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ABSTRACT

In-depth analysis of colostrum components has
identified hundreds of proteins, but data are sparse
regarding their systemic uptake in the newborn calf.
Moreover, heat treatment may influence these colostral
components and their absorption. Our objectives were
to describe the serum proteome of newborn calves be-
fore and after colostrum feeding and the possible effects
of colostral heat treatment. Newborn Holstein heifer
calves (n = 22) were randomized within pair and fed
heat-treated (n = 11; 60°C, 60 min) or raw (n = 11)
colostrum at 8.5% of birth body weight by esophageal
feeder within 1 h of birth. After the single colostrum
feeding, calves were not fed until after the 8-h time
point, when milk was offered free-choice. Blood samples
were taken immediately before feeding (0 h), as well
as 4, 8 and 24 h after feeding. Whole blood packed
cell volume (%), serum Brix percentage, and plasma
glucose concentrations were determined for all time
points. Plasma insulin and insulin-like growth factor-I
concentrations were determined by radioimmunoassay
for selected time points. Serum IgA and IgG were mea-
sured by radial immunodiffusion at 24 h. The serum
proteome was analyzed using nano-scale reverse-phase
chromatography and tandem mass spectrometry (nano
LC-MS/MS) in 0- and 8h samples. For proteomics
analysis, ratios of results for 8h to 0-h samples were
analyzed with false discovery rate adjustment. For
all other outcomes, repeated-measures ANOVA was
performed with the fixed effects of group, time, and
their interaction, and random effect of pair. Serum Brix
percentage and glucose concentrations increased over
time and were independent of colostrum treatment. Se-
rum IgG and IgA concentrations at 24 h did not differ
between groups. Nano LC-MS/MS identified a total of
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663 unique proteins in serum, of which 261 increased
in abundance, whereas 67 decreased in abundance
after feeding in both groups. Among serum proteins
that increased in abundance and that were previously
identified in colostrum, many belonged to those in-
volved in immune response, coagulation, the classical
complement pathway, or the antimicrobial peptide class
of cathelicidins. Serum proteins that decreased in abun-
dance and that were identified in colostrum belonged
to the alternative complement pathway and the mem-
brane attack complex. Thirty-eight proteins differed in
calves that were fed heat-treated colostrum compared
with those fed raw colostrum. Decreased abundances in
calves fed heat-treated colostrum included several en-
zymes involved in glycolysis or glycogenolysis, whereas
the incretin gastric inhibitory polypeptide and serum
insulin were increased in this group. Our findings
point to important innate immune defense pathways
associated with colostrum ingestion in newborn calves.
Furthermore, calves fed heat-treated colostrum showed
differences in serum proteins and enzymes associated
with carbohydrate metabolism.

Key words: neonate, colostrum, serum proteome,
immunology

INTRODUCTION

Early intake of adequate amounts of high-quality
colostrum is critical for the health and growth of the
bovine neonate (Godden et al., 2019). Colostrum deliv-
ers a concentrated form of nutrients, vitamins, and a
plethora of bioactive factors to neonates (Quigley and
Drewry, 1998; Hammon et al., 2013). Some colostral
components—for example, Ig (Bush and Staley, 1980),
maternal leukocytes (Reber et al., 2006), and enzymes
such as ~-glutamyl-transferase (Baumrucker et al.,
1994)—are clearly taken up into circulation, particu-
larly in the first hours of life. Other proteins, such as
colostral insulin and IGF-I are likely not taken up
systemically (Griitter and Blum, 1991; Vacher et al.,
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1995) and appear to act locally in the neonatal gut
as growth factors (Shulman, 1990; Baumrucker et al.,
1994; Steinhoff-Wagner et al., 2011).

Colostral IgG are among the best-characterized pro-
teins that are absorbed into circulation. Defined as suc-
cessful transfer of passive immunity (TPI), the increase
of serum IgG in circulation from intestinal uptake is
associated with protection against disease in preweaned
calves (Furman-Fratczak et al., 2011). The available
body of literature clearly shows that when IgG are not
transferred at sufficiently high concentrations shortly
after birth (failure of TPI), the risk for morbidity and
mortality of preweaning calves increases (McGuire et
al., 1976; Stilwell and Carvalho, 2011; Raboisson et al.,
2016). In lambs, colostrum feeding was associated with
the appearance of low-abundant proteins (LAP) in
plasma in addition to Ig (Herndndez-Castellano et al.,
2014), although the study design did not allow conclu-
sive interpretation regarding the origin of these proteins
from intestinal absorption or endogenous production.
Few studies are available in the bovine neonate that de-
scribe changes in serum protein abundance in response
to colostrum feeding. This limits our understanding of
possible uptake of LAP with biological significance in
the newborn calf.

Heat treatment of colostrum is a well-established
management tool that decreases bacterial contamina-
tion of colostrum, extends storage after harvest, im-
proves IgG absorption capacity, and can control impor-
tant infectious agents that can be transmitted to the
neonate in colostrum (Godden et al., 2019). A recent
study in the United States showed that this practice
has been adopted on 8.7% of 104 dairy operations in
13 states, based on a convenience sampling from 2014
to 2015 (Urie et al., 2018). Prevalence of this practice
likely differs regionally and by farm size, and has likely
changed since that study was conducted. The advan-
tages of heat treatment have been clearly demonstrated
for infectious disease control (Godden et al., 2019). Re-
cent discovery and reconsideration of other colostrum
components, such as growth factors (Hammon et al.,
2013), maternal leukocytes (Donovan et al., 2007), and
proteins specifically enriched in colostrum (Fahey et
al., 2020), invite another look at the possible effects of
colostral heat treatment on the newborn calf beyond
achieving successful TPI.

Tacoma et al. (2017) investigated heat-treatment
effects on the colostrum proteome of a single pooled
sample, and showed that among the 62 proteins that
differed between the heat-treated and the raw sample,
44 were reduced in abundance. In our companion pa-
per, we identified and reported 45 proteins that were
decreased by heat treatment of colostrum (Mann et al.,
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2020). The potential effects of these findings on the
calf were not further investigated by Tacoma et al.,
(2017). To address this knowledge gap, the objectives
of this study were to compare the serum proteome of
neonatal calves before and after colostrum feeding, to
investigate changes in serum protein abundance after
feeding, and to study whether serum protein abundance
differed when colostrum was heat-treated before feed-
ing. Furthermore, our companion work, investigating
heat-treatment effects on colostrum, showed decreases
in colostral IgA, insulin, and IGF-I concentrations in
samples that were heat-treated (Mann et al., 2020). We
therefore extended our current objectives to examine
the possible heat-treatment effects on the circulating
concentrations of these analytes in newborn calves fed
either raw or heat-treated colostrum.

MATERIALS AND METHODS
Animals and Colostrum Samples

All animal procedures were reviewed and approved by
the Cornell University Institutional Animal Care and
Use Committee (Ithaca, NY; protocol no. 2018-0021).
The study was performed between July and August
2018 on a commercial dairy farm in New York State.
Harvest of colostrum samples and treatment before
feeding are described in detail in our companion paper
(Mann et al., 2020). In brief, colostrum of eligible cows
was harvested in a 4-stall herringbone parlor (DeLaval
International AB, Tumba, Sweden) according to farm
protocol within 8 h following calving. Colostrum of in-
dividual cows was milked into clean buckets, and Brix
percentage was recorded using a digital refractometer
(Palm Abbe, Misco, Cleveland, OH). Colostrum >22%
Brix and >8 L total volume was eligible to be used
in the study. Colostrum was mixed and filled into 2
disposable 4-L bags (Perfect Udder, Dairy Tech Inc.,
Windsor, CO). Raw colostrum was immediately placed
on ice for 30 min and refrigerated at 4°C for up to 24
h, whereas the corresponding 4-L portion of the same
colostrum was heat-treated for 60 min at 60°C, cooled
in the pasteurizer to 43°C, and then moved to an ice
bath for 30 min before storage at 4°C for up to 24 h.

Calves and Colostrum Feeding

Female Holstein calves born to primi- or multiparous
cows and with a birth weight of 34.0 to 47.0 kg, without
birth defects, having been delivered without assistance,
and showing a normal respiratory pattern, were eligible
for enrollment. Calves were enrolled to be fed raw (R;
n = 11) or heat-treated (H; n = 11) colostrum follow-
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ing a randomized block design with 2 calves per block,
according to the time of birth on the same day. Ran-
dom sequence was produced using a research random-
izer (Urbaniak and Plous, 2012). Following standard
farm procedures, calves were removed from their dam
within 10 min after birth and not allowed to suckle on
their dams, weighed on a platform scale (EziWeigh 5i,
Tru-Test, Auckland, New Zealand), and moved into a
sawdust-bedded pen to dry. Raw or heat-treated co-
lostrum, prepared as described, was adjusted to 8.5%
of the calf’s birth BW (Conneely et al., 2014). Bags of
refrigerated raw or heat-treated colostrum were then
placed in a 43°C water bath (MilkWorks, Dairy Tech
Inc.) for 20 min to warm to feeding temperature. Colos-
trum Brix percentage was measured again before feed-
ing, to compare paired colostrum treatments among the
2 bags of a single batch, as well as to compare with Brix
percentage recorded immediately after harvest. None
of the calves were fed their own dam’s colostrum. Co-
lostrum was administered to calves within 1 h of birth,
using an esophageal feeder (Dairy Tech Inc.) according
to manufacturer instructions (www.dairytechinc.com)
and consistent with farm protocols. Both treatments (H
and R) of a single batch were administered to each pair
of newborn calves, on average within 2 h, and within
a maximum of 4 h from each other. All calves were
moved to a group-housed pen (20 calves/pen) 8 h after
feeding, where free-choice heat-treated milk was offered
ad libitum. Calves were unenrolled from the study after
the 24-h sample. Weaning weight was obtained from
farm records.

Blood Sampling

Blood samples were taken from the jugular vein of
each calf immediately before colostrum feeding (0 h),
at 4, 8, and 24 h after feeding. Blood sampling at 0, 4,
and 8 h was performed in box stalls in the maternity
pen, whereas the 24-h sampling occurred in the group-
housed pen. Skin overlaying the jugular veins was
clipped and disinfected with 70% ethanol. Blood was
collected into evacuated 10-mL tubes with or without
EDTA (Monoject, Covidien, Dublin, Ireland). Tubes
with EDTA were immediately placed on ice, and serum
tubes were allowed to clot at room temperature for 10
min. Serum and EDTA tubes were centrifuged for 20
min at 3,000 x g at 4°C within 30 min after collection.
Harvested serum and plasma samples were snap-frozen
in liquid nitrogen, stored at —20°C for <24 h, and then
stored at —80°C until analysis.

Packed cell volume (PCV) was determined using
microhematocrit tubes (Hemato-Clad Plain, Drum-
mond Scientific, Broomall, PA) centrifuged at 3,000
x ¢ for 10 min at room temperature and read using
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a hematocrit reader card (EZ Reader, LW Scientific,
Lawrenceville, GA).

Serum Measurements

Serum Brix percentage was measured with a digital
refractometer (Palm Abbe, Misco). Serum total protein
(STP) was measured using a handheld 3-scale optical
refractometer (Kernco Instruments Company, El Paso,
TX). The total amounts of ingested IgG and IgA for
each calf were calculated based on results for IgG and
IgA concentrations in the colostrum samples reported
in our companion paper (Mann et al., 2020) and the
amount of colostrum fed at 8.5% BW at birth. Con-
centrations of serum IgG and IgA were determined in
serum samples obtained 24 h after first colostrum feed-
ing using radial immunodiffusion (RID) assays (Triple
J Farms, Bellingham, WA). All samples were run us-
ing assays and controls of the same lot number, and
samples of calf pairs were assayed on the same plate.
Serum was thawed at room temperature for 30 min
before RID assay. To ensure that serum IgG concentra-
tion fell within the range of the standards provided,
serum was diluted 2-fold with 0.9% saline. Samples for
IgA were not diluted. For both IgG and IgA RID assay,
5 pL of sample was pipetted into duplicate wells. Assay
plates were incubated at room temperature for 24 h and
then read using an LED 10x Scale Loupe (TekcoPlus,
Kowloon, Hong Kong) and MagniPros LED magnifying
glass (South El Monte, CA). Mean and standard devia-
tion (SD) were calculated from duplicates to determine
coefficient of variation (CV). Analyses for samples with
CV >10% were repeated.

Plasma Insulin, IGF-I, and Glucose Concentrations

Plasma insulin and IGF-I concentrations were deter-
mined at the Endocrinology Laboratory of the Animal
Health Diagnostic Center (Cornell University, Ithaca,
NY). Insulin was measured via RIA using a rat RIA
(RI-13K, MilliporeSigma, Burlington, MA), and IGF-I
was measured using an IGF-binding protein-blocked
human RIA technique (IGF-I RIA, Mediagnost, Re-
utlingen, Germany) suitable for heterologous use in bo-
vine samples. Samples were mixed with assay buffer to
achieve a final 100-fold dilution. Plasma concentrations
of glucose were determined via an enzymatic-colorimet-
ric method (PGO enzyme preparation, Sigma-Aldrich,
St. Louis, MO)

Proteomics Analysis

A total of 20 serum samples at 0 and 8 h from 5
calf pairs (H and R) fed colostrum of a single batch
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were treated with complete protease and phosphatase
inhibitor (Halt, Thermo Fisher Scientific, Waltham,
MA) immediately upon thawing. Depletion of the
high-abundance proteins of each sample was achieved
using ProteoMiner (Altomare et al., 2016; Tacoma et
al., 2017). In brief, ProteoMiner (BioRad, Hercules,
CA) bead slurry (10 pL) was incubated with 300 pL of
serum (~10 mg) in 1x PBS, pH 7.4. Enriched proteins
were eluted off ProteoMiner beads with 8 M urea, 2%
3-cholamidopropyldimethylammoniol-propanesulfo-
nate, and 5% acetic acid. All samples were dried in
a Speed-Vac concentrator (Speed Vac SC110, Savant
Instruments Inc., Holbrook, NY) to remove acetic acid
and reconstituted in 60 pL of 0.2 M tetraethylammo-
nium bromide, pH 8.5.

Following ProteoMiner treatment, protein concentra-
tion for each sample was determined via bicinchoninic
acid assay and further quantified by running a precast
10% Bis-Tris gel (Invitrogen, Carlsbad, CA) along with
a series of Escherichia coli lysates (2.5, 5, 10, or 20 pg/
lane; Figure 1). The SDS gels were visualized with col-
loidal Coomassie blue stain (Invitrogen) and imaged via
Typhoon 9400 scanner followed by ImageQuant TL 8.1
(GE Healthcare, Chicago, IL) for quantitation analysis.
Successful depletion of a highly abundant protein band
at 65 to 70 kDa, a size consistent with highly abundant
albumin, was confirmed on SDS-PAGE (Figure 1).

Further processing of proteins was then performed
according to Thermo Fisher Scientific’s Tandem Mass
Tagging (TMT) Kits and Reagents protocol (http:/
/www.piercenet.com/instructions/2162073.pdf)  with
modification by Yang et al. (2011). A total of 30 pg
of protein from each sample was reduced with 20 mM
tris(2-carboxyethyl)phosphine for 1 h at room tempera-
ture, alkylated with 20 mM iodoacetamide for 1 h in
the dark, and then quenched by addition of 20 mM
dithiothreitol. The alkylated proteins were precipitated
by adding 6 volumes of ice-cold acetone and incubat-
ing at —20°C overnight and reconstituted in 50 pL of
100 mM triethylammoniumbicarbonate. Each sample
was digested with 1.5 pg of trypsin for 18 h at 35°C.
The TMT 11-plex labels (dried powder) were recon-
stituted with 25 pL of anhydrous acetonitrile (ACN)
before labeling and added in a 1:2 ratio to each of the
tryptic digest samples for labeling over 1 h at room
temperature; 2 sets of TMT 11-plex were used for la-
beling 20 samples and each set for 10 samples. The
open channel in each set of TMT 11-plex was labeled
as the 11th sample, which was a pool of all 20 samples
used for bridging the 2 sets of data. After checking
label incorporation using Orbitrap Fusion (Thermo
Fisher Scientific) by mixing 1-pL aliquots from each
sample and desalting with SCX ZipTip (Millipore, Bil-
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Figure 1. SDS-PAGE gel profiling of the 20 serum samples (10 per
gel). Molecular mass ladder on the left; Escherichia coli lysate used
for quantification on the right. Loading volume per lane = 6 pL. H =
heat-treated; R = raw; Oh = before colostrum feeding; 8h = 8 h after
colostrum feeding. Stained with colloidal Coomassie blue. Sample on
far right shows a sample before ProteoMiner (BioRad, Hercules, CA)
depletion for comparison. Escherichia coli lysate standard curve R? =
0.9969 and 0.9997 for Gel A and B, respectively.

lerica, MA), the 11 labeled peptide samples in each
set were pooled together. The pooled peptides of each
set were then evaporated to 200 pL and subjected to
cleanup by solid phase extraction on MCX cartridges
(Waters, Milford, MA) for subsequent first-dimensional
liquid chromatography (LC) fractionation via high-pH
reverse-phase chromatography.

High-pH reverse-phase fractionation was carried out
using an UltiMate 3000 HPLC system (Dionex, Sunny-
vale, CA) with the built-in micro fraction collection
option in its autosampler and UV detection (Thermo
Fisher Scientific) as reported previously (Yang et al.,
2011). Specifically, the TMT 10-plex tagged tryptic
peptides were reconstituted in buffer A (20 mM am-
monium formate, pH 9.5 in water), and loaded onto an
XTerra MS C18 column (3.5 pm, 2.1 x 150 mm) from
Waters, with 20 m M ammonium formate (NH,FA), pH
9.5, as buffer A and 80% ACN/20% 20 mM NH,FA as
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buffer B. The LC was performed using a gradient from
10 to 45% of buffer B in 30 min at a flow rate of 200
pL/min. Forty-eight fractions were collected at 1 min
intervals and pooled into a total of 8 fractions based on
UV absorbance at 214 nm and with multiple fraction
concatenation strategy (Yang et al., 2011). Each of the
8 fractions was dried and reconstituted in 100 pL of 2%
ACN/0.5% formic acid (FA) for nano LC-tandem mass
spectroscopy (LC-MS/MS) analysis.

Nano-Scale Reverse-Phase Chromatography
and Tandem MS (Nano LC-MS/MS)

The nano LC-MS/MS analysis was carried out us-
ing an Orbitrap Fusion (Thermo Fisher Scientific)
mass spectrometer equipped with a nanospray Flex Ton
Source, using high-energy collision dissociation, similar
to previous reports (Yang et al., 2011, 2018; Zhang et
al., 2019) and coupled with the UltiMate3000 RSLCna-
no (Dionex). Each reconstituted fraction (3 pL) was
injected onto a PepMap C-18 RP nano trap column (3
pm, 100 pm x 20 mm; Dionex) at 15 pL/min flow rate
for on-line desalting, and separated on a PepMap C-18
RP nano column (2 pm, 75 pm X 25 cm). The labeled
peptides were eluted in a 120-min gradient of 4% to 35%
ACN in 0.1% formic acid at 300 nIL/min, followed by an
8-min ramping to 95% ACN/0.1% FA and a 9-min hold
at 95% ACN/0.1% FA. The column was re-equilibrated
with 2% ACN/0.1% FA for 25 min before the next
run. The Orbitrap Fusion was operated in positive ion
mode with nano spray voltage set at 2.1 kV and source
temperature at 275°C. External calibration for Fourier
transform, ion trap, and quadrupole mass analyzers was
performed. For global proteomics fractions, the instru-
ment was operated in data-dependent acquisition mode
using Fourier transform mass analyzer for 1 survey MS
scan for selecting precursor ions, followed by 3-s “Top
Speed” data-dependent high-energy collision dissocia-
tion MS/MS scans for precursor peptides with 2 to 8
charged ions above a threshold ion count of 20,000, with
normalized collision energy of 40%. Mass spectrometry
survey scans were performed at a resolving power of
120,000 (full width at half maximum at m/z 200) for
the mass range of m/z 400 to 1,600 with automatic gain
control = 4e5 and max ion trap = 50 ms, and MS/MS
scans at 60,000 resolving power with automatic gain
control = 1eb, max ion trap = 86 ms, and quadrupole
isolation window (m/z) at 1.6 for the mass range m/z
105 to 2,000. Dynamic exclusion parameters were set at
1 within 50-s exclusion duration with £10 ppm exclu-
sion mass width. All data were acquired using Xcalibur
3.0 operation software and Orbitrap Fusion Tune 3.0
(Thermo Fisher Scientific).
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Data Processing, Protein Identification,
and Data Analysis

All MS and MS/MS raw spectra from each set of
TMT-plex experiments were processed and searched
using Sequest HT software within the Proteome Dis-
coverer 2.3 (PD 2.3, Thermo Fisher Scientific). The Bos
taurus NCBI 2019 database (https://www.ncbi.nlm.nih
.gov/) containing 41,064 sequence entries was used for
database searches. The default search settings used for
TMT quantitative processing and protein identification
in PD 2.3 searching software were as follows: 2 mis-
cleavage for full trypsin with fixed carbamidomethyl
modification of cysteine, fixed 6-plex TMT modifica-
tions on lysine and N-terminal amines and variable
modifications of methionine oxidation, and deamida-
tion on asparagines or glutamine residues and acetyla-
tion of protein N terminus. The peptide mass tolerance
and fragment mass tolerance values were 10 ppm and
50 mDa, respectively. Identified peptides were filtered
for maximum 1% false discovery rate using the Percola-
tor algorithm in PD 2.3, with additional peptide confi-
dence set to high and peptide mass accuracy <5 ppm.
The TMT 11-plex quantification method within PD 2.3
software was used to calculate the reporter ratios with
mass tolerance =10 ppm, applying isotopic correction
factors. Only peptide spectra containing all reporter
ions were designated as “quantifiable spectra” and used
for peptide and protein quantitation. A protein ratio
was expressed as a median value of the ratios for all
quantifiable spectra of the unique peptides pertain-
ing to that protein. A precursor co-isolation filter of
50% was also applied for minimizing ratio compression
caused by co-isolation of precursor ions. For normaliza-
tion, total peptide amount was used, and scaling mode
was applied based on the average of all control samples
(pooled sample of all 20 samples). Only proteins that
were detected in all samples were further considered.

Statistical Analysis

No prior studies in calves were available for sample
size determination. We based our sample size on pre-
vious proteomics research in lambs to detect LAP
(Hernandez-Castellano et al., 2015). We inflated the
sample size by 25% to 5 calves in each group for the
proteomics objective. The larger sample size of 22
animals was based on an expected difference in insulin
concentrations by at least 25 pIU/mL and an SD of 15
plU/mL and restricting both type I and type II error
to 0.05, yielding 11 animals in each group.

Outcomes of the experiment were differences between
groups for indicators of TPI, glucose, IGF-I, and insu-
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lin concentrations, as well as serum proteome before
and after colostrum feeding. Before analysis, serum
concentrations were corrected for PCV by adjusting all
measured analytes to PCV of 34% (population mean
across all time points). Pairwise correlation of serum
measurements, Brix percentage, STP, IgG, and IgA
were computed using Proc CORR (SAS v. 9.4, SAS In-
stitute Inc., Cary, NC). For differences in PCV, serum
Brix and refractometer readings, as well as glucose,
IGF-I, and insulin measurements, repeated-measures
ANOVA was performed with the fixed effects of group,
time, and their interaction, repeated effect of calf, and
random effect of pair to control for the paired sample
design. The differences between groups for total IgG
and IgA fed, and IgG and IgA concentrations in serum
at 24 h, were analyzed accordingly without the repeated
effect. All data are presented as least squares means
+ standard error unless otherwise specified. To fulfill
model assumptions of residual normality and homosce-
dasticity, insulin concentrations were log-transformed,
and data are presented as back-transformed geometric
means and 95% confidence interval. Differences in pair-
wise comparisons were performed using Tukey’s post
hoc procedure to correct for multiple comparisons.

To account for paired data in proteomics analysis,
ratios of results for 8 h to 0 h samples were first cal-
culated for each calf. Data were then uploaded into
MetaboAnalyst v. 4.0 software (Chong et al., 2018),
and fold changes and #-tests adjusted for false discovery
rate for protein ratios were analyzed. No filtering was
applied, data were log-transformed, and Pareto scaling
was applied to achieve normalization. Box plots and
kernel density plots were visually assessed for normality
after transformation and scaling. Settings for analysis
were as follows: paired fold change analysis, at least
1.5-fold change in at least 3 out of 5 pairs; paired t-
tests, P-value (adjusted for false discovery rate) < 0.01.

To investigate the possible interaction effect of time
and treatment, a 2-way ANOVA was performed and
a heatmap created for all P < 0.05 features from this
analysis. Euclidean distance measure and Ward clus-
tering algorithm were chosen to produce clustering in
MetaboAnalyst 4.0 software. Furthermore, a principal
components analysis showing the scores was used to
produce visualization of patterns for the 2 experimental
factors. All figures were generated in MetaboAnalyst
v. 4.0.

RESULTS

Study Population

In this study, 8, 5, 3, and 6 calves were born to
dams of parity 1, 2, 3, and 4, respectively. Birth BW
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in groups H and R were 39.0 + 2.9 and 40.3 + 4.5 kg
(P = 0.37). Consequently, the amounts of colostrum
fed to H and R calves at 8.5% of birth BW were 3.31
+ 0.10 and 3.43 £+ 0.10 kg, respectively (P = 0.39).
Two calves in group H were sold as replacement heifers
before weaning. Weaning weights at the target of 64 +
3 d of life for the remaining 20 calves were 90.3 + 3.6
and 89.8 + 3.3 kg in H and R groups, respectively (P =
0.91). Average daily gains in the preweaning period in
groups H and R were 0.79 £+ 0.22 and 0.76 + 0.13 kg/d,
respectively (P = 0.66).

PCV, Refractometer, and Inmunoglobulins

The PCV, glucose, serum Brix percentage, and STP
estimates for all 48 sampling time points are presented
in Figure 2. Intra- and inter-assay CV for serum glu-
cose were 5.6 and 9.4%, respectively. Colostrum Brix
percentage was not different (P = 0.47) at feeding com-
pared with time of harvest (average change, £SD: 0.07
+ 0.50%), and aliquots within the same batch had a
0.09 £ 0.33% difference in Brix percentage (P = 0.11).
Total amounts of IgG fed were 356 4+ 36 and 373 + 36
g in groups H and R, respectively (P = 0.54). Total
amounts of IgA fed were 16.0 + 1.7 and 19.0 + 1.6 g in
groups H and R, respectively (P = 0.01).

Serum Brix measurements before colostrum feeding
were 7.49 £+ 0.38 and 7.26 + 0.47% in groups H and
R, respectively (P = 0.23). Correlations between serum
Brix percentage, STP (mg/dL), and serum IgG (mg/
mL) and IgA (mg/mL) are presented in Table 1. Serum
IgG and IgA 24 h after feeding of colostrum in the 22
calves did not differ (P > 0.27) between paired treat-
ment groups (Figure 3).

Insulin and IGF-I

Insulin concentrations changed over time, peaking in
both groups at 4 h (Figure 4). Groups differed at 8 h
due to a slower decline in insulin in group H compared
with R. The concentration of IGF-I increased from 0 to
8 h (145.4 + 11.0 to 178.8 &+ 11.1 ng/mL, respectively;
P < 0.001), and by an average of 10.7% between paired
samples, but no difference (P = 0.80) was detected be-
tween groups (Figure 4).

Results of Proteomics Analysis

A total of 663 unique proteins were detected in all
20 samples analyzed from 10 calves and in the 2 pooled
controls. In the paired analysis of protein ratios from 8
to 0 h, investigating the effects of feeding heat-treated
colostrum compared with raw, 38 proteins with at least
a 1.5-fold change in a minimum of 3 calf pairs were
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Figure 2. LSM and SE of packed cell volume determined by centrifugation (%; A), serum glucose concentration (mg/dL; B), Brix digital
refractometry (%; C), and serum total protein (TP) estimation by refractometry (g/dL; D) measurements of 11 pairs of calves fed either heat-
treated (60°C, 60 min; Heat) or raw (Raw) colostrum. Mixed-effects ANOVA with fixed effects of time and treatment and their interaction, and

random effect of pair.

detected (Figure 5). To annotate identified proteins in
all tables, the protein name was entered into the Uni-
Prot search function (www.uniprot.org) and biological
function extracted for each protein. Proteins were sub-
sequently grouped according to overlapping functions.

Table 1. Pearson correlation matrix for serum Brix percentage and
estimated serum total protein (STP) measured by refractometry, as well
as IgG and IgA concentrations measured by radial immunodiffusion
technique in calf serum samples (n = 22) 24 h after colostrum feeding

Serum STP IegG IgA

Variable Brix (%) (g/dL) (g/L) (g/L)
Serum Brix

r 1.0 0.99 0.61 0.58

P-value <0.0001 0.003 0.004
STP

r 1.0 0.67 0.59

P-value 0.007 0.004
IgG

T 1.0 0.47

P-value 0.03

Journal of Dairy Science Vol. 103 No. 10, 2020

In the 2-way ANOVA, no interactions were detected
between time and treatment effects (P < 0.05) for
proteomics data; however, a large number of proteins
changed in abundance between the 0- and 8-h time
points, indicating a substantial change in the proteome
after colostrum feeding (Figure 6). This is also reflected
by time clustering in the principal components analy-
sis, which accounted for the greatest proportion of the
variability (Figure 7). Features that changed over time
included 264 proteins that increased (Table 2) and 67
proteins that decreased in abundance from 0 to 8 h
(Table 3). Proteins that differed over time were com-
pared with the proteins identified in proteomics analysis
of the same colostrum sampled and fed to calves in this
study (Mann et al., 2020). Among the 261 identified
proteins that increased in abundance after colostrum
feeding compared with before feeding, 108 (41.4%) had
previously been found in the colostrum samples (Table
2). Of the 67 proteins that decreased in abundance over
the same time, 32 (47.8%) had also previously been
detected in colostrum (Table 3).


www.uniprot.org
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Figure 3. LSM and SE of serum IgG (left) and IgA (right) concentrations (mg/mL) 24 h after colostrum feeding in 11 pairs of calves fed
either heat-treated (Heat; 60°C, 60 min) or raw (Raw) colostrum that was cooled immediately after harvest. Mixed-effects ANOVA with fixed
effect of treatment and random effect of pair. P-value given for difference between groups.

DISCUSSION

The objective of this study was to determine changes
in IgG and IgA transfer, insulin and IGF-I concen-
trations, and the serum proteome of neonatal calves
before and 8 h after colostrum feeding. The possible
influence of heat treatment of colostrum before feeding
on the serum proteomes of the calves was investigated.
Furthermore, we evaluated possible changes in Ig up-
take and growth factor concentrations between calves
fed heat-treated or raw colostrum, because changes in
these proteins were observed in colostrum associated
with heat treatment and reported in our companion
study (Mann et al., 2020).

Regardless of colostrum treatment, all calves sur-
passed the threshold for successful TPI at 24 h, defined
as IgG concentrations above 10 mg/mL (Godden et al.,
2019). This is likely due to the timing of feeding within
an hour after birth, as well as the high quality, low bac-

100 © Heat ® Raw
.
[ Group P =0.002
5 801 Time P < 0.001 *
= Group x Time P = 0.05
£ 60 B
7 ./' S
£ 40
® N
& 20 -/. A‘.",_, o ;
o g

0

4 8
h relative to feeding

terial counts, and sufficient quantity of colostrum fed
to calves (McGuirk and Collins, 2004). With a targeted
colostrum intake of 8.5% of BW, an amount shown to
be associated with optimal IgG absorption (Conneely
et al., 2014), calves in this study were fed over 300
g of IgG. Although sample size was smaller in this
study, lack of difference between treatments for IgG,
IgA, and refractometer results is consistent with the
recent literature, especially when feeding high-quality
colostrum with low numbers of bacteria (Gelsinger and
Heinrichs, 2017). Previous studies identified an increase
in neonatal IgG absorption from colostrum when it was
heat-treated (Johnson et al., 2007; Elizondo-Salazar
and Heinrichs, 2009), but numbers of bacteria in raw
colostrum were higher than in our current study. The
absence of a difference in IgA concentrations when
calves were fed raw versus heat-treated colostrum is
consistent with findings by Johnson et al. (2007), and
the median decline of 8.5% observed in heat-treated

300- N Heat Raw
— | Group P=0.80
3 270 Time P < 0.001
E 2401 Group x Time P =0.91

7
)

7
precolostral

8 h postcolostral

Figure 4. Insulin and IGF-I concentrations in plasma of neonatal calves (n = 22) pair-fed colostrum at 8.5% of BW, either heat-treated
(Heat; n = 11) or raw (Raw; n = 11). Left: plasma insulin concentration immediately before feeding (0 h) and 4 and 8 h after feeding. Back-
transformed means and 95% CI are presented. Right: plasma IGF-I concentration immediately before feeding (precolostral) and 8 h after feeding
(postcolostral). LSM and SE are presented. Mixed-effects ANOVA with fixed effects of time and treatment and their interaction, and random
effect of pair. *denotes difference at P < 0.05 between groups after controlling all pairwise comparisons using Tukey’s post hoc test.
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T |
Number of pairs _ | {I[JLJIILIE L[]
with fold change (VT AN Il
> 1.5 Il |
o |
" I
T T T T T T T
0 100 200 300 400 500 600
Compounds
Pairs s N .
Biological function Protein decreased ratio Pf“..s increased Iden“ﬁ?d n
Hvs. R ratioHvs.R  colostrum
Enzyme Aldehyde dehydrogenase, mitochondrial precursor 4 0
Glycogen phosphorylase 3 0
Malate dehydrogenase, peroxisomal isoform MDHI1x 5 0
Phosphoglycerate kinase 1 4 0 X
Protein disulfide-isomerase A6 precursor 4 0
Transketolase 3 0 X
Triosephosphate isomerase 3 0 X
Immune response Chitinase-3-like protein 1 precursor 3 0 X
Fibrinogen y-B chain isoform X1 (predicted) 3 0 X
Fibrinogen B chain precursor 3 0 X
Cell motility/adhesion Actin-related protein 3 3 0
Laminin subunit y-1 precursor 3 0 X
Lamin isoform X1 (predicted) 3 0
Cell differentiation Suprabasin isoform X4 (predicted) 5 0
Transport: Protein Exportin-2 3 0
rab GDP dissociation inhibitor B 4 0
Transport: Iron Hemopexin precursor 3 0 X
Protein folding/ER stress Binding immunoglobulin protein (BiP) (GRP-78) 3 0 X
Trypsin inhibitor Inter-a-trypsin inhibitor heavy chain H1 isoform X1 (predicted) 3 0 X
Trypsin Anionic trypsin precursor 3 0
Complement activation Collectin-10 precursor 3 0
Lipoprotein metabolism Apolipoprotein E isoform X1 (predicted) 3 0 X
Protease Cytosolic non-specific dipeptidase isoform X1 (predicted) 3 0
Growth factor Insulin-like growth factor II isoform X1 (predicted) 3 0
Unknown/Unspecific Protein HP-25 homolog 2 precursor 3 0 X
Immune response/coagulation Antithrombin-III precursor 0 3 X
Coagulation factor XIII B chain precursor 0 3
B-2-microglobulin (predicted) 0 3 X
Structural protein Keratin, type I cytoskeletal 19 0 4 X
Keratin, type II cytoskeletal 4 0 4
Villin-1 0 4
Cell motility/adhesion Tubulointerstitial nephritis antigen-like isoform X1 0 5
Lipoprotein metabolism Apolipoprotein C-III-like (predicted) 0 4
Enzyme Phospholipase A2, membrane associated precursor 0 3
Incretin Gastric inhibitory polypeptide isoform X1 (predicted) 0 3
Milk protein Alpha-S2-casein precursor 0 3 X
DNA binding {-crystallin isoform X1 0 3
Protease inhibitor Serpin A3-8 precursor 0 3 X

Figure 5. Fold change analysis and protein identification of serum protein ratios between 8- and 0-h time points that differed between treat-
ment groups (n = 38). Treatments were assigned in pairs of newborn calves fed either heat-treated colostrum (60 min at 60°C, H; n = 5) or a
paired raw sample that was refrigerated immediately until feeding within 24 h after harvest (R; n = 5). The y-axis depicts the number of pairs
with >1.5-fold change between pairs and the direction of fold change in H vs. R. (Negative values show pairs with a negative fold change; posi-
tive values show pairs with a positive fold change.) The minimum number of pairs with a fold change of >1.5 was set at 3.
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Figure 6. Hierarchical clustering (measured by Euclidean distance and using a Ward clustering algorithm) shown as a heatmap depicting
all features identified by 2-way ANOVA at P-value < 0.05, adjusted for false discovery rate. Analysis of variance was conducted for calves fed
heat-treated (H; n = 5) or raw (R; n = 5) colostrum and their serum proteins at 0 h (Pre) and 8 h (Post) relative to colostrum feeding.

colostrum (Mann et al., 2020) did not translate into
differences in the calves.

Correlations of serum Brix percentage and STP re-
fractometer readings were near perfect and confirmed
the described high agreement between these 2 measure-
ments in neonatal calf serum (Hernandez et al., 2016).
Correlations of Brix percentage with IgG and IgA
concentrations were moderate compared with previ-
ous studies. This may be attributable to our smaller
sample size and the associated greater variability in the
data set. Hernandez et al. (2016) used over 300 serum
samples and found stronger correlations compared with

Journal of Dairy Science Vol. 103 No. 10, 2020

serum IgG concentrations measured by RID for serum
Brix percentage and STP refractometry, respectively (r
= 0.79 and 0.82). Deelen et al. (2014) found correlations
of r = 0.93 for both comparisons in 400 serum samples.
The concentrations of IgG and IgA correlated moder-
ately with each other and to a similar extent as their
respective concentrations in the colostrum that was fed
(Mann et al., 2020). The difference in IgA amount fed in
colostrum did not translate into a significant difference
in serum concentrations. Nevertheless, this difference
may be of biological importance, because the role of
IgA lies primarily in the intestinal lumen and mucosa,
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where they neutralize enterotoxins, exert antimicrobial
properties, and inhibit invasion of microorganisms into
the mucosal epithelia (Hurley and Theil, 2011).

We were particularly interested in insulin and IGF-I
serum concentrations due to the observed differences in
heat-treated compared with raw colostrum (Mann et
al., 2020). Heat-treated colostrum had a 22% decreased
insulin concentration compared with raw colostrum
(Mann et al., 2020). Despite a lower oral intake in
insulin, calves fed heat-treated colostrum experienced
increased insulin concentrations in plasma, regardless
of the absence of a difference in circulating glucose
concentrations at the same time points. This finding is
inconsistent with a systemic uptake of insulin, and the
available literature confirms that absorption into the
bloodstream is unlikely at physiological concentrations
(Griitter and Blum, 1991). Results of our study there-
fore support the hypothesis that local and systemic
insulin concentrations must be interpreted indepen-
dently. Systemic insulin secretion is primarily stimu-
lated by response to nutrients sensed through the gut,
the resulting increases in incretin hormones, and by
systemic glucose absorption (Nauck and Meier, 2018).
At this time, we cannot be certain of the exact cause

9394

for the higher systemic insulin response in calves fed
heat-treated colostrum; however, this effect is likely re-
lated to a higher gastric inhibitory polypeptide (GIP)
response in this group, as will be further discussed.

Concentrations of IGF-I increased at 8 h after co-
lostrum feeding in both groups, but no difference was
detected between the treatments. In colostrum, heat
treatment led to a median decline in IGF-I concentra-
tions by approximately 10% (Mann et al., 2020), but
this did not translate to a difference in the calves. This
is not surprising, considering that increased circulating
IGF-I concentrations after colostrum feeding are likely
of endogenous hepatic origin (Cordano et al., 2000;
Hammon et al., 2000) rather than due to intestinal
absorption (Vacher et al., 1995).

Time-Dependent Changes in the Neonate
Serum Proteome

The serum proteome of calves in both groups before
and 8 h after colostrum ingestion differed greatly, with
261 proteins that increased and 67 proteins that de-
creased in abundance between the 2 time points. This
initial finding was particularly intriguing to us, as our

@ Heat Oh

® Heat 8h

B Raw Oh
B Raw 8h

PC1 (42.3%)

Figure 7. Scatterplot of the eigenvectors of principal component (PC) 1 against 2 and 3 shows clear separation between pairs before and after
colostrum ingestion. The first PC explained 42.32% of the variability of the data and shows separation between time points 0 and 8 h relative

to feeding of heat-treated (Heat; n = 5) or raw (Raw; n = 5) colostrum.
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complement activation (Culbertson, 1978). A decrease
in C3 concentration of the newborn after colostrum
ingestion has previously been described (Mueller et al.,
1983). We suspect an overall net loss of complement
components already present in neonate serum occurs
due to entry of bacteria or bacterial cell wall compo-
nents into circulation and activation of the alternative
complement pathway. This consumption may include
previously absorbed complement components from co-
lostrum. Evidence suggests that complement activity
is present in neonatal calves before colostrum feeding,
and that its activity rapidly increases in the first days
of life when calves are fed colostrum compared with
those that are colostrum-deprived (Barta et al., 1972).
Complement in human breast milk likely contributes
to resistance against infection (Ogundele, 1999). This
relationship has not been investigated in depth in bo-
vine neonates, despite confirmation that complement
components in colostrum have bactericidal activity and
that such activity can be abolished due to heat inacti-
vation at 56°C for 15 min (Brock et al., 1975).

Changes in Serum Proteome Associated
with Heat Treatment and Their Relationship
to Colostrum Proteome

Compared with the effect of time (before or after
colostrum feeding), fewer serum proteins differed in
abundance between the group of calves fed raw colos-
trum versus those fed heat-treated colostrum. Serum
proteins that showed decreased abundance in calves fed
heat-treated colostrum included several enzymes, such
as trypsin inhibitor, fibrinogen, and the proteins in-
volved in cellular protein transport and folding. Among
these enzymes were representatives of those involved in
glycolysis or glycogenolysis. The majority of these en-
zymes were not identified in colostrum or, if identified,
did not differ between raw and heat-treated colostrum
samples. It is therefore more plausible that the decrease
in abundance in calves fed heat-treated colostrum was
caused by a difference in endogenous enzyme produc-
tion following colostrum feeding. This could be due to
a difference in available enzyme substrates in circula-
tion, rather than a direct relationship with a decreased
enzyme concentration in heat-treated colostrum. The
bovine neonate relies partially on endogenous glucose
production from glycogenolysis and gluconeogenesis
(mainly from lactate and amino acids), in addition to
fatty acid oxidation and, to a lesser extent, ketogenesis,
as reviewed by Hammon et al. (2012). This change in
metabolism was reflected in the large number of en-
zymes that increased in abundance in both groups after
colostrum feeding.
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The striking differences in complement components
in heat-treated colostrum (lower abundance in mem-
brane attack complex proteins and classical comple-
ment pathway proteins) were not translated into an ap-
preciable difference in the serum of calves. It is possible
that our sample size was too small to detect such dif-
ferences if they exist, or that the difference was masked
by the presence of a relatively higher concentration of
complement in serum irrespective of colostrum intake.
Fetal bovine serum contains complement concentrations
lower than those of adults (Triglia and Linscott, 1980),
and feeding of colostrum significantly increases comple-
ment activity within a day after feeding (Barta et al.,
1972). Our findings raise questions whether colostral
complement is of biological significance for the newborn
calf and whether it has a particular importance locally
in the gut or systemically.

Fewer proteins showed increased abundance in
calves fed heat-treated colostrum. Interestingly, the
incretin GIP increased in these calves. This protein
is secreted by intestinal endocrine cells in response to
ingested nutrients, particularly glucose and fat (Nauck
and Meier, 2018). The function of GIP is to stimulate
a robust systemic insulin release in response to the
signals from K cells in the upper gastrointestinal tract
(Nauck and Meier, 2018). To our knowledge, no other
data are available describing incretin response after
initial colostrum feeding or specifically in response to
heat-treated colostrum or milk in neonatal calves. In
humans, Holder pasteurization was shown to increase
glucose concentrations in colostrum, an effect pos-
sibly attributable to molecular changes that increase
the amount of glucose released from polymers (Ley
et al., 2011). Furthermore, it was observed that heat
treatment of milk to 55°C and 65°C for 30 min signifi-
cantly increased lactase activity and thereby increased
glucose concentration in milk (Jiménez-Guzmén et al.,
2002). Although bovine colostrum contains a lower
percentage of lactose compared with mature milk, it
also contains additional sugars such as oligosaccharides
(McGrath et al., 2016). The concentration of several si-
alylated oligosaccharides numerically increased due to
heat treatment in a single sample (Fischer et al., 2018).
Those authors speculated that release of these oligo-
saccharides from colostral protein and fat components
due to heat treatment affected substrate availability.
We did not quantify glucose in colostrum and can only
hypothesize that the observed GIP effect could have
been caused by an increase in carbohydrate availabil-
ity and possibly glucose uptake throughout the upper
intestine, and that this caused the significantly higher
and more prolonged systemic insulin response in calves
fed heat-treated colostrum.
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Limitations

Several limitations should be considered when in-
terpreting this data. First, we analyzed only initial
changes in the serum proteome several hours after feed-
ing. The bovine intestine is permeable beyond the first
12 h of life (Pletts et al., 2018), and therefore continued
absorption of proteins and systemic effects are possible.
We targeted an early time point to avoid a dilution ef-
fect through ad libitum milk feeding, which began after
the 8-h sampling, and because we wanted to capture
changes in certain proteins that may already start to
decrease at this time. We used stringent data filtering
and analysis settings, and only analyzed features that
were detected in all samples, to reduce the possibility
of spurious results driven by outliers. This may have
resulted in a lower number of identified features, but it
increases our confidence in the presented results.

Furthermore, we did identify potential candidates for
further testing but were unable to clearly demonstrate
that changes in the proteome were due to intestinally
absorbed proteins rather than to endogenous produc-
tion by the neonate. Due to ethical concerns about
withholding colostrum from neonates, a colostrum-
deprived or delayed feeding group was not included in
this study. Although colostrum delay or deprivation
would have allowed us to better differentiate between
absorbed and secreted proteins, it was not of interest
to us in the present study, as the importance of early
and sufficient feeding of high-quality colostrum for the
health of preweaning calves is undebatable. Delay or
deprivation of colostrum also would not have allowed
us to conclude with certainty that proteins appearing
in circulation are taken up from the colostrum. To do
so, proteins would have to be labeled in colostrum and
traced to the calf’s circulation after feeding. Likewise,
we did not explore local effects in the gut of the neo-
nate, as we focused on systemically circulating proteins
in this study, but we have identified proteins of interest,
particularly complement and cathelicidins, that should
be investigated further regarding their relevance to in-
nate immune function in the neonatal gut.

Administration of colostrum via esophageal feeder
may have caused different effects on the serum pro-
teome of calves after feeding than those expected after
suckling from the dam or bottle feeding. However, we
are unable to evaluate whether such differences exist.
Finally, we chose to analyze serum samples rather than
plasma samples. Therefore, certain circulating compo-
nents of blood would have been removed due to clotting
of the sample. Here we prioritized being able to better
analyze LAP in the absence of fibrin aggregates at the
cost of detecting proteins involved in coagulation.
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CONCLUSIONS

The intent of the presented work was to explore the
possible differences in Ig transfer, insulin and IGF-I
concentrations, and the serum proteome in calves that
were fed either heat-treated or raw colostrum. Whereas
Ig transfer was unaffected by treatment, a prolonged in-
crease of insulin concentrations after feeding was found
in calves fed heat-treated colostrum that was lower in
colostral insulin. A possible explanation could be the
higher concentrations of the incretin GIP. The serum
proteome differed drastically before and after colostrum
intake, with an increase in the abundance of many non-
Ig immunologically active factors that were also found
in colostrum, suggesting that these could have colostral
origin and contribute to the critical and rapid establish-
ment of immunocompetence of the neonate. Changes
in serum abundance of complement proteins suggest
early activation of the alternative complement pathway.
Fewer differences in abundance of proteins were found
between calves fed raw vesus heat-treated colostrum,
but lower abundance of certain metabolic enzymes were
observed in calves fed heat-treated colostrum.
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