the
results reported by Barnes and coworkers [23] who showed a (non-
significant) increase in broiler chicken mixed breast muscle protein FSR
following an E.coli LPS challenge, attributing the muscle wasting
observed during the acute phase response (APR) to an increase in muscle
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protein FBR. Moreover, estimates reported in this study show that mixed
breast muscle protein FSR is significantly reduced during an immune
challenge while the reduction in protein FBR is not significant. These
results suggest that broiler chicken muscle wasting observed during
stress conditions can be attributed mainly to a reduction of protein
synthesis rather than an increased breakdown. It has been hypothesised
that muscle wasting associated with infection in mammals was due to an
increased demand of aromatic AAs for the purpose of APP synthesis
[56,57]1, a recent study on heat-stressed broiler chickens breast muscle
metabolome suggested that breast muscle AAs can be reprioritized away
from muscle growth to provide substrates to support amino acid and
energy metabolism during periods of reduced nutrient intake or disease
[12]. The results presented in this study support these observations and
provide new information that could serve future studies aiming to
develop new strategies to maximize chicken growth performance or to
characterize and minimize the economic cost of disease and inflamma-
tion in broiler chicken production systems.

The citrus and cucumber extracts which were added to broiler
chicken diets in groups Diet 1 and Diet 2 respectively, did not show any
effect on breast muscle protein FSR of immunologically challenged
chickens at the concentration used in this study. Individual protein FSR
fold changes were low and non-significant, moreover mean FSR calcu-
lated for Cluster 1 and Cluster 2 proteins reinforced this observation as
well as the calculated FGR values. However, the immunological chal-
lenge assayed in the present study is an acute insult which was triggered
by an injection of E.coli LPS, hence avoiding the gut, a location where
feed supplements may exert a good portion of their effect. Citrus and
cucumber extracts may be able to show a protective effect against
different stresses such as viable pathogens or when added to chicken
diets at a higher concentration. Future studies might be able to observe
anti-inflammatory effects derived from the supplementation of these
extracts following the analysis of chicken plasma or intestinal dynamic
proteome.

The coordinated decrease in breast muscle protein FSR following an
immune challenge observed in the present study suggest that many of
the proteins which have shown a significant decrease in their FSR are
good candidates as markers of breast muscle status. Myosin regulatory
light chain 2 and myosin light chain 1 were the two myofibrillar proteins
with the most significant decrease in their FSR (p value = 0.007) while
B-enolase showed the most significant FSR reduction among the sarco-
plasmic proteins. A good biomarker should be readily measured, as a
result, the best candidate for a breast muscle biomarker of disease
should ideally be measurable in an accessible pool such as plasma, hence
avoiding the necessity to collect less-accessible muscle biopsies. Shan-
karan and coworkers [58] proposed creatine kinase M and carbonic
anhydrase 3 as markers of muscle status from human and mouse plasma
samples. Carbonic anhydrase FSR was not estimated in the current study
while creatine kinase M showed a non-significant FSR reduction
following an immune challenge. However, p-enolase is a glycolytic
enzyme which plays an important role in glycolytic fast-twitch breast
muscle fibers energy metabolism. Future studies aiming to characterize
broiler chicken’s plasma dynamic proteome have the potential to esti-
mate p-enolase FSR, to confirm the hypothesis that f-enolase is a dy-
namic marker of muscle status in broiler chickens. Albumin is a negative
APP in broiler chickens [59] whose FSR has been estimated in the pre-
sent study from muscle biopsies despite of it being a plasma protein
synthetized in the liver. Its 20% FSR reduction following an immune
challenge is in line with the 23.7% FSR reduction observed in mixed
breast muscle protein. Estimations of albumin FSR in future chicken
plasma dynamic proteomics studies could be compared with albumin
FSR values reported in this study. If a good agreement is found, albumin
FSR could be established as an accessible and readily measurable marker
of broiler chicken muscle metabolism.
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Table 2

List of breast muscle proteins FSR estimated for each experimental group in experiment 2. FSR estimates are reported as mean =+ standard deviation of that protein FSR
value estimated for three replicate pens. FSR log, fold change as well as the p-value and q-value resulting from an FDR adjusted unpaired t-test (n = 3) are reported for
Diet 1 and Diet 2 experimental groups compared with the Control Diet group.

Control Diet 1 Diet 2
Diet
Protein Description Protein Gene Name Total FSR (%, FSR Fold p_value qgvalue FSR Fold p_value  qvalue
Accession peptides day’l) (%, Change (%, Change
day’l) (logz) day’l) (logz)
Myosin heavy chain, AO0A1D5P603 MYHI1F 1053 14.1 + 121 —0.22 0.167 0.679 12.5 -0.17 0.438 0.986
skeletal muscle, adult 2 + 0.4 +25
(1F)
Myosin heavy chain, AOA1DSNYC2 MYHI1E 597 16.3 + 15.5 -0.07 0.398 0.799 16.2 0 0.98 0.996
skeletal muscle, adult 1.3 +0.7 +1.9
(1E)
Actin, alpha skeletal P68139 ACTA1 339 10.6 £ 9.7 + -0.12 0.07 0.674 10.1 -0.07 0.594 0.986
muscle 0.6 0.3 +1.4
Pyruvate kinase AOQA1D5P9VO PKLR 205 14.2 + 14.5 0.03 0.888 0.914 13.4 —0.07 0.429 0.986
0.8 + 3.3 + 1.3
Alpha-actinin-2 P20111 ACTN2 198 17.5 + 17.1 —0.04 0.785 0.914 17 + —0.04 0.806 0.986
2.7 +0.9 2.3
Glyceraldehyde-3- P00356 GAPDH 186 11.7 + 11.5 —0.03 0.835 0.914 12 + 0.03 0.853 0.986
phosphate 1.7 +1.3 0.8
dehydrogenase
L-lactate E1BTT8 LDHA 161 14.6 + 12.5 -0.23 0.095 0.679 13+ -0.17 0.093 0.986
dehydrogenase 0.9 +1.5 0.9
Triosephosphate P00940 TPI1 159 14.7 + 13.8 —-0.09 0.651 0.884 13.9 —0.07 0.325 0.986
isomerase 0.2 +3 +1.2
Tropomyosin alpha-1 P04268 TPM1 158 12.8 + 11 + -0.22 0.179 0.679 12.1 —0.09 0.664 0.986
chain 1.8 0.6 +21
Beta-enolase P07322 ENO3 146 12.6 + 12.9 0.03 0.678 0.884 13.6 0.11 0.42 0.986
1 + 0.7 + 1.6
Creatine kinase M-type ~ P00565 CKM 123 15.5 + 14.6 —0.09 0.717 0.908 14.9 —0.06 0.672 0.986
1.9 +3.4 +1.4
Myosin regulatory light P02609 MYLPF 116 13.8 + 12.8 -0.1 0.56 0.875 12.8 -0.1 0.657 0.986
chain 2, skeletal 2.4 +1.4 + 2.3
muscle isoform
Phosphoglycerate Q5ZLN1 PGAM1 110 13.9 + 14.1 0.03 0.891 0.914 14.0 0.01 0.953 0.996
mutase 1 2.4 +1 +2
Phosphoglycerate FINU17 PGK2 103 13.3 + 125 —0.09 0.659 0.884 14.1 0.08 0.629 0.986
kinase 1.6 +24 +2.2
Glucose-6-phosphate AOA1L1RQ91 GPI 96 155+ 13.7 -0.17 0.378 0.799 14.5 -0.1 0.587 0.986
isomerase 2.2 +2.2 +21
Myosin light chain 1, P02604 MYL1 91 14.8 + 13.3 —0.15 0.16 0.679 14.6 —0.03 0.842 0.986
skeletal muscle 1.4 +0.7 +1.6
isoform
Myosin-binding protein ~ P16419 MYBPC2 81 17.2 + 17.9 0.06 0.576 0.875 17.2 0 0.981 0.996
C, fast-type 1.2 +1.6 +3.7
Fast skeletal muscle Q7ZZH5 TNNT3 79 194 + 18.4 -0.07 0.495 0.817 21.2 0.12 0.438 0.986
troponin T isoform 2.2 +0.8 +2.7
Phosphoglucomutase 1 FINN63 PGM1 73 15.1 + 14.2 —-0.09 0.669 0.884 16.9 0.16 0.413 0.986
3 + 1.6 +1.5
Troponin C, skeletal P02588 TNNC2 62 19.5 + 17.3 -0.17 0.367 0.799 20.5 0.07 0.744 0.986
muscle 3.5 +0.9 +3.3
ATP-dependent 6- Q90YA3 pfk 60 328 + 23.3 —0.49 0.476 0.817 29.6 —0.15 0.795 0.986
phosphofructokinase 19.3 +8 +4.8
Alpha-1,4 glucan AOA3Q3AC33 LOC107049660 55 245 + 17.5 —0.49 0.151 0.679 20.6 —0.25 0.474 0.986
phosphorylase 6.3 +28 +59
Titin A0A3Q2TS15 TTN 50 324 + 17.2 —-0.92 0.231 0.729 17.1 —0.92 0.197 0.986
16.9 +79 +25
Fructose-bisphosphate R4GM10 ALDOC 48 14.6 + 14.3 —-0.03 0.823 0.914 15.1 0.04 0.675 0.986
aldolase 1.8 + 0.9 + 0.6
Glycerol-3-phosphate AO0A3Q8WI14 GPD1 47 21.2 + 185 -0.2 0.484 0.817 229 0.11 0.732 0.986
dehydrogenase [NAD 5.8 +1.4 +5.7
€3]
Troponin I, fast skeletal ~ P68246 TNNI2 47 18.1 + 17.9 —0.01 0.914 0.914 17.7 —0.03 0.883 0.986
muscle 2.7 +1.3 +28
Calsequestrin AOA3Q2TXF6 CASQ2 38 12.2 + 15.3 0.33 0.113 0.679 15.5 0.36 0.407 0.986
1.5 +2.2 + 6.1
Elongation factor 1- F1N9H4 EEF1A2 33 15.7 + 13.3 -0.23 0.303 0.799 15.4 —0.03 0.881 0.986
alpha 2.8 + 2.1 + 2.4
Alpha-1,4 glucan E1BSN7 PYGB 32 20.2 + 17.9 -0.17 0.486 0.817 20.2 0 0.996 0.996
phosphorylase 4.6 +2.4 +5.4
Fructose- AOA1D5PN46 FBP2 27 20 + 26.5 0.4 0.34 0.799 21.8 0.12 0.653 0.986
bisphosphatase 6.1 +84 +22
Fructose-bisphosphate Q92007 ALDOA 27 169 + 15.7 -0.1 0.36 0.799 15+ -0.17 0.01 0.393
aldolase (Fragment) 0.5 +2 0.5

(continued on next page)
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Control Diet 1 Diet 2
Diet
Protein Description Protein Gene Name Total FSR (%, FSR Fold p_value q_value FSR Fold p_value q_value
Accession peptides  day 1) (%, Change (%, Change
day™  (logo) day™)  (logo)
Adenylate kinase P05081 AK1 23 13.8 + 11.2 -0.3 0.282 0.799 15.5 0.18 0.462 0.986
isoenzyme 1 2.3 +2.7 +3
Myosin heavy chain, P13538 MYH1A 23 20.3 + 18.3 -0.15 0.217 0.729 21.4 0.08 0.622 0.986
skeletal muscle, adult 2.2 +1 + 3.1
Fructose-bisphosphate Q7LZE8 LOC107050559 17 20.4 + 17.9 -0.2 0.053 0.674 19.1 —0.09 0.25 0.986
aldolase (Fragment) 1.4 +0.8 +0.9
EF-hand domain- AOA3Q2UDH6  NIN 9 21.5 + 18.1 -0.25 0.014 0.534 20.6 —0.06 0.838 0.986
containing protein 0.7 +1.2 +7.1
Heat shock cognate 71 AOA1D5PYKO HSPAS8 9 16.5 + 15.7 —0.07 0.751 0.914 17.3 0.06 0.8 0.986
kDa protein 2.6 + 3.1 + 4
Myosin light chain 3, P02605 MYL1 9 28.4 + 20.1 —-0.49 0.064 0.674 21.9 —0.38 0.154 0.986
skeletal muscle 5.6 + 0.6 +3
isoform
Tropomyosin 3 AOA1D5PV56 TPM3 9 14.9 + 15.2 0.03 0.891 0.914 14.3 —0.06 0.801 0.986
3.2 +2 + 2.1

Table 3

Experimental group FGR, muscle protein FSR and muscle protein FBR (all expressed in %, day ') mean + standard deviation. T-test (n = 3) were performed between
Unchallenged and Challenged data as well as between Control Diet and Diet 1 and Control Diet and Diet 2. * = 0.05 > p-value >0.01; ** = 0.01 > p-value.

Experiment 1 Experiment 2

Unchallenged Challenged Control Diet Diet 1 Diet 2
FGR (4 h) 11.7 + 4.5 —15 + 3.5 (*%) -14.4+5.8 -9.5+29 —10.3 + 6.4
FGR (24 h) 8.4+ 05 —0.1 £ 2.2 (*%) 0.+23 —-0.4 £ 0.7 -1.3+1.5
FGR (48 h) 9+0.7 5.6 £ 0.7 (**) 6.4+1 5.5+ 0.6 4.6 +1.3
FGR (96 h) 8.4+ 05 6.2 + 0.8 (*) 7.2+0.4 7.4+0.1 6.2+ 0.9
FSR 17.2+ 1.6 13.1 £1.5(%) 145+1.6 13.5+ 0.5 14+ 2
FBR 88+ 1.7 6.9+ 0.8 7.3+1.9 6.1 + 0.4 7.8+ 1.6

4.1. Conclusion

The present study constitutes the first dynamic proteomics study to
produce a large panel of protein FSR among farm animal species,
establishing a precedent for new studies which aim to gain insights into
animal health and growth status, providing an innovative approach for
the assessment of the effect of feed supplements and contributing to-
wards the general application of Omics approaches in veterinary med-
icine and animal production. Furthermore, this study represents a step
forward in our understanding of broiler chicken reaction to an acute
immunological challenge. Results presented in this study can contribute
towards the refinement of broiler chicken heath status monitoring
methods and feeding programmes aiming to maximize broiler chicken
muscle growth, economic profitability and, ultimately, efficient human
food production.
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