Feather pulp: a novel substrate useful for proton nuclear magnetic resonance
spectroscopy metabolomics and biomarker discovery
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ABSTRACT Noninvasive biomarkers of stress that
are predictive of poultry health are needed. Feather
pulp is highly vascularized and represents a potential
source of biomarkers that has not been extensively
explored. We investigated the feasibility and use of
feather pulp for novel biomarker discovery using ‘H-
Nuclear Magnetic Resonance Spectroscopy (NMR)-
based metabolomics. To this end, high quality NMR
metabolomic spectra were obtained from chicken
feather pulp extracted using either ultrafiltration
(UF) or Bligh-Dyer methanol-chloroform (BD)
methods. In total, 121 and 160 metabolites were iden-
tified using the UF and BD extraction methods,
respectively, with 71 of these common to both meth-
ods. The metabolome of feather pulp differed in
broiler breeders that were 1-;, 23-, and 45-wk-of-age.

Moreover, feather pulp was more difficult to obtain
from older birds, indicating that age must be consid-
ered when targeting feather pulp as a source of bio-
markers. The metabolomic profile of feather pulp
obtained from 12-day-old broilers administered corti-
costerone differed from control birds, indicating that
the metabolome of feather pulp was sensitive to
induced physiological stress. A comparative examina-
tion of feather pulp and serum in broilers revealed
that the feather pulp metabolome differed from that
of serum but provided more information. The study
findings show that metabolite biomarkers in chicken
feather pulp may allow producers to effectively moni-
tor stress, and to objectively develop and evaluate
on-farm mitigations, including practices that reduce
stress and enhance bird health.

Key words: proton nuclear magnetic resonance spectroscopy, metabolomics, broiler chicken, feather pulp,
biomarker

INTRODUCTION

Physiological stress is known to have a substantial
impact on bird health (Dai et al., 2009; Scanes, 2016;
Jastrebski et al., 2017; Chowdhury, 2019; Zaytsoff et al.,
2019), but is also very difficult to quantify (Romero and
Romero, 2002). Stress has been shown to predispose
chickens to a variety of important diseases incited by
pathogens, including necrotic enteritis (Zaytsoff et al.,
2020;  Zaytsoff et al,  2022), colibacillosis
(Maryvonne Dho-Moulin, 1999; Rodriguez-Siek et al.,
2005; Guabiraba-Brito and Schouler, 2015;
Poulsen et al., 2017), and salmonellosis (Whiley and
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Ross, 2015; Antunes et al., 2016), due at least in part to
a suppression of the immune system (Hangalapura
et al., 2004; Zhao et al., 2014; Zaytsoff et al., 2020). As
such, there is an increasing need to identify reliable and
noninvasive biomarkers of stress (Isaksson et al., 2005;
Bouwer et al., 2021). Ideally, a biomarker should be sen-
sitive and provide an early indication of the stress status
of birds before there are any outward signs of distress
(Ferreira et al., 2010). An effective biomarker of stress
would be beneficial to the chicken industry, as it would
allow for early detection and the implementation of miti-
gation strategies before stress can negatively affect bird
health and production.

When birds experience a stressor, it stimulates the
hypothalamic-pituitary-adrenal (HPA) axis, which
results in varying behavioral, physiological, and meta-
bolic changes that help birds cope with the stressor
(Breuner and Orchinik, 2002; Cockrem, 2007). In chick-
ens, exposure to a stressor stimulates production of
the glucocorticoid hormone, corticosterone (CORT)
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(Cockrem, 2007; Lattin et al., 2011), and CORT levels in
blood are often used as a biomarker of stress
(Harris et al., 2016; Harris et al., 2017). However, there
are limitations associated with using CORT as a bio-
marker in blood (Beuving and Vonder, 1977;
Etches, 1979; Rosner, 1990; Breuner and Orchinik, 2001;
De Jong et al., 2001; Breuner and Orchinik, 2002;
Romero and Reed, 2005; Romero et al., 2006;
Mormede et al., 2007; Bortolotti et al., 2009;
Scanes, 2016; Weimer et al., 2018). Some groups have
attempted to identify alternative biomarkers of stress in
broiler chickens, primarily targeting immune markers or
mRNA transcripts measured in blood or tissues
(Chen et al., 2015; Giannuzzi et al., 2021; Gou et al.,
2021); however, they require destructive sampling, mak-
ing them problematic for tracking stress within produc-
tion settings. There is an imminent need for the
discovery of biomarkers in novel substrates (e.g., tissue
or biofluid) to effectively measure stress and subse-
quently monitor bird health on farm.

Several alternative substrates, such as feces and feath-
ers, can be obtained with minimal to no handling of the
birds, and these substrates provide additional possibili-
ties for biomarker discovery (Matysik et al., 2016;
Greene et al., 2019; Will et al., 2019). Although not
focused on biomarker discovery, research has previously
examined feather pulp for immune markers of infection
(Erf and Ramachandran, 2016). In this regard, the
immune response in pulp was found to be similar to that
observed in other tissues, such as wattles and wing webs.
The use of feces for stress biomarker discovery has also
garnered some interest (Dehnhard et al., 2003;
Rettenbacher et al., 2004; Rettenbacher et al., 2006;
Alm et al., 2014); however, feces are the accumulated
result of both microbial and host metabolism, which are
altered within the digestive system. Thus, the relation-
ship between stress and metabolites in feces is not
straightforward nor fully understood (Mormede et al.,
2007). Feathers are not subjected to the same metabo-
lome altering processes as feces and they are often used
for detecting pathogens that incite important diseases
such as West Nile virus (Docherty, 2004), Marek’s dis-
ease virus (Cortes, et al., 2011), and avian leukosis virus
(Zavala et al., 2002). Ample research measuring CORT
as a biomarker of stress in whole feathers has been con-
ducted; however, interpretation of CORT concentra-
tions in feathers can be difficult because the exact
mechanism by which CORT is incorporated into feath-
ers is currently unclear (Breuner and Orchinik, 2002;
Romero et al., 2006; Jenni—Eiermann et al., 2015;
Harris et al., 2017), and CORT concentrations within
different feathers from the same individual vary
(Bortolotti et al., 2009; Harris et al., 2016). Moreover,
the relationship between feather CORT and blood
CORT  concentrations is not  straightforward
(Bortolotti et al., 2008; Lattin et al., 2011; Koren et al.,
2012; Fairhurst et al., 2013; Horak et al., 2013;
Berk et al., 2016; Weimer et al., 2018), and the relation-
ship between feather CORT and stress is also nebulous
(Romero et al,, 2005; Desrochers et al., 2009;

Lattin et al., 2011; Horak et al., 2013 James et al., 2018;
Arrazola and Torrey, 2019).

Metabolomics is the study of endogenous small molecu-
lar weight compounds, or metabolites, present in a biologi-
cal substance, and allows for the analysis of all the
metabolic responses of living systems (Karu et al., 2018)
to external stimuli, such as stressors. "H-nuclear magnetic
resonance (NMR) spectroscopy-based metabolomics is
used to characterize the metabolome of various biological
tissues and fluids. NMR spectroscopy is a nondestructive
and highly reproducible technique (Markley et al., 2017;
Nicholson et al., 1999; Wishart, 2008). Recent research
has explored the use of NMR to elucidate the metabo-
lomes of different chicken samples including eggs, breast
muscle, liver, kidney, and feces for model development
(Le Roy et al., 2016), as well as to identify biomarkers of
health (Abasht et al., 2016; Beauclercq et al., 2018;
Zaytsoff et al., 2019; Brown et al., 2021; Inglis et al.,
2021). However, limited research to date has focused on
identifying novel biomarkers of stress that are correlated
with bird health, and to our knowledge, none have exam-
ined metabolomic biomarkers in feather pulp. Given the
high degree of vascularization in feather pulp, we hypothe-
size that the metabolome of the feather pulp will be com-
parable to the metabolome of blood, and that metabolites
will be altered by a physiological stressor, as well as by
other biological factors, such as age. To test these hypoth-
eses the following objectives were established: 1) deter-
mine if NMR spectra can be produced from chicken
feather pulp, and the best metabolite extraction method
for NMR-based metabolomic studies; 2) ascertain if the
feather pulp metabolome is affected by bird age; 3) deter-
mine if the feather pulp metabolome differs in birds in
which stress is induced; and 4) compare the feather pulp
and blood metabolomes.

MATERIALS AND METHODS
Ethics Statement

The studies involving broilers were conducted in the
Lethbridge Research and Development Centre
(LeRDC) small animal facility, and were carried out in
strict accordance with the recommendations specified in
the Canadian Council on Animal Care Guidelines. The
project was reviewed and approved by the LeRDC Ani-
mal Care Committee (Animal Use Protocol Review
#2010) before commencement of the research. For anal-
ysis of the metabolome of feather pulp obtained from
broiler breeder chickens of different ages, birds were
euthanized on farm by a producer following industry
standards for animal euthanization; researchers had no
contact with living broiler breeder chickens.

Broiler Breeder Birds for Age Analysis

Mixed sex Ross 308FF broiler breeder chickens (n =
14) were obtained from a broiler breeder farm located
near Lethbridge, AB. Chickens examined were 1-wk-old
(n = 6), 23-wk-old (n = 4), and 45-wk-old (n = 4).
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Stress Induction in Broiler Birds

The study was designed as a factorial experiment
with two levels of stress arranged as a completely
randomized design. The two stress treatments were:
1) control birds provided a basal diet (n = 6); and 2)
birds provided the basal diet containing 15 mg kg '
CORT to induce physiological stress (n = 6), a model
of physiological stress commonly used in broiler
chickens (Post et al., 2003; Virden et al., 2007;
Shini et al., 2009). Each bird was treated as a repli-
cate, and the replicates were conducted on three sep-
arate occasions (i.e., runs) to ensure independence (2
replicate birds per run).

Mixed sex Ross 308FF broiler chicks (n = 12) were
obtained from a local hatchery on the day they
hatched (d 0). The chicks originated from a single
broiler breeder farm from adults of known health sta-
tus. Upon arrival at the LeRDC small animal facil-
ity, chicks were randomly assigned to the control
(n = 6) or CORT (n = 6) treatment, and placed in
individually ventilated cages (IVC) (Techniplast,
Montreal, QC, Canada) on autoclaved wood shavings
(United Farmers of Alberta Co-operative Ltd., Leth-
bridge, AB, Canada) at a stocking density of 2 birds
per IVC. Birds had ad libitum access to a non-medi-
cated starter diet (Hi-Pro Feeds, Lethbridge, AB,
Canada) and water. Birds were maintained on a
12:12 h light:dark cycle. The ambient temperature in
the animal room was 30°C for the first 2 d, 28°C for
the next 2 d, and 26°C thereafter. On d 5, chickens
assigned to the CORT treatment were provided feed
containing CORT and were maintained on the
CORT-amended diet until the end of the experiment
(d 12).

Sample Collection

Broiler Breeders Animals from the three age groups
were obtained from a commercial broiler breeder
farm located near Lethbridge, AB. Animals were
euthanized by the producer following industry stand-
ards, and immediately after euthanization, 5 to 10
of the largest feathers from the right wing of each
bird were removed; the number of feathers collected
per bird depended on its size, with fewer feathers
taken from larger birds. A composite feather pulp
sample from each bird was obtained by squeezing
the calamus of the feathers into a 1.5 mL centrifuge
tube (Zavala et al., 2002), and the collected feather
pulp was mixed to ensure uniformity. Within min
of collection, feather pulp samples were snap frozen
in liquid nitrogen, transported to the laboratory on
dry ice, and stored at —80°C until processed.

Broilers Within the LeRDC small animal facility, birds
were anesthetized with isoflurane (5% isoflurane; 1 L Oy
min~') and blood was collected via intracardiac punc-
ture into serum separator tubes (BD, Mississauga, ON).
Under anesthesia, birds were euthanized by cervical

dislocation and feather pulp samples were collected,
mixed, frozen, and stored as described above.

Processing of Samples Obtained From
Broiler Breeders of Different Ages

In preparation for metabolomic analysis, feather pulp
samples were thawed on ice, and samples were divided
into 2 aliquots of approximately 150 mg each. One ali-
quot was used for ultrafiltration (UF) and the other for
Bligh-Dyer (BD) methanol-chloroform extraction
allowing for direct comparison of identical metabolomes
via the 2 methods.

Ultrafiltration Amicon Ultra 0.5 mL centrifugal fil-
ters with a molecular weight cut-off of 3 kDa (Milli-
poreSigma, Oakville, ON, Canada) were used. Each
filter was washed by adding 500 uL of Millipore
water (MilliporeSigma) to the filter and centrifuging
at 14,000 x ¢ for 5 min. This washing step was
repeated 10 times in order ensure that all glycerol in
the filter had been removed (de Graaf and
Behar, 2003; Tiziani et al., 2008). Metabolomics
buffer (0.125 M KH,POy, 0.5 M KoHPO,, 0.00375 M
NaNj, and 0.375 M KF; pH 7.4) was added to the
feather pulp samples at a 2:1 volume to mass ratio,
and samples were homogenized using a Bullet Blender
tissue homogenizer (Next Advance, Troy, NY) with
150 mg of 2-mm-diameter zirconium oxide beads
(Next Advance) on setting 8 for 5 min. Samples were
then centrifuged at 14,000 x ¢ for 5 min, and 365 uL
of the supernatant was added to a pre-washed filter
along with 135 uL of metabolomics buffer. The filters
were then centrifuged at 14,000 x ¢ for 30 min at 4°
C, and the filtrate was collected.

Bligh-Dyer Methanol-Chloroform Extraction A 275
L subsample of the homogenized feather pulp was com-
bined with 687.5 uL of methanol and 343.8 L of chloro-
form in a 2 mL tube. The sample was vortexed, placed at
—20°C for 15 min to precipitate proteins, and then cen-
trifuged at 15,300 x g for 15 min at 4°C. The superna-
tant was decanted into a new tube containing equal
volumes (343.8 uL) of chloroform and deionized water.
This mixture was vortexed and then centrifuged at
6,700 x ¢ for 5 min at 4°C. Following centrifugation,
1 mL of the top layer containing the water-soluble
metabolites was pipetted into a 2 mL tube, and placed
in a nitrogen gas flow box for 5 to 6 d to dry. Once dry,
samples were rehydrated in 360 uL of Millipore water
(MilliporeSigma).

Processing of Samples Obtained From
Broiler Chickens

To obtain serum, blood in separator tubes (BD) was
left at room temperature for 1 h, centrifuged at 1,000 x
g for 2 min, and the serum decanted and stored at —80°
C. Feather pulp and serum samples was processed via
UF as described above, with the exception that the
serum was not homogenized, and 150 L of non-
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homogenized serum sample was added directly to a pre-
washed filter along with 350 uL of metabolomics buffer.

Sample Preparation for NMR Spectroscopy

A 140 uL aliquot of deuterium oxide containing 0.05%
v/v trimethylsilylpropanoic acid (TSP) and 200 uL of
metabolomics buffer was added to 360 uL of sample
extracted using the BD method and/or by UF (total vol-
ume of 700 uL); the TSP was used as a chemical shift
reference for NMR spectroscopy. The solution was vor-
texed at high setting, and then centrifuged at 12,000 x g
for 5 min at 4°C to pellet any remaining particulate mat-
ter. A 550 uL aliquot of the supernatant was placed into
a 5 mm NMR tube, and each sample was run on a
700 MHz Bruker Avance III HD spectrometer (Bruker,
Milton, ON) for spectral data collection.

NMR Data Acquisition and Processing

Spectra were obtained using the Bruker 1-D NOESY
gradient water suppression pulse sequence ‘noe-
sygpprld’ with 10 ms mixing time. Each sample was run
for 512 scans to a total acquisition size of 128 k, a spec-
tral window of 20.5 ppm, a transmitter offset of
4.7 ppm, and a recycle delay of 4 s. All measurements
were recorded using a Bruker triple resonance TBO-Z
probe at room temperature. The above acquisition
parameters correspond to an approximate data collec-
tion time of 1 h per sample. The Bruker automation pro-
gram “pulsecal” was used on each sample before data
acquisition to guarantee that the 90-degree pulse was
calibrated correctly, ensuring quantitative and compara-
ble data across samples (Paxman et al., 2018). The spec-
tra were zero filled to 256 k, automatically phased,
baseline corrected, and line-broadened by 0.3 Hz
(Kiss et al., 2016). Spectra were then exported to MAT-
LAB (MathWorks, Natick, MA) as ASCII files where

they  underwent Dynamic  Adaptive  Binning
(Anderson et al., 2011), followed by manual inspection
and correction. The dataset was then normalized to the
total metabolome, excluding the region containing the
water peak, and pareto scaled and log-transformed.

Statistical Analysis

Metabolomics analysis was performed using MAT-
LAB (MathWorks) and the MetaboanalystR R package
(Chong and Xia, 2018). Spectral bins were subjected to
both univariate and multivariate analysis to determine
which bins were significantly altered among independent
variables (e.g., bird age, stress vs. no stress, and feather
pulp vs. serum). All bins were determined to be non-
parametric using a Shapiro-Wilk test, and subsequently
tested for significance (P < 0.050) using a univariate
Mann-Whitney (MW) U test. MATLAB was also used
to calculate the percent difference of the bins. Metaboa-
nalystR was used to carry out the principal component
analysis (PCA) and orthogonal partial least squares
discriminant analysis (OPLS-DA). Metabolites were
identified using the Chenomx 8.2 NMR Suite (Chenomx
Inc., Edmonton, AB).

RESULTS AND DISCUSSION

NMR Spectra Were Obtained From Feather
Pulp

A large number of metabolites were observed in
feather pulp following extraction by both the UF and
BD methods (Figure 1). In total, 210 metabolites were
identified in the NMR spectra. For samples extracted
using the UF and BD methods, 121 and 160 metabolites
were identified, respectively, with 71 metabolites com-
mon to both methods (Supplementary Table S1, Table
S2). In total, 50 and 89 metabolites were unique to the
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Figure 1. Nuclear magnetic resonance spectroscopy spectra showing average water-soluble metabolites in chicken feather pulp. The numbering
in the figure corresponds to metabolites in Tables S1 and S2. Metabolite numbers presented in blue and yellow were only identified using ultrafiltra-
tion and Bligh-Dyer extraction, respectively. Metabolite numbers presented in green were found using both extraction methods. The spectrum has
been split at the water peak and the vertical scale of the spectra plot indicated as “2X” has been increased to better illustrate the metabolites that are

present.
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Figure 2. Venn diagram showing the numbers of identified metab-
olites unique and in common to the ultrafiltration and Bligh-Dyer
methanol-chloroform extraction methods.

UF and BD methods, respectively (Figure 2). In con-
trast, the human serum metabolome was able to quan-
tify 49 metabolites by NMR (Psychogios et al., 2011),
and only 37 metabolites were previously detected in
chicken plasma by NMR (Le Roy et al., 2016). This indi-
cates that feather pulp has a greater potential for bio-
marker discovery, when compared to blood, for the
poultry sector. Having more metabolites observed in
feather pulp extracted using the BD method relative to
samples extracted using UF suggests that the BD
method may be better suited for untargeted metabolo-
mics studies of feather pulp. Relative to UF, the spectra
of feather pulp extracted using the BD method con-
tained a larger number of metabolites involved in the cit-
ric acid cycle, such as succinate, cis-aconitate,
oxaloacetate, and citrate. In addition, more of the
metabolites identified with the BD method are involved
in the beta-Alanine (L-aspartate, carnosine, beta-alanyl-
N(pi)-methyl-L-histidine, uracil, and L-histidine), phe-
nylalanine (L-tyrosine, 2-hydroxyphenylacetate, and L-
phenylalanine), and pyruvate (oxaloacetate, pyruvate,
(S)-lactate, acetate, and fumarate) metabolism path-
ways. Conversely, more metabolites involved in the argi-
nine and proline metabolism (guanidinoacetate,
creatine, agmatine, hydroxyproline, L-proline, L-gluta-
mate, phosphocreatine, and homocarnosine), the ascor-
bate and aldarate metabolism (ascorbate, myo-inositol,
and UDP-glucose), and the galactose metabolism
(sucrose, UDP-glucose, glycerol, D-sorbitol, and myo-
inositol) pathways were observed in the spectra of sam-
ples extracted by UF. Although the BD extraction
method resulted in the detection of the most metabolites
from feather pulp, the value of the metabolites as bio-
markers is far more important than metabolite number,
particularly as a relatively large number of metabolites
were detected for both extraction methods. For targeted
metabolomic analyses, care should be taken to make
sure the extraction method used is best suited for the
metabolites and pathways of interest.

Citric acid often experiences selective signal loss when
processed using UF (de Graaf and Behar, 2003), which
is consistent with the findings of the current study in
that citric acid was only identified in BD-processed sam-
ples. Isopropanol, serine, and choline were previously
found to be present at higher concentrations in human
blood processed using UF as compared to samples proc-
essed using BD (McHugh et al., 2018), which is consis-
tent with our findings of feather pulp. Other NMR

studies have shown that UF removes methionine
(Daykin et al., 2002), acetate (Snytnikova et al., 2019),
and leucine (Tiziani et al., 2008; Snytnikova et al., 2019)
from blood samples, whereas BD does not. Methionine,
acetate, and leucine were not identified by either UF or
BD in feather pulp in the current study, and other stud-
ies have observed that UF does not preferentially retain
acetate, alanine, lactate, or valine (Kriat et al., 1992).
Despite some inconsistency within the literature on the
relative metabolite extraction merits of the UF and BD
methods, UF is often recommended for the extraction of
metabolites from many types of samples (Tiziani et al.,
2008; Psychogios et al., 2011) as it provides a good sig-
nal-to-noise ratio, exhibits excellent reproducibility
without undesirable evaporation of volatile metabolites,
and has minimal loss of metabolites due to dissolution in
various solvents, or due to hydrolysis caused by the need
to neutralize the solution (Tiziani et al., 2008). From a
logistics perspective, UF is the quickest of the 2 extrac-
tion methods that we evaluated, with the least amount
of manipulation of the sample. A downside of UF is the
cost, as the filters can be prohibitively expensive (x=$5
USD /filter). There is also the possibility that the filters
can break or become clogged, which would require re-
prepping, or possibly, total loss of the sample. Another
issue that can arise with UF is incomplete filtration,
where proteins filtered out of the sample become concen-
trated on the membrane surface and inside the pores due
to adsorption, and block other metabolites from passing
through the filter (Singh, 2015). Also, during filtration,
impermeable macromolecules accumulate on the surface
of the membrane, and this can cause both concentration
polarization and membrane fouling, which prevents
metabolites that are smaller than the molecular weight
cut-off from passing through the filter (Singh, 2015).
One potential limitation of the BD extraction method
is the occurrence of baseline distortions due to the
incomplete removal of macromolecules in samples that
are high in proteins, fats, and/or fiber such as feces
(Brown et al., 2022). We did not observe substantive
baseline distortions for feather pulp samples extracted
with the BD method. The BD method can remove some
fat and protein in the sample (Bligh and Dyer, 1959;
Wu et al., 2008), and the insignificant baseline distor-
tions that were observed in the current study suggests
that the method was able to sufficiently remove prob-
lematic macromolecules that were present in feather
pulp. The effectiveness of the BD method for extracting
feather pulp metabolites from different feather types
and feathers from different species remains to be deter-
mined. Moreover, as the BD method requires more
manipulation of the sample than UF, it can result in a
decrease in reproducibility and the possible loss of vola-
tile metabolites during the drying step, as well as losses
due to dissolution in methanol and chloroform
(Tiziani et al., 2008). Salient advantages of the BD
method are the generation of fractions for analysis of
both water-soluble and water-insoluble metabolites
(Lin et al., 2007), it is much less expensive than UF, and
the BD method extracted a larger number of metabolites
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Figure 3. Principal component analysis (PCA) score plots of feather pulp from 1-wk-old, 23-wk-old, and 45-wk-old birds processed using the:
(A) ultrafiltration; and (C) Bligh-Dyer methods. The x- and y-axes in the PCAs show principal components one and two, respectively, with the num-
ber in brackets indicating the percent variance explained by each component. Orthogonal partial least squares determinant analysis (OPLS-DA)
score plots of feather pulp from 1-wk-old, 23-wk-old, and 45-wk-old birds processed using: (B) ultrafiltration (Q2 =0.804, P < 0.001, R*=0.982, P <
0.001); and (D) Bligh-Dyer (Q* = 0.673, P < 0.050, R? = 0.980, P = 0.342). The x- and y-axis in the OPLS-DA analyses represent the predictive
(between group separation) and orthogonal (within group variation) components of the data, respectively. Each marker represents one bird, and the
shaded ellipses represent the 95% confidence intervals for each group. All metabolite bins were plotted.

from feather pulp than UF. For targeted metabolomic
analyses, the variability caused by the chosen extraction
method should be considered to ensure that the targeted
metabolites are not adversely affected by the method.
As the effectiveness of extraction methods may be differ-
ently affected by the substrate extracted, comparative
validation of methods should be conducted in advance.

Bird Age Influences Metabolite Profiles in
Feather Pulp

To ascertain the impact of age on the chicken feather
pulp metabolome, broiler breeder chickens at 3 ages
were compared (i.e., 1-, 23-, and 45-wk-of-age). The
PCA score plots from both the UF and BD methods
show unsupervised separation of metabolite bins among

the 3 age groups, with some confidence interval overlap
observed for the BD method (Figures 3A and 3C). For
samples extracted using UF, OPLS-DA analysis pro-
vided a good model fit for the 3 age groups (Q? = 0.804,
P <0.001, R* = 0.982, P < 0.001), and supervised group
separation of metabolite bins among them (Figure 3B).
For samples extracted using the BD method, OPLS-DA
analysis also showed supervised group separation, but a
poorer model fit among the 3 age groups (Q* = 0.673,
P < 0.050, R? = 0.980, P = 0.342; Figure 3D) relative to
the UF method. Thus, the BD method delivered better
unsupervised results, whereas the UF method provided
better supervised results. For metabolomics studies,
unsupervised separation is preferred as it is not prone to
model overfitting (Szymanska et al., 2012), further sug-
gesting that the BD method may be better suited for
untargeted metabolomic studies of feather pulp.
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Figure 4. Principal component analysis score plots for the following comparisons: (A) feather pulp after 8 d of corticosterone (CORT) adminis-
tration vs. control feather pulp; (B) control feather pulp vs. control serum; (C) feather pulp with CORT vs. serum with CORT; and (D) serum with
CORT vs. control serum. Each marker represents one bird, and the shaded ellipses represent the 95% confidence interval for each group. The x- and
y-axes show principal components one and two, respectively, with the number in brackets indicating the percent variance explained by each compo-
nent. Bins that were determined to be significant (P < 0.050) via univariate Mann-Whitney U test were plotted in A and D, whereas all bins were

plotted in B and C.

Regardless of extraction method used, the different
metabolomes in feather pulp obtained from broiler
breeders of different ages indicates that the feather pulp
metabolome is highly sensitive to biological factors.

The Feather Pulp Metabolome is Altered in
Birds Administered Corticosterone

To explore the utility of using feather pulp as a sub-
strate for measuring the impacts of physiological stress
on the birds, CORT was administered to broiler chick-
ens in feed at a dose of 15 mg of CORT per kg of feed.
Previous research has shown that CORT administered
to chickens in water or feed induces a defined physiologi-
cal stress response (Post et al., 2003; Zaytsoff et al.,
2019; Zaytsoff et al., 2020), including conspicuous
impacts on the metabolome of the liver, kidney, and

breast muscle of chickens (Zaytsoff et al., 2019;
Brown et al., 2021). We observed that the feather pulp
metabolome was altered in 12-day-old birds that were
administered CORT relative to unstressed control birds,
as indicated by the unsupervised separation observed in
the PCA score plot (Figure 4A).

Several metabolites were altered in feather pulp due to
CORT administration as compared to the control treat-
ment (Table 1). Interestingly, CORT was quantifiable
by NMR in the feather pulp of birds that were adminis-
tered the glucocorticoid, but was not detected in serum.
In addition, many of the identified amino acids, includ-
ing tyrosine, threonine, glycine, and phenylalanine, were
down regulated in the feather pulp of birds administered
CORT relative to the control treatment (Table 1). Pre-
vious work has shown a reduction in feather growth
rates (Patterson et al., 2015; Berk et al., 2016) and
feather quality (Desrochers et al., 2009; Lattin et al.,
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Table 1. Metabolite concentrations that were altered (P < 0.041)
in the feather pulp of birds administered corticosterone (CORT)
for 8 d relative to control treatment birds not administered

CORT.

Mann-Whitney

P-value Metabolite Difference (%)
0.002 L-Tyrosine —63.0
0.008 Threonine —23.8
0.009 2-Hydroxy-2-methylbutyric acid —35.7
0.009 Ethanol 88.9
0.015 Creatine 43.9
0.015 Glycine —25.4
0.015 L-Cysteine 15.1
0.015 L-Phenylalanine —-33.5
0.019 Glutamate 20.1
0.023 Ribose —11.8
0.026 1,3,7 - Trimethyluric acid 25.9
0.026 Corticosterone 95.8
0.026 L-Homoserine —16.2
0.026 N1-Acetylspermine 27.9
0.041 1,9- Dimethyluric acid 19.1
0.041 3,7-Dimethyluric acid 19.0
0.041 D-Lysine 18.9
0.041 Myoinositol —-9.2
0.041 N-Methyl-D-aspartic acid —22.1

Significance was determined using an unsupervised univariate Mann-
Whitney U test.

A positive and negative percent difference indicates an increase and
decrease in birds administered CORT, respectively.

2011; Arrazola and Torrey, 2019) due to stress. The pri-
mary protein in feathers is B-keratin (Stettenheim, 2000;
Sharma et al., 2017), which comprises ~80% of the crude
protein of feathers (Tesfaye et al., 2017b). Thus, the
decrease in amino acids that we observed in feather pulp
from birds administered CORT and experiencing physi-
ological stress could be an important contributor to a
reduction in feather growth and quality. Cysteine, a pre-
cursor to glutathione, was upregulated in feather pulp of
birds administered CORT as compared to the control
treatment. Glutathione is a well-known antioxidant
that protects cells from oxidative stress (Lu, 2013;
Alanazi et al., 2015), and it is possible that the observed
increase in cysteine levels observed in CORT treatment
birds was caused by increased reactive oxidative species
that are commonly associated with a stress response
(Lin et al., 2004). B-keratin is high in cysteine residues,
which form disulfide bridges providing strength and
rigidity (Tesfaye et al., 2017a). It is thus plausible that
the higher concentration of free cysteine that was
observed in CORT-treated birds is due to reduced incor-
poration of this amino acid into keratin, thereby
adversely affecting feather growth and quality. Future
studies investigating the use of feather pulp as a bio-
marker of stress and bird health should consider metabo-
lites and metabolomic pathways related to feather
biosynthesis.

The Feather Pulp Metabolome is Not
Reflective of the Serum Metabolome

The metabolome of feather pulp of 12-day-old broiler
chickens was examined relative to the serum metabo-
lome to ascertain if feather pulp is a good surrogate for

serum. Despite being highly vascularized during growth
(Bortolotti et al., 2009), unsupervised analyses indicated
that the metabolome of feather pulp and serum obtained
from control birds differed (Figure 4B). This is contrary
to the study hypothesis that the feather pulp metabo-
lome is reflective of the serum metabolome. To examine
this further, the metabolome of feather pulp was com-
pared to the metabolome of serum of birds administered
CORT. A distinct unsupervised separation between the
metabolomes of these two treatments was observed
(Figure 4C). Moreover, the total percentage variance
explained by Principal Component 1 (PC1) increased
between feather pulp and serum of birds administered
CORT. Importantly, the relative scale of the variance
along PC1 was increased by almost 20-fold as compared
to the variation between control pulp and serum of birds
not administered CORT, indicating that instead of mak-
ing the pulp and serum metabolomes more similar, the
administration of CORT made them more dissimilar.

To further examine the effects of stress, the serum
metabolome after CORT treatment was compared to
control treatment broilers, and the observed differences
were then compared with those in feather pulp. A dis-
tinct unsupervised separation between the control and
CORT treatment serum metabolomes was observed
(Figure 4D). In serum, all of the identified amino acids
were downregulated except for proline (Table 2). Three
of these, tyrosine, threonine, and phenylalanine, were
also altered in feather pulp due to CORT administration
(Table 1). It has previously been shown that under con-
ditions of stress, collagen is broken down to make more
proline available for downstream cell cycle arrest,
autophagy, and apoptosis (Phang et al., 2010), which
have been shown to increase under some stress condi-
tions (Arimoto et al., 2008). Proline is also a main sub-
strate required to produce glutamate, which is also
involved in the body’s response to oxidative stress
(Dryer, 2015; Shen et al., 2019). We observed that

Table 2. Metabolite concentrations that were altered (P < 0.027)
in the serum of birds administered corticosterone (CORT) for 8 d
relative to control treatment birds not administered CORT.

Mann-Whitney

P-value Metabolite Difference (%)
0.002 Mannose 17.9
0.004 Citramalic acid —-37.5
0.009 D-Glucose —23.0
0.010 Traumatic acid 26.8
0.015 4-Aminobutyrate 39.3
0.015 4-Hydroxyproline —22.8
0.015 D-Alanine —41.3
0.015 L-Phenylalanine —27.9
0.018 DL-2-Aminooctanoic acid 21.7
0.020 L-Threonine -30.7
0.020 L-Tyrosine —61.5
0.023 2-Hydroxy-2-methylbutyric acid 18.8
0.026 Malonic acid —56.9
0.026 Proline 18.8
0.027 Citric acid —21.8

Significance was determined using an unsupervised univariate Mann-
‘Whitney U test.

A positive and negative percent difference indicates an increase and
decrease in birds administered CORT, respectively.
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hydroxyproline was altered in serum of birds adminis-
tered CORT as compared to the control treatment, and
this metabolite is involved in the synthesis of glycine,
which is an essential amino acid for chickens (Wu et al.,
2010). Glycine is also involved in redox regulation
(Phang et al., 2010).

Although feather pulp was not a good surrogate for
serum, the high number of metabolites detected in
feather pulp, coupled with superior sampling logistics
and the clear separation observed between the control
and CORT treatments, indicates that feather pulp may
be a good, and possibly superior, alternative to serum
for biomarker discovery.

CONCLUSIONS

The metabolomics research that has been conducted
in chickens to date is often focused on the quality of the
chicken meat produced ( Zhang et al, 2009;
Beauclercq et al., 2016; Lytou et al., 2018; Aggrey et al.,
2019; Xiao et al., 2019), and the discovery of biomarkers
that are predictive of bird health is in its infancy. We
observed that NMR-based metabolomics was able to
identify a large number of metabolites in feather pulp.
Moreover, we showed that chicken feather pulp is an eas-
ily obtained sample that is sensitive to biological and
experimental variations. Two different extraction meth-
ods were used, and both the UF and BD extraction
methods produced excellent spectra with both overlap-
ping and unique metabolites. The choice of extraction
method for feather pulp will depend on the goals of the
research. In this regard, if a larger number of metabolites
are desired, such as the case in an untargeted analysis,
the BD extraction method may be the most appropriate
method. In the case of targeted analysis, the extraction
method must be carefully chosen based on the biochemi-
cal pathways of interest. We hypothesized that the
feather pulp metabolome would be very similar to the
serum metabolome, as feather pulp is highly vascular-
ized during growth. Contrary to our hypothesis, the
feather pulp metabolome differed significantly from the
serum metabolome, and this difference was maintained
in birds administered CORT as a physiological stressor.
Although feather pulp was not a good proxy for the
metabolome of serum, more metabolites were detected
in feather pulp relative to serum. Furthermore, the
metabolome of feather pulp differed across both broiler
age and in birds experiencing physiological stress. The
ease of feather pulp collection coupled with its sensitiv-
ity to biological factors suggests that feather pulp may
be a good target to ascertain the impacts of factors
important for monitoring and optimizing bird health,
including within production settings.
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