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ABSTRACT

The objectives of this study were to characterize and compare non-volatile polar metabolite profiles
of bovine colostrum, collected within 1 h and at 72 h after parturition, from crossbred Holstein cows
raised in northeastern Thailand. The colostrum serum was characterized and compared using a non-
targeted proton nuclear magnetic resonance (‘H-NMR) technique combined with chemometric analysis.
Results demonstrated that the main effect of post-parturition time provided a significant impact on the
physical properties and major chemical constituents of colostrum, while the influence of farm origin and
sampling month were likely undetectable. The 'H-NMR technique enabled to identify 45 non-volatile
polar metabolites in the samples. Partial least-squares-discriminant analysis (PLS-DA) allowed dis-
crimination of colostrum metabolome not only according to different times after parturition, but also
the origins of the farm as well as sampling months. Differential metabolites were statistically identified
as potential biomarkers accountable for the discrimination. Besides basic nutritive compounds (amino
acids and sugars), several bioactive metabolites such as ascorbate, creatine, carnitine, choline, acetylcar-
nitine, N-acetylglucosamine, ornithine, orotate, and UPD-glucose could be successfully elucidated. Our
finding reveals the application of non-targeted "H-NMR metabolomics as an effective tool to assess the
biomolecular profiles of bovine colostrum and their essential dynamics during the first three days after

parturition.
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INTRODUCTION

Bovine colostrum is a yellowish viscous fluid
secreted by the mammary glands of dairy cattle imme-
diately after parturition. The secretion of colostrum re-
mains through the first three days or up to a maximum
of one week post-partum and precedes the production
of mature milk (McGrath et al., 2016). This initial milk
confers highly digestible nutrients, growth factors, anti-
microbial compounds, and immunologically active com-
ponents, especially a collection of passively acquired
antibodies called immunoglobulins (Ig), which are
essential for the growth and development of newborns
(Godhia & Patel, 2013). These bioactive compounds are
also important for the implication as functional ingredi-
ents in food and nutraceuticals industries (Puppel ef al.,
2019).

The composition of colostrum is considerably dif-
ferent from that of mature milk. It has been documented
that bovine colostrum contains a lower amount of
lactose and higher amounts of fats (polyunsaturated
fatty acids, phospholipids, cholesterol), proteins (casein,

whey proteins, Ig, lactoferrin, and lysozyme), oligosac-
charides, vitamins, minerals, hormones, growth factors,
cytokines, and nucleotides than mature milk (McGrath
et al., 2016; Penchev Georgiev, 2008). Indeed, it should
be mentioned that the compositions of colostrum relied
on several factors, e.g., animal breeds, postpartum
period, lactation cycle, length of the dry period of cows,
animal physiology, animal nutrition, dairy production
management, and environmental factors (McGrath et
al., 2016; Puppel et al., 2019). However, the influence of
these factors on the low molecular weight fraction, i.e.,
metabolite composition of bovine colostrum, is also
interesting and requires further investigation.

Recently, metabolomics has been well recognized
in dairy research (Goldansaz et al., 2017). Different mass
spectrometry (MS)-based, e.g., LC/MS, GC/MS, and
CE/MS, and nuclear magnetic resonance (NMR)-based
analytical platforms have been extensively applied for
comprehensive characterization of small molecular
weight metabolites present in raw and commercial milk
(Foroutan et al., 2019; Goldansaz et al., 2017; Scano et al.,
2019) as well as cheese and yogurt products (Afshari et
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al., 2020; Settachaimongkon et al., 2017). Still, informa-
tion regarding the metabolite profile of bovine colos-
trum and its changes prior to the transition to mature
milk is limited (Goldansaz et al., 2017; Li et al., 2020; Qi
et al., 2018; Zhao et al., 2018). Indeed, to our best knowl-
edge, a metabolomics approach has never been applied
for the characterization of colostrum from cows raised
in tropical countries. This information is essential since
the presence of these metabolites could be substantially
associated with the bioactivity, nutritional property, and
technological application of colostrum produced in the
tropical region.

Therefore, the objectives of this study were to
characterize and compare non-volatile polar metabolite
profiles of bovine colostrum collected within 1 h (day-1)
and at 72 h (day-3) postpartum from two selected dairy
farms located in the northeastern part of Thailand. A
total number of 32 individual cow colostrum samples
were analyzed through a non-targeted 'H-NMR me-
tabolomics approach. Finally, the 'H-NMR-derived
metabolomes of samples were compared by means of
multivariate analysis.

MATERIALS AND METHODS

Ethical Concern, Farm Selection, and Colostrum
Sample Collection

All animal-related protocols have been approved
by Institutional Animal Care and Use Committee
(BIO 00710/2562). The experiment was organized as a
completely randomized design consisting of eight treat-
ments (2 farms x 2 sampling periods x 2 days post-par-
tum) with four biological replicates (individual cows).
With respect to this, two medium-scale dairy farms (65-
90 cows) situated in the northeastern part of Thailand,
i.e,, Pak-Chong District, Nakhon-Ratchasima Province
(14°42'45"N 101°25'19"E) (farm A) and Bamnet-Narong
District, Chaiyaphum Province (15°30'1"N 101°41'11"E)
(farm B) were selected based on their most comparable
farming management and milk quality records dur-
ing the past six months. The distance between the two
farms is ca. 120 km. In each farm, colostrum from four
crossbred Holstein dairy cows (>80% Holstein) milking
for the first lactation cycle, raised in either stall barn or
free ranch, fed with roughages and concentrates (ca. 20%
proteins), were collected in two periods, i.e., October
2018 (period I; four cows) and January 2019 (period II;
four cows). From each cow, 250 mL of colostrum was
collected within 1 h (day-1) and at 72 h (day-3) after
calving. Therefore, a total number of 32 colostrum
samples were included. Samples were frozen and stored
at -35°C until the analysis (within 6 weeks).

Determination of Physical Properties and Major
Chemical Constituents of Colostrum

The pH and titratable acidity of samples were de-
termined according to ISO/IDF (2012) and expressed as
% lactic acid (w/w). Viscosity was determined with an
Alpha series rotational viscometer (V101003, Fungilab,
Barcelona, Spain) using L model for the spindle with a
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shear rate set at 100 rpm at 25°C. Colostrum color was
measured using a chromameter (CR-400/410, Konica
Minolta Sensing, Singapore) and expressed as CIELAB
(L* a*, b*) color space coordinates; where L* was relative
lightness from white to black, a* was relative value from
red to green, and b* was relative value from yellow to
blue (Gross et al., 2014). Major chemical constituents of
colostrum, i.e., fat, protein, lactose, solid not fat (SnF),
and total solids (TS) contents were determined using a
MilkoScan™ FT+ analyzer (FOSS, Hillerged, Denmark).

Sample Preparation and '"H-NMR Analysis

The pH of the colostrum was adjusted to 6.0 us-
ing 1.0 N NaOH. Twenty-five mL of each sample was
diluted 1:1 with milli-Q water (Picone et al., 2018). The
'"H-NMR sample preparation was performed according
to Luangwilai et al. (2021). In brief, lipids were removed
by dichloromethane extraction, and then milk proteins
were removed by ultra-centrifugation and ultra-
filtration through a 3 kDa molecular weight cutoff filter.
The clear serum was mixed 1:1 (v/v) with phosphate
buffer pH 6.0 consisting of 1 mM 3-(Trimethylsilyl)
propionic-2, 2, 3, 3-d4 acid sodium salt (TSP) (Merck,
Darmstadt, Germany) as internal standard. Finally, the
mixture (400 puL) was subjected to a 500 MHz NOESY-
GPPR-1D-'H-NMR spectrometer (Bruker, Rheinstetten,
Germany) (Luangwilai ef al., 2021).

'H-NMR Spectra Processing and Data Acquisition

'H-NMR spectra were corrected, pre-treated,
and processed through binning (0.02 ppm interval)
as described by Luangwilai et al. (2020). Metabolite
identification was performed according to Chenomx
NMR suite 82 library (Chenomx Inc, Canada),
Livestock Metabolome Database (www.Imdb.ca), Milk
Composition Database (www.mcdb.ca), and kinds of
literature (Foroutan et al., 2019; Luangwilai et al., 2021;
Picone et al., 2018; Scano et al., 2019; Zhao et al., 2018).
The sum of signal intensity corresponding to respective
metabolites was expressed in arbitrary units.

Statistical Analysis

ANOVA with multiple comparisons by Tukey’s
test was performed using IBM-SPSS 22.0 statistics
package (SPSS Inc., Chicago, IL, USA). A probability at
p<0.05 was considered statistically significant. 'H-NMR
metabolomics data were normalized before subject-
ing to chemometric analysis (Settachaimongkon et al.,
2014). Heat-map visualization combined with Pearson’s
correlation-based hierarchical clustering (HCA) and
partial least-squares—discriminant analysis (PLS-DA)
was performed using MetaboAnalyst 4.0 software
(www.metaboanalyst.ca). The quality of the model was
expressed by R? (accuracy) and Q? values (predictability)
(Cui et al., 2019). Variable important in projection (VIP)
scores with a value greater than 1.0 were used to screen
out potential biomarker metabolites accountable for the
discrimination (Cui et al., 2019).
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RESULTS

Physical Properties and Major Chemical Constituents
of Colostrum

A significantly lower level of pH was observed in
samples collected on day-1 compared to day-3 post-
partum (p<0.05) (Table 1). In association with pH, a
significantly higher titratable acidity was observed in
samples collected on day-1 compared to day-3 (p<0.05)
postpartum (Table 1). Significant influences of farm and
sampling period on the pH and titratable acidity of co-
lostrum were particularly observed within the group of
samples collected on day-3 postpartum (p<0.05).

The viscosity values (cP) of colostrum samples are
presented in Table 1. Results demonstrated a significant
reduction of viscosity in colostrum collected on day-3
compared to day-1 postpartum (p<0.05). A significant

variation in viscosity was only observed among samples
collected on day-3 postpartum (p<0.05). The influence
of farm and sampling month was remarkably noticed.
Samples collected from farm B exhibited a significantly
higher viscosity compared to those from farm A. In
addition, a significant difference between the two sam-
pling months was only observed in samples collected
from farm B.

For changes in colostrum color, no significant dif-
ference in the L* (lightness) and a* (red-green) values
were observed among colostrum samples (Table 1).
However, the positive b* values (yellowness) were
significantly reduced in samples collected on day-3 com-
pared to day-1 postpartum (p<0.05) (Figure 1). A signifi-
cant influence of farm on the b* values was observed in
samples collected on the same day postpartum (p<0.05).

Regarding the variations in major chemical con-
stituents, no significant difference in the fat content

Table 1. Physicochemical properties and major chemical compositions of bovine colostrum

Day 1 (1 h) after parturition

Day 3 (72 h) after parturition

}()::sgztrrtlilerz Farm A Farm B Farm A Farm B

Period I* Period II** Period I Period II Period I Period II Period I Period II
pH 6.06+0.09¢ 6.09+0.06¢ 6.03+0.07¢ 6.02+0.074 6.35+0.06% 6.43+0.062 6.23+0.13% 6.14+0.05¢
Titratable acidity 0.40+0.042 0.40+0.042 0.42+0.042 0.40+0.022 0.18+0.02¢ 0.18+0.03¢ 0.29+0.08> 0.35+0.05%
(% LA)
Viscosity (cP) 139.98+54.17°>  87.23+55.11%  124.19+39.75® 216.11+27.782 17.81£3.85¢  20.63+14.63¢ 89.18+5.5>  165.54+49.252
CIE coordinates:
Brightness (L*) 60.60+15.00 71.19£13.69 70.65+4.94 71.98+2.88 74.21+4.82 74.30£7.69 72.5616.26 75.30+2.07
Green-red (a*) -2.22+0.87 - 3.60+0.49 -2.28+0.87 -1.62+0.34 -3.22+0.78 -2.83+0.55 -2.31+0.57 -2.54+0.48
Blue-yellow (b%) 15.32+4.59> 14.27+2.700 25.06+3.412 24.93+5.482 5.50+1.66¢ 6.14+2.67¢ 15.04+£3.02>  19.71+4.81®
Fat (%) 5.91+1.19* 6.17+2.05% 5.28+1.27:® 9.34+4.612 3.09+0.770 7.38+5.70% 8.60+4.292 5.78+2.39%
Protein (%) 22.40+3.082 17.69+4.06™ 18.86+2.90°® 17.80+4.76® 5.52+1.084 6.37+1.164 9.45+6.42¢ 13.77+8.20"
Lactose (%) 2.21+0.57%¢ 2.86+0.40" 2.68+0.25% 2.04+0.63¢ 4.61+0.322 4.50+1.302 3.21+0.68° 3.01+0.73%¢
SnF (%) 30.42+2.882 26.60+4.73® 26.42+4.19 29.96+3.192 12.90+1.58¢ 19.24+9.24b  21.73+8.22%%  22.34+10.00%¢
TS (%) 25.61+2.592 21.45+3.75%® 22.32+2.96 21.30+4.59 10.78+0.70¢ 12.32+2.76¢ 13.80+5.98¢ 17.63+7.74b¢

Note: Values are the average from four individual cow samples + SD corresponding to the respective day after parturition, farm, and sampling period.

SnF= solids not fat; TS= total solids; *= Period I corresponds to sampling during October 2018; **= Period II corresponds to sampling during
January 2019. Means in the same row with different superscripts differ significantly (p<0.05).

Farm A-Period I-Day-1 Farm B-Period I-Day-1 Farm A-Period I-Day-3

Farm A-Period II-Day-1

Farm B-Period II-Day-1 Farm A-Period II-Day-3

Farm B-Period II-Day-3

Figure 1. Spectrum of colostrum color in representative samples corresponding to the respective

farm, sampling period, and day after parturition.
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was observed among colostrum samples (Table 1).
However, it was remarkable that the concentration of
proteins significantly decreased while the concentration
of lactose significantly increased in samples collected on
day-3 compared to those of day-1 postpartum (p<0.05).
Fluctuations in these two major components provided
a significant influence on the SnF and TS content of the
samples (p<0.05). Also, a significant influence of farm
on protein, lactose, SnF, and TS contents was noticed
among samples collected on the same day postpartum
(p<0.05).

Identification of Colostrum Metabolites and
Chemometric Analysis

A total of 45 non-volatile polar metabolites were
identified in colostrum samples of this study (Figure 2;
Table 2-3). The quantitative relationships of 'H-NMR
derived metabolomic profiles among samples (n=32) are
shown in Figure 2. The Pearson’s correlation-based den-
drogram revealed that colostrum samples collected on
day-1 (cluster A) and day-3 (cluster B) postpartum could
be grouped into different clusters according to their
'H-NMR derived metabolomic profiles. Results demon-
strated that the majority of metabolites, especially vari-

Cluster A

S

N

[M0D-1d-TId-VwIe
TMoD-ed-TId-guie ]
TMOD-Td-TId- Ve
PMOD-1d-1d-Vire]
£MOD)-1d-TId-gwref
IM0D-1d-1d-gwef
TMOD-1A-TId-guwre ]
TMOD-1d-1d-gue L
£M0D)-1-Id-vuief
£MOD-¢(-TId-gure ]
[MoD-ed-TId-guwie
PMOD-1A-TId-guwie ]
IM0D-1d-1d-gwef
£M0D-1d-TId- Ve
Mo~ 1-1d-guired
PMOD-1d-1d-guwief
IMOD-Td-Id-VWre]
€MOD-1d-TId-gue]
PMOD-1d-TId- Ve

Figure 2. Heat-map visualization

moD-ed-Id-guwre
£Mo)-ed-11d-guref

Cluster B

Day 1 colostrum
Day 3 colostrum

DN NN SN EENES  class

Valerate
Butyrate
Isoleucine
2-aminobutyrate
Isobutyrate
Ethanol
Threonine
Alanine
Leucine
Ornithine
p-hydroxybutyrate
Acetate
N-acetylamino acid
N-acetylglutamate
Acetylcarnithine
Acetone

Valine
Acetoacetate
Proline
Succinate
Citrate
Aspartate
Creatinine
Choline and derivatives
Carnitine

Glucose

Lactose

Galactose

Glycine

Ascorbate

Lactate
Glycerophosphocholine
N-acetylglucosamine
Sugar residue 5.37
1,6-Anhydro-beta-D-glucose
UDP-glucose
UDP-galactose

Orotate

Fumarate

Amino acid residue
Tyrosine

Phenylalanine

Hippurate

Benzoate

Histidine

[M0D)-£d-Id-gue ]
PMOD-¢d-1d-gwref
£M0D-cd-1Id-Vire]
MoD-ed-1d-vue
yMOD-¢d-TId-Vwie
[M0D-¢d-1d-Vihe]
£M0D)-¢d-1d-vuef
PMOD-cd-TId-guwre]
TMoD-¢d-TId-vue
PMOD-€d-1d-Vire]
[M0D-¢d-TId-VwIe

and hierarchical clustering of non-volatile polar metabolite profiles of colostrum

collected from individual cows corresponding to the respective farm (F), sampling month (period; P), and
time after parturition (day; D). Dendrogram represents sample clusters based on Pearson's correlation coeffi-
cient with average linkage. Each square in the heat-map expresses normalized non-volatile polar metabolite
content respected to the color range. The red color indicates higher content of the corresponding compound.
For interpretation of the references to color in this figure, the reader is referred to the web version of this
article or the relative quantification of metabolites in supplementary Table S1.
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ables corresponding to amino acids and organic acids,
were present in high relative abundance (shown in red)
in colostrum samples collected on day-1 postpartum
(cluster A). On the other hand, variables in the sugar
region were present in high relative abundance in the
samples collected on day-3 postpartum (cluster B). The

integrated intensities of all metabolites were expressed
in log,, transformed (arbitrary unit) and statistically
compared using ANOVA (Table 3).

A supervised pattern recognition PLS-DA was
performed to discriminate the 'H-NMR derived me-
tabolomic profiles among colostrum samples (n= 32).

Table 2. Assignment table of the non-volatile polar metabolites present in the 'H-NMR spectra of bovine colostrum

Chemical group Compound name 'H chemical shift, ppm?
Alcohol Ethanol 3.65 (m)b, 1.17 (t)
Amino acid and derivatives Alanine 3.81 (m), 1.47 (d)

Amino acid residues
2-aminobutyrate
Aspartate

Creatine and Creatinine
Glycine

Histidine

Isoleucine

Leucine

N-acetylamino acid
N-acetylglutamate
Ornithine
Phenylalanine

Proline

Tyrosine

Threonine

Valine
1,6-Anhydro-p-D-glucose
Galactose

Carbohydrate and derivatives

Glucose

Lactose
N-Acetylglucosamine
UDP-galactose
UDP-glucose

Sugar residues
Acetone

Acetate

Acetoacetate

Carbonyl compound
Organic acid

Ascorbate

Benzoate

Butyrate

Citrate

Fumarate

Hippurate

B-Hydroxybutyrate

Isobutyrate

Lactate

Orotate

Succinate

Valerate and derivatives
Lipid derivatives Acetyl-carnitine
Carnitine
Choline and derivatives
Glycerophosphocholine

8.23 (m), 8.11 (m), 7.29 (m), 6.85 (m)
3.70 (t), 1.88 (m), 0.96 (t)

3.91(s), 2.80 (m), 2.67(m)

4.07 (s), 3.95(s), 3.05 (s), 3.03(s)

3.55 (s)

8.41 (s), 3.31 (m), 3.29 (m)

3.69 (d), 0.99 (d), 0.93 (t)

3.75 (m), 1.71 (m), 0.97 (t)

2.05 (s), 2.01 (s)

410 (m), 2.22 (t), 2.02 (s), 1.86 (m)

3.78 (t), 3.05 (t), 1.93 )m), 1.82 (m), 1.73 (m)
7.40 (m), 7.32 (d), 3.99 (m), 3.28 (m), 3.12 (m)
3.43 (m), 3.35(m), 2.35 (m), 2.03(m)

6.91 (d), 3.97 (m), 3.20 (m), 3.03 (m)

4.29 (m), 3.85 (d), 1.33 (d)

3.63 (d), 2.25 (m), 1.05 (d), 0.99(d)

5.47 (s), 4.07(d), 3.74 (m), 3.52 (s)

5.29 (d), 4.59 (d), 4.09 (m), 3.81 (m), 3.51 (m)
5.25 (m), 4.65 (d), 3.85 (m), 3.41 (m)

5.23 (d), 4.69 (d), 4.47 (d), 3.97 (m), 3.71 (m), 3.31 (m)
8.03 (d), 5.53 (d), 5.21 (d), 2.09 (s)

5.99 (m), 5.67 (m)

5.61 (d), 4.15 (m)

5.45 (m)

221 (s)

1.93 (s)

2.27 (s)

451 (d), 3.75 (m)

7.89 (d), 7.55 (d)

2.17 (t), 1.55 (m), 0.89 (t)

2.71 (d), 2.55 (d)

6.53 (s)

8.52 (s), 7.83 (d), 7.59 (m)

0.89 (t)

2.35 (m), 1.05 (d)

4.13 (m) 1.35 (d)

6.19 (s)

243 (s)

3.85 (m), 2.37 (s), 2.03 (m), 1.29 (m), 0.85 (t)
5.61 (m), 3.17 (s), 2.15 (s)

3.23 (s), 3.43(d), 3.47 (d)

3.23(s), 3.19 (s)

431 (m), 3.61 (m), 3.23 (s)

Note: ®Chemical shift values are referenced to TSP signal (0.00 ppm) at pH 6.00; PLetters indicate singlet (s), doublet (d), triplet (t), and multiplet (m)

multiplicity of 1H-NMR peaks, respectively.
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Table 3. Presumptive non-volatile polar metabolites identified in bovine colostrum using a high resolution NOESY-1D-1H-NMR

spectroscopy (500 MHz)
Day 1 after parturition Day 3 after parturition
Cr}:)e;mical Compound Farm A Farm B Farm A Farm B
group Period I*  Period II**  Period I Period II Period I Period II Period I Period II
Alcohol Ethanol 6.89+0.09°  6.54+0.27*  6.89+0.27* 6.71+0.13®® 5.72#0.37¢  5.72+0.26° 5.71+0.77¢  6.13+0.78%
Amino Alanine 6.90+0.05*  6.65+0.17°*  6.97+0.20*  6.81+0.03" 6.01+0.11¢  6.00+0.14¢  6.19+0.41  6.46+0.31>
aCiSiS ar.1d Amino acid residue 8.64+0.02*  8.47+0.08"  8.67+0.05* 8.61+0.05° 8.04+0.11¢  7.98+0.13 8.11+0.36°  8.21+0.38"
derivatives 5 minobutyrate 625:0.13° 5.65:0.63" 6.17:049° 596:020%  477:039° 4.86+0.44° 5310.48% 5.67+0.44%
Aspartate 6.73+0.05°  6.58+0.14*  6.83+0.09*  6.74+0.07° 5.80+0.11¢ 5.77+0.18¢  6.13+0.40°  6.36+0.34>
Creatinine and Creatine ~ 7.07+0.08®  6.98+0.14®  7.21+0.13* 7.11+0.08* 6.24+0.12¢  6.23+0.05¢  6.60+0.32¢  6.84+0.31>
Glycine 6.14+0.30°  5.76+0.32®  6.12+0.49* 5.51+0.42" 5.05+0.13  5.03+0.44° 5.46x0.18* 5.75+0.46™
Histidine 7.52+0.05* 7.28+0.11°* 7.52+0.03* 7.47+0.07° 6.60+0.16«  6.39+0.32¢  6.77+0.481  6.99+0.41"
Isoleucine 6.87+0.12*°  6.24+0.58"  6.80+0.44* 6.55+0.24° 5.46+0.29°  5.23+0.80° 5.69+0.87"  6.29+0.43
Leucine 7.41x0.0°  7.2140.17°  7.54+0.22* 7.37+0.05% 6.6240.10°  6.58+0.23°  6.85+0.29%  7.03+0.26%
N-acetylamino acid 6.96+0.23*  6.71x0.30°  6.82+0.32® 6.67+0.08°  6.54+0.28® 6.46+0.22° 6.66+0.47  6.93+0.09°
N-acetyl glutamate 6.30+0.18°  6.11+0.28®  6.45+0.26° 6.27+0.05® 5.53+0.15¢ 5.49+0.16° 5.52+0.52°  5.99+0.37*
Ornithine 7.07£0.08*  6.91+0.17**  7.22+0.21*°  7.07+0.04* 6.23+0.10¢  6.24+0.27¢  6.41+0.40¢  6.68+0.28>
Phenylalanine 7.55+0.10 7.62+0.09 7.54+0.11  7.55+0.11 7.49+0.15  7.51+0.11  7.49+0.17 7.37+0.35
Proline 7.18+0.06°  6.98+0.18"  7.28+0.18*  7.14+0.03" 6.31+0.14¢  6.33+0.13¢  6.55+0.37  6.81+0.33>
Threonine 6.46x0.07°  6.14+0.25*  6.49+0.23*  6.32+0.11° 5.07+0.53 5.26+0.29° 5.07+1.13"  5.76+0.69%
Tyrosine 7.57+0.03* 7.33+0.13c  7.59+0.06 7.53+0.07°® = 6.64+0.19¢ 6.23+0.75¢ 6.55+0.74¢  6.83+0.72"
Valine 6.66x0.09°  6.37+0.29*  6.70£0.26*>  6.51+0.11° 5.66+0.26° 5.66+0.22° 5.69+0.63"  6.13+0.58®
Carbohydrates 1,6-Anhydro-3-D- 7.30+0.06°  7.05+0.11*  7.28+0.11*  7.23+0.10° 6.85+0.09" 6.71+0.23"  6.18+1.02°>  7.07+0.24°
and glucose
derivatives Ascorbate 7.02+0.59®  6.98+0.44" 6.58+0.83" 6.28+0.64° 7.02+0.24® 6.97+0.18" 7.14+0.50*  7.39+0.03*
Galactose 7.84+0.60 8.00+0.10 8.09+0.15  7.96x0.07 8.09+0.05  8.05£0.11  7.92+0.06 8.24+0.33
Lactose 9.19+0.14°  9.29+0.10°  9.21+0.03°  9.21+0.08¢ 9.45+0.03® 9.45+0.04® 9.45+0.10°®  9.50+0.22*
Glucose 9.18+0.14°  9.29+0.10°  9.21+0.03°  9.21+0.08° 9.45+0.03® 9.45+0.04® 9.45+0.10°®  9.50+0.22°
N-acetylglucosamine ~ 10.34:0.04 10.38:0.01 10.34:0.05 1037:0.04  10.37:0.03 10.32+0.10 10.37+0.04 10.40£0.03
Sugar residue 7915013  7.64+0.11% 7.86+0.16® 7.80+0.16®  7.63:0.08® 7.49+0.20° 7.14+0.46° 7.77+0.29%
UDP-galactose 8.16:0.04* 8.07:0.04% 8.18+0.06° 8.14+0.04°  7.66:0.06° 7.60+0.17° 7.68+0.31¢  7.92+0.17°
UDP-glucose 7.85:0.11°  7.620.09%  7.80:0.16" 7.72¢0.07°  7.35:0.18* 7.210.25° 7.35:0.35%  7.66x0.12°
Carbonyl Acetone 6.41:0.09% 6.18:026® 6.49+0.24° 632+0.08°  556:0.20° 550:0.16¢ 5.710.44%  6.06+0.39"
compounds
Lipid Acetyl carnitine 6.40+0.13*  6.24+0.21°°  6.52+0.22*  6.38+0.04° 5.84+0.07¢ 5.86+0.15° 5.95+0.37*c  6.25+0.25%
derivatives Carnitine 6.60+0.11"  6.51+0.13®  6.74+0.11°  6.66+0.09*° 5.64+0.14¢ 5.67+0.10¢  6.01+0.40°  6.32+0.36>
Choline and derivatives  7.04+0.15®  7.05+0.15®  7.2620.17°  7.17+0.08* 6.24+0.09¢  6.32+0.06¢  6.65+0.32°  6.91+0.33"
Glycerophosphocholine  6.64+0.20*°  6.59+0.24°  6.45+0.46® 5.65+1.45" 6.42+0.10® 6.47+0.11* 6.70+0.23*  6.87+0.11*
Organic acids ~ Acetate 6.78+0.03"  6.59+0.12°>  6.87+0.11*  6.75+0.01° 5.99+0.13< 597+0.18° 6.11+0.37°  6.40+0.25"
:lrélc‘livatives Acetoacetate 6.45+0.07  6.22+0.25®  6.52+0.22°  6.37+0.08® 5.60+0.22¢  5.55+0.14¢ 5.73+0.45  6.08+0.40>
Benzoate 8.11+0.05*  7.93+0.10°  8.21+0.04* 8.13+0.04° 7.27+0.11%  7.19+0.24° 7.50+0.361  7.70+0.25>
Butyrate 6.51+0.13*  5.86+0.60°  6.35+0.64* 6.11+0.31°° 5.06+0.39  4.94+0.64° 5.45+0.69*c 5.91+0.44*
Citrate 7.59+0.04* 7.41+0.14* 7.69+0.11* 7.58+0.05 6.70+0.13¢  6.69+0.17¢  6.98+0.37<¢  7.19+0.33
Fumarate 7.00+0.05*  6.66+0.17°*  6.85+0.14" 6.74+0.10°®  6.54+0.10 6.44+0.10® 6.29+0.83">  6.46+0.63"
Hippurate 8.28+0.02*  8.08+0.11°*  8.33+0.05* 8.27+0.06" 7.47+0.12¢  7.31+0.28¢ 7.60+0.48  7.79+0.42°
B-hydroxybutyrate 6.98+0.08*  6.77+0.20"  7.09+0.23*  6.93+0.03" 6.08+0.11¢  6.10+0.24¢  6.19+0.48  6.54+0.33
Isobutyrate 6.56+0.13"  6.09+0.48"  6.51+0.45* 6.30+0.21° 5.23+0.26° 5.14+0.61° 5.63+0.43*  5.95+0.50*
Lactate 6.60+0.16°  6.11+0.67*°  6.36+0.59*  6.08+0.43* 6.04+0.15*  6.24+0.19°  6.34+0.29°  6.59+0.25°
Orotate 8.29+0.06®  8.28+0.09® 8.27+0.03®  8.23+0.05° 8.38+0.10°  8.30+0.07°® 8.29+0.09®  8.25+0.08"
Succinate 6.95+0.04®  6.78+0.15>  7.08+0.18*  6.95+0.02% 6.10+0.12°  6.15+0.15° 6.38+0.33%  6.60+0.29%¢

Valerate and derivatives ~ 7.30+0.11*  6.80+0.46" 7.27+0.37%° 7.04+0.19® 5.99+0.21¢  5.91+0.48¢ 6.33+0.46*  6.69+0.50>

Note: Metabolite contents are expressed as log10 [peak area of respective compound in arbitrary unit].
Values are the average from four individual cow samples + SD corresponding to the respective day after parturition, farm, and sampling period.
Superscript letters (a-e) indicate significant difference (P < 0.05) among sample means within the same row.
*  Period I corresponds to sampling during October 2018.
** Period II corresponds to sampling during January 2019.
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An overall PLS-DA score plot was constructed based on
the first two components with R*= 0.703 and Q*= 0.628
(Figure 3A). A good distinction was observed between
colostrum samples collected on day-1 (marked in red)
and day-3 (marked in green) postpartum along with
component 1 (76.42% variance). VIP scores indicated
that high relative abundances of threonine, isoleucine,
tyrosine, ethanol, iso-butyrate, valerate, butyrate, valine,
and histidine were accountable for the discrimination
of colostrum collected on day-1 postpartum. On the
other hand, high relative abundances of lactose, glucose,
ascorbate, glycerol-phosphocholine, galactose, and
orotate were accountable for the discrimination of co-
lostrum collected on day-3 postpartum. The integrated
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intensities of these potential biomarker metabolites,
expressed in log  transformed values (arbitrary unit),
were compared through a box-whicker plot summary
(Figure 3C).

For evaluating the main effect of farm and sam-
pling month, two separated PLS-DA score plots were
constructed for distinguishing the "H-NMR derived me-
tabolomic profiles within the group of day-1 postpartum
samples (n=16) with R?>= 0.451 and Q*= 0.124 (Figure 4A)
and day-3 postpartum samples (n= 16) with R*= 0.633
and Q%= 0.295 (Figure 4B). Within the group of day-1
postpartum samples, the influence of sampling month
on non-volatile metabolite profiles of colostrum was
notably observed in samples collected within the same
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PLS-DA score plot (panel A) and VIP scores (panel B) for an overall comparison of non-volatile metabolite profiles of

colostrum samples collected from individual cows in farm A during period I (October 2018; @), farm A during period II

(January 2019; &), farm B during period I (October 2018; M), and farm B during period II (January 2019; E

). Box-whisker

plots of comparative quantification of potential biomarker metabolites (log [peak area of respective compound in arbi-
trary unit]) responsible for discrimination between colostrum samples collected on day-1 (M) and day-3 (M) postpartum
(panel C). The lower and upper edge of the box denote 25" and 75" percentile of observation, respectlvely, the bold line
within box denotes median value; the yellow-spot within box denotes average value; whiskers denote 5" and 95' percen-
tiles. For interpretation of the references to color in this figure, the reader is referred to the web version of this article and
the relative quantification of metabolites in supplementary Table S1.
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farm. This effect remained consistent for the two farms.
It was remarkable that the difference between farms was
less pronounced in samples collected in period I. In oth-
er words, a distinct pattern between farms was clearly
noticed among samples collected in period II. Within
the group of day-3 postpartum samples, the influence
of farm and sampling month on non-volatile metabolite
profiles of colostrum was unlikely pronounced in sam-
ples of farm A and those collected in period I of farm
B. It was remarkable that the non-volatile metabolite
profile of samples collected in period II of farm B were
completely distinguished from other groups.

DISCUSSION
It has been documented that the pH of bovine

colostrum is low initially (6.0-6.3) and increases progres-
sively to the level of mature milk (6.6-6.8) (McGrath et
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lite profiles of colostrum samples collected from in-
dividual cows in farm A during period I (October
2018; @), farm A during period II (January 2019; &),
farm B during period I (October 2018; W), and farm
B during period II (January 2019; ). For interpre-
tation of the references to color in this figure, the
reader is referred to the web version of this article.
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al., 2016; Tsioulpas et al., 2007). The range of colostrum
pH and titratable acidity observed in this study and
their substantial changes from day-1 to day-3 post-
partum (Table 1) were in agreement with the literature
(McGrath et al., 2016; Tsioulpas et al., 2007). Regarding
rheological property, our results demonstrated a sig-
nificant decrease in the viscosity of colostrum with time
postpartum (Table 1). A positive correlation between
the decrease in colostrum viscosity and the reduction
of proteins and immunoglobulin (IgG) contents with
time postpartum has been reported (Ceniti et al., 2019;
McGrath ef al., 2016). The CIE L*a*b* color coordinate
results demonstrated that the yellowness (+b*) of co-
lostrum samples significantly decreased over the first
3 days postpartum (Table 1). This finding corresponds
with the work of Madsen et al. (2004) and Calderén
et al. (2007), who described that the color of colostrum
became less yellow with time after calving due to the
decline in carotenoids, lutein, and (-carotene contents.
Interestingly, we only found a significant impact of the
farm on the pH, titratable acidity, viscosity, and color
range of colostrum samples collected on day-3 postpar-
tum (Table 1). Variations in these physical properties
could be attributed to various factors in the dairy pro-
duction system (Calderon et al., 2007; Dunn et al., 2017;
Madsen et al., 2004; McGrath et al., 2016). Practically,
these physical parameters are widely used to assess the
quality of colostrum, especially in relation to the immu-
noglobulins concentration (Dunn et al., 2017; Madsen et
al., 2004; McGrath et al., 2016).

The concentration of fat, proteins, and lactose of
colostrum samples in this study was compliant with the
ranges reported in kinds of literature (Godhia & Patel,
2013; McGrath et al., 2016; Puppel et al., 2019). It is well
documented that colostrum contains a significantly
higher content of proteins (ca. 14.9%), especially IgG,
IgM, and IgA, than mature milk (ca. 3.2%) (McGrath et
al., 2016). The higher level of this passive immunity in
the colostrum allows the calves to defend against dis-
eases and harsh environments. However, the concentra-
tion of these immunoglobulins declines rapidly after
parturition resulting in a sharp decrease in total protein
content (Madsen et al., 2004; Puppel et al., 2019). Our
results confirm the significantly higher protein content
in samples collected on day-1 compared to day-3 post-
partum. In contrast, a significant increase in lactose
concentration was noticed in samples collected on day-3
postpartum (Table 1). This result is in agreement with
several authors who reported a low level of lactose in
early colostrum after parturition (ca. 2.5%) followed by
a steady increase to the level of mature milk (ca. 4.5%)
(Madsen et al., 2004; Tsioulpas et al., 2007). Since lactose
is an osmoregulatory responsible for the influx of
water into milk, a low level of this sugar results in less
water excretion with less water and therefore generates
low milk yield with extremely viscous characteristics
(McGrath et al., 2016). Accordingly, physical properties,
i.e.,, specific gravity, density, and viscosity of colostrum,
can be affected (Ceniti et al., 2019; McGrath et al., 2016).
The significant rise in lactose and decline in protein
content during the first 3 days postpartum found here
have well corresponded with the decrease in viscos-
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ity of samples discussed earlier. Similar to the physical
property results, a significant impact of the farm on the
major chemical constituents of colostrum was only ob-
served within the group of samples collected on day-3
postpartum (Table 1). Besides the gross composition,
colostrum also contains various small molecular weight
metabolites, which are also important to stimulate the
growth and promote the health of newborns.

Recently, '"H-NMR has been broadly applied in me-
tabolite profiling of colostrum, milk, and dairy products
(Scano et al., 2019). The list of metabolites identified in
this study (45 compounds) is comparable with those
detected in bovine, sow, and human colostrum in other
publications using a 'H-NMR platform (500-600 MHz.)
(Luise et al., 2020; Picone et al., 2018; Wu et al., 2016;
Zhao et al., 2018). As expected, variability in the detected
metabolites was however observed among studies.
The reasons may be due to the impact of animals and
environmental factors on the nature of samples, as well
as NMR sample preparation methods, that can induce
significant alterations in the metabolome of colostrum
(Denholm et al., 2018; Puppel et al., 2019). HCA and PLS-
DA patterns confirm a complete distinction between
metabolite profiles of the samples collected on day-1
and day-3 postpartum (Figure 2-3). It should be men-
tioned that most of the metabolites were present in high
relative abundance in samples collected on day-1 post-
partum (Figure 2; Table 3). Of these, five amino acids,
i.e., threonine, isoleucine, tyrosine, valine, and histidine,
were identified as biomarker metabolites accountable
for the discrimination with the highest VIP scores and
p<0.05 (Figure 3B). The high abundance of these me-
tabolites is in agreement with previous works on the dy-
namics of amino acid profile in colostrum of dairy cattle
(Csapo et al., 2012; Kracémar et al., 2007; Li et al., 2020),
goat (Krac¢mar et al., 1999), camel (Kamal et al., 2007), as
well as human (Zhang et al., 2013). From a nutritional
viewpoint, threonine can promote the growth and de-
velopment of infants and enhance immunity and the
development of lymphocytes (Li et al., 2020). Isoleucine
and valine are branched-chain essential amino acids that
participate in up-regulating innate and adaptive im-
mune responses and enhance muscle protein synthesis
(Zhang et al., 2017). Tyrosine is an essential precursor in
the biosynthesis of various neurotransmitters. Histidine
participates in the development of the infant nervous
system (Li et al., 2020). The presence of amino acids in
a high relative abundance could be associated with the
high total protein content in day-1 samples as discussed
earlier. Besides amino acids, iso-butyrate, valerate, and
butyrate were also identified as biomarker metabolites
accountable for the discrimination between samples
collected on day-1 and day-3 postpartum (VIP > 1.0;
p<0.05) (Figure 3B). These volatile fatty acids are derived
from rumen fermentation and directly affect milk fat
biosynthesis capacities in the udders (O’Callaghan et al.,
2020). The function of butyrate to enhance calf growth
and intestinal development has been well acknowledged
(Gérka et al., 2018; O’Callaghan et al., 2020). Moreover,
we found a positive correlation between high proteins
in day-1 colostrum with choline, N-acetyl glucosamine,
N-acetyl galactosamine, and creatinine (Figure 2; Table

3) as also reported in mature milk by Sundekilde et al.
(2014). Nevertheless, inconsistent changes in isoleucine,
histidine, and butyrate in bovine colostrum during the
first week postpartum were reported in several works
(Cui et al., 2015; Meklati et al., 2019; O’Callaghan et al.,
2020; Zandoki et al., 2006). This contradiction may be
attributed to variations among animals, experimental
environments, and detection methods. Besides the me-
tabolites rich in the first day colostrum, lactose, glucose,
galactose, ascorbate, glycerol-phosphocholine, orotate,
and lactate were present in significantly or likely higher
concentration in samples collected on day-3 postpartum
(Figure 2-3; Table 3). The high level of sugars noticed
here corresponds well with the high content of lactose
discussed earlier in the gross composition analysis.
Glycerophosphocholine is formed during the break-
down of phosphatidylcholine to attain fatty acids for
the synthesis of milk triglycerides and phospholipids
(Klein et al., 2012). Orotate (vitamin B-13) is a compound
derived from pyrimidine metabolism (Robinson, 1980),
which greatly contributes to the somatosensory flavor
profiles of liquid milk products (Potts & Peterson,
2019). Our results successfully revealed time-dependent
changes in the metabolome of bovine colostrum, with
differential biomarker metabolites, during the first three
days after calving. Moreover, it should be mentioned
that the mammary gland secretes diverse components
via (i) direct transfer of components from the maternal
bloodstream into mammary secretions in the first
colostrum after calving and thereafter (ii) through the
local synthesis in milk secreting cells with the increased
time postpartum (McGrath ef al.,, 2016). Therefore, the
trends increase or decrease of each metabolite measured
could be suggested whether the compound is secreted
by the milk epithelial secreting cells or either enter to
the lumen by transportation from the bloodstream or
possibly generated by other non-mammary gland cells.
For example, the abundance of free amino acid levels
in the fisrt day colostrum could be attributed to the fa-
cilitated diffusion through epithelial cells via amino acid
transporters together with the higher levels of proteases,
which generate free amino acids and peptides from milk
protein hydrolysis, in early colostrum compared to tran-
sient milk (Li et al., 2020; McGrath et al., 2016).

The main effects of farm and sampling month on
non-volatile metabolite profiles of colostrum collected
at the same time postpartum are presented in Figure 4.
Although no significant change in the physical property,
with an exception for the yellowness (*b), and major
chemical constituents was observed among samples
collected on day-1 postpartum (Table 1), variations in
their metabolite profiles influenced by farm origin and
sampling month were remarkably revealed by PLS-
DA (Figure 4A). On day-3 postpartum, the metabolite
profiles of samples from farm B during sampling pe-
riod II were completely distinguished from other groups
(Figure 4B). The PLS-DA pattern highlighted their
exclusive non-volatile metabolite profiles further than
their physical properties and major chemical constitu-
ents (Table 1). Future research focusing on the effect of
these parameters on colostrum metabolome, especially
in tropical dairy farming environments, could be of
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great interest. Although variations in milk composition
associated with the origin of the farm (many factors
involved) and sampling period (milking time, seasons,
and climate) have been well acknowledged (Promket
et al., 2020; Puppel et al., 2019), available data of these
effects on the overall metabolite profile or molecular fin-
gerprint of colostrum is rather limited. This information
could help to suggest directions for improving dairy
management to achieve the desired colostrum quality.

Our findings support the effectiveness of using
non-targeted 'H-NMR metabolomics to investigate the
influence of time after parturition, farm origin, as well as
sample collecting month on the molecular fingerprints
of bovine colostrum. In addition to basic nutritive com-
pounds (amino acids and sugars), several bioactive me-
tabolites such as ascorbate, creatine, carnitine, choline,
acetylcarnitine, N-acetylglucosamine, ornithine, orotate,
and UPD-glucose could also be elucidated (Figure 2;
Table 3). This result suggests that colostrum metabolite
profiles should be essentially deliberated from a nutri-
tional point of view. Since bovine colostrum has been
recently introduced as feed supplements and functional
ingredients in food and nutraceuticals industries, the
identified differential metabolites may serve as poten-
tial biomarkers for a quality control purpose, besides
the amount of gross composition and antibody, in the
future.

CONCLUSION

In the present study, non-volatile polar metabolite
profiles of bovine colostrum collected during the first
three days after parturition were characterized and
compared using a non-targeted 'H-NMR metabolomics
approach. A total of 45 metabolites were identified.
The post-parturition time provided a significant impact
on the metabolome of colostrum. Dynamic changes in
certain nutrients and bioactive metabolites were signifi-
cantly observed between colostrum collected on the first
and third day postpartum. In addition, the influence of
farm origin and sampling month on the metabolome
of colostrum could be revealed by the chemometric
analysis.
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