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ABSTRACT

Prebiotics are nondigestible dietary ingredients, usu-
ally oligosaccharides (OS), that provide a health benefit 
to the host by directly modulating the gut microbiota. 
Although there is some information describing OS con-
tent in dairy-source milk, no information is available 
to describe the OS content of beef-source milk. Given 
the different trait emphasis between dairy and beef for 
milk production and calf survivability, it is plausible 
that OS composition, diversity, and abundance differ 
between production types. The goal of this study was 
to compare OS in milk from commercial dairy and beef 
cows in early lactation. Early-lactation multiparous 
cows (5–12 d in milk) from 5 commercial Holstein dairy 
herds and 5 Angus or Angus hybrid beef herds were 
sampled once. Milk was obtained from each enrolled 
cow and frozen on the farm. Subsequently, each milk 
sample was assessed for total solids, pH, and OS con-
tent and relative abundance. Oligosaccharide diversity 
and abundance within and between samples was trans-
formed through principal component analysis to reduce 
data complexity. Factors from principal component 
analysis were used to create similarity clusters, which 
were subsequently used in a multivariate logistic regres-
sion. In total, 30 OS were identified in early-lactation 
cow milk, including 21 distinct OS and 9 isomers with 
unique retention times. The majority of OS detected in 
the milk samples were present in all individual samples 
regardless of production type. Two clusters described 
distribution patterns of OS for the study sample; when 
median OS abundance was compared between the 2 
clusters, we found that overall OS relative abundance 
was consistently greater in the cluster dominated by 
beef cows. For several of the structures, including those 
with known prebiotic effect, the difference in abun-

dance was 2- to 4-fold greater in the beef-dominated 
cluster. Assuming that beef OS content in milk is the 
gold standard for cattle, it is likely that preweaning 
dairy calves are deprived of dietary-source OS. Al-
though supplementing rations with OS is an approach 
to rectify this deficiency, understanding the health and 
productivity effects of improving OS abundance being 
fed to preweaning calves is a necessary next step before 
recommending supplementation. These studies should 
account for the observation that OS products are vari-
able for both OS diversity and structural complexity, 
and some products may not be suitable as prebiotics.
Key words: oligosaccharides, dairy, beef, milk, 
prebiotics

INTRODUCTION

Diarrhea is a significant cause of morbidity and mor-
tality in dairy calves (USDA, 2010, 2012), and there is 
considerable interest in approaches to reduce this dis-
ease. One idea is to affect the intestinal microbiota via 
the use of prebiotics to support and improve gut health 
(Barile and Rastall, 2013). Prebiotics are nondigestible 
dietary ingredients, usually oligosaccharides (OS), that 
provide a health benefit to the host by modulating the 
gut microbiota (Gibson et al., 2010; Barile and Rastall, 
2013; Rastall and Gibson, 2015).

Studies of human infant intestinal microbiota have 
reported that infants exclusively fed breast milk de-
velop a different bacterial profile from that of infants 
receiving formula milk (Harmsen et al., 2000; Jost et 
al., 2012; Azad et al., 2013). The difference is the rela-
tive dominance of anaerobic bacteria, with Bifidobac-
terium spp. being dominant in breast-fed infants and 
Bifidobacterium spp. sharing dominance with Bacteroi-
des spp. in formula-fed infants (Harmsen et al., 2000). 
The dominance of putative health-beneficial bacteria 
such as Bifidobacterium spp. in the infant microbiome 
is driven by their ability to metabolize a variety of OS 
structures found in mammalian milk (Jost et al., 2012; 
Ruiz-Moyano et al., 2013). Humans lack enzymes to 
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digest OS; consequently, these molecules pass to the 
hindgut where they promote growth of Bifidobacte-
rium spp. that metabolize OS into short-chain fatty 
acids that are utilized by the host. Oligosaccharides 
in human milk are produced in the mammary gland, 
where 5 types of monosaccharides—glucose and galac-
tose (hexose, Hex), N-acetylglucosamine (GlcNAc), 
fucose (Fuc), and sialic acid (N-acetylneuraminic acid, 
NeuAc)—are added to a lactose core by action of spe-
cific glycosyltransferases. The 5 monosaccharides that 
comprise OS are attached in various ways through at 
least 12 possible linkages, resulting in many possible 
structural combinations (Smilowitz et al., 2014).

Significant analytical efforts have generated a human 
milk OS library with over 200 entries and 100 fully 
elucidated structures (Wu et al., 2011, 2010). In con-
trast, information about OS in bovine colostrum is still 
developing, although over 40 OS structures have been 
described (Tao et al., 2008; Barile et al., 2010; Mariño et 
al., 2011). Recent studies have identified 13 OS in bovine 
milk that overlap with OS structures found in human 
milk, including several fucosylated OS (Aldredge et al., 
2013; Albrecht et al., 2014). The structural complexity 
of OS is a key factor determining their selective prebi-
otic activity. In particular, the monosaccharide sialic 
acid is crucial to the ability of OS to enrich beneficial 
bacteria while being less than ideal substrates for unde-
sirable and pathogenic bacteria (Sela et al., 2011; Lane 
et al., 2012; Pacheco et al., 2015). Based on the high 
structural homology of several bovine acidic and neu-
tral OS with human milk OS molecules, we predict that 
a similar activity will be demonstrated in bovine milk. 
All of the work describing OS in bovine milk is focused 
on dairy cattle and relatively few animals are included 
in these studies (Tao et al., 2008; Barile et al., 2010). 
Bovine milk has a lower abundance of OS compared 
with bovine colostrum and several structures remain 
to be elucidated (Tao et al., 2008). Oligosaccharides in 
animal milk also contain N-acetylgalactosamine (Gal-
NAc) besides GlcNAc; therefore, the monosaccharide is 
referred to as N-acetylhexosamine (HexNAc), which is 
comprehensive of both the galactose and glucose modi-
fied form. Additionally, animal milk contain a second 
form of sialic acid, known as N-gylcolylneuraminic acid 
(NeuGc). Similar to what is observed for human milk 
(Niñonuevo et al., 2008), OS abundance and structure 
are heterogeneous between dairy animals and breeds 
(Tao et al., 2009) and change over the course of lacta-
tion (Barile et al., 2010; Sundekilde et al., 2012). No 
information is available about the OS content of beef 
cow milk. Given the different trait emphasis between 
dairy and beef for milk production and calf survivabil-
ity, it is plausible that OS composition, diversity, and 

abundance differ between production types. The goal of 
this study was to compare OS in milk from commercial 
dairy and beef cows in early lactation. Our hypothesis 
was that early-lactation beef cows will have a more 
abundant and diverse OS population compared with 
dairy cows in early lactation.

MATERIALS AND METHODS

Herd Selection

Five commercial Holstein dairy herds and 5 Angus 
or Angus hybrid beef herds were recruited as a con-
venience sample. The herds were all from Washington 
State and enrolled in the study between January and 
April 2014.

Animal Enrollment

From each enrolled herd, 5 to 8 multiparous cows 
between 5 and 12 d postcalving were identified and 
sampled with the help of on-farm personnel. Cows 
with overt clinical evidence of disease, history of recent 
antibiotic treatments, or reported with dystocia were 
excluded from the study. All experimental procedures 
involving cows were approved by the Washington State 
University, Office of Research, Institutional Animal 
Care and Use Committee (04497-002).

Demographic Data and Biological Sample Collection

The identification of each enrolled cow was collected 
along with demographic data including age or parity, 
production type (beef or dairy), body condition, and 
calving information. Body condition scoring for dairy 
cows was based on a score between 1 and 5 (Ferguson et 
al., 1994), and that for beef cows was based on a score 
between 1 and 9 (http://beef.unl.edu/learning/condi-
tion1b.shtml). For most beef herds, age was estimated 
by herd owner. Information describing herd-level feeds 
was collected for each farm.

From each cow, a 10- to 20-mL composite milk sample 
was aseptically collected. Before the sample was collect-
ed, the cow’s teat ends were cleaned and disinfected. 
Then, after discarding any milk in the teat canals and 
1 to 2 mL of cisternal milk, approximately 4 mL of milk 
was collected into a sterile screw-cap tube from each 
quarter and mixed to create a single composite sample 
per cow. From this sample, a 4-mL aliquot was imme-
diately transferred to another tube. The larger volume 
sample was directly placed in a container with dry ice 
for transport to the laboratory. The smaller sample was 
used for an evaluation of pH and total solids. Once milk 

http://beef.unl.edu/learning/condition1b.shtml
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samples arrived at the laboratory, they were stored at 
−80°C. A 10-mL blood sample was also obtained from 
each enrolled cow via the coccygeal vein into a serum 
tube.

Milk Quality Assessments

Quality assessment for total solids used a Brix re-
fractometer as described by Moore et al. (2009). Brix 
measures were converted to percent solids using the 
following equation: percent solids = 0.997 × Brix value 
+ 2.077. We determined pH using a pH meter.

Assessing Serum BHB

From the blood samples, BHB was analyzed using 
the cowside Precision Xtra BHB measuring system 
(Abbott Laboratories, Abbott Park, IL). The test is a 
strip-based rapid system that requires a drop of blood 
to analyze BHB. Results were reported in millimoles 
per liter.

Oligosaccharide Purification

For oligosaccharide purification, 0.5-mL milk samples 
were diluted with an equal amount of nanopure water 
(Milli-Q purified water, 18.2 MΩ∙cm at 25°C, EMD Mil-
lipore, Billerica, MA) and defatted by centrifugation at 
14,000 × g for 30 min at 4°C. The skim milk was col-
lected and treated with 4 volumes of 2:1 (vol/vol) chlo-
roform: methanol. Samples were centrifuged at 4,255 
× g for 30 min at 4°C and the upper methanol layer 
was collected. To precipitate the protein, 2 volumes of 
cold ethanol were added to the skim milk, stored in 
the freezer for 1 h, and the samples were centrifuged at 
4,255 × g for 30 min at 4°C. Protein-free supernatant 
was collected and dried overnight in a vacuum centri-
fuge at 37°C (Quattro miVac SpeedVac, Genevac Tech-
nology, Ipswich, UK). Dried samples were rehydrated 
with 0.5 mL of nanopure water. Oligosaccharides were 
reduced to alditols by adding 0.05 mL of 1 M sodium 
borohydride (NaBH4) and incubated at 65°C for 1 h. 
This step is used to avoid peak splitting [due to the 
separation of anomers on the porous graphitized carbon 
(PGC) column] and thus to facilitate automated peak 
assignments with the library after mass spectrometry 
analysis. To purify OS, samples were loaded on a PGC 
solid-phase extraction plate (Glygen, Columbia, MD) 
that was activated by washing 3 times with 100 μL 
of 80% acetonitrile containing 0.1% trifluoroacetic in 
water followed by 3 washings with 100 μL of nanopure 
water. The temperature of the centrifuge was set to 
23°C and the speed was adjusted to 241 × g for each 

run. After loading the samples, wells were washed 6 
times with 200 μL of nanopure water, and OS were 
eluted 3 times with 40% acetonitrile containing 1% 
trifluoroacetic acid in water. The concentrated OS were 
dried in vacuum centrifuge at 35°C. Dried samples were 
rehydrated in 50 µL of water, vortexed, sonicated, and 
vortexed again (for 20, 15, and 15 min, respectively).

Analysis of Oligosaccharides

Before MS analysis, concentrated OS were diluted 
100 times with nanopure water and spiked with 2 
µL of 2-fucosyllactose standard solution (1 mg/mL). 
The diluted samples were injected in an Agilent 6520 
accurate-mass quadrupole time of flight (Q-TOF) 
liquid chromatograph/mass spectrometer with a mi-
crofluidic nano-electrospray chip (Agilent Technolo-
gies, Santa Clara, CA) and processed according to a 
previously published protocol (Aldredge et al., 2013). 
Briefly, the microfluidic chip consisted of a 9- × 0.075-
mm (internal diameter, i.d.) enrichment column and 
a 43- × 0.075-mm i.d. analytical column, both packed 
with 5-μm porous graphitized carbon as the station-
ary phase. For sample loading, the capillary pump 
delivered 0.1% formic acid in 3.0% acetonitrile/water 
(vol/vol) isocratically at 4.0 μL/min. The injection 
volume was 2.0 μL for each sample. The nanopump 
gradient was delivered at 0.4 μL/min using (A) 0.1% 
formic acid in 3.0% acetonitrile/water (vol/vol), and 
(B) 0.1% formic acid in 90.0% acetonitrile/water (vol/
vol). Samples were eluted with 0% B, 0.00–2.50 min; 
0–16% B, 2.50–20.00 min; 16–44% B, 20.00–30.00 min; 
44–100% B, 30.00–35.00 min; and 100% B, 35.00–45.00 
min. The elution gradient was followed by a column 
re-equilibration at 0% B for 20 min.

Data were acquired within the mass range of 450 to 
2,500 neutral alditol in positive ionization mode with an 
acquisition rate of 1 spectrum/s. An internal calibration 
ion of 2 reference masses: 992.009798 and 1221.990637 
(ESI-TOF Tuning Mix G1969-85000, Agilent Technolo-
gies) was used for continual mass calibration.

Oligosaccharide Identification

Oligosaccharides were identified from chromatograms 
using Mass Hunter Qualitative Analysis software ver-
sion B.06.00 (Agilent Technologies). The software 
matched OS masses with those from an in-house an-
notated bovine milk OS library and generated a list 
of deconvoluted masses with their specific retention 
time using mass tolerance of 20 ppm. The identified OS 
compounds were extracted with a minimum abundance 
of 1000 counts with a maximum charge state of 2. The 
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individual peaks for each OS type were automatically 
integrated using the Batch Targeted Feature Extraction 
from Mass Hunter Profinder software version B.06.00 
(Agilent Technologies).

Statistical Analyses

Descriptive statistics for herd and animal demograph-
ics were based on frequency tabulations or measures 
of central tendency and variation. For multivariate 
analyses, the abundance values of each OS component 
were standardized by Z-score scaling so that, within a 
component, µ = 0 and SD = 1. As in a previous study 
of OS in dairy cows, this allowed for relative equal 
weighting of each component in subsequent analyses 
(Sundekilde et al., 2012). The standardized set of OS 
values for each sample were transformed using principal 
component analysis (PCA) using Proc PRINCOMP in 
SAS (version 9.4; SAS Institute Inc., Cary, NC). This 
enabled us to reduce data dimensions and within-sam-
ple OS dependency (Lattin et al., 2003). Components 
from PCA that accounted for >80% of OS variation 
and had absolute eigenvalues >1 (Kaiser, 1959) were 
used to create similarity clusters based on partitional 
clustering methods (Proc FASTCLUS in SAS). Cluster 
membership was used as a dependent variable in logis-
tic regression (Proc GENMOD in SAS) to assess the 
association between cluster and animal production type 
(beef or dairy) and animal-specific covariates.

RESULTS

Description of Study Herds and Cows

Sixty-five cows from 10 herds, 5 beef (n = 32 cows) 
and 5 dairy (n = 33 cows) commercial operations, in 
Washington State were sampled. All enrolled dairy 
cows were Holsteins, and beef-source cows were Angus 

or Angus hybrids plus 4 non-Angus animals. All study 
cows were multiparous and ranged in age from 4 to 10 
yr, with a mean age of 5.4 yr and median age of 5 yr 
(Table 1). Enrolled dairy cows were mainly distributed 
between 3 and 5 yr, whereas enrolled beef cows were 
distributed more evenly across age groups. Days in milk 
ranged from 4 to 13 d and 5 to 13 d for beef and dairy, 
respectively. Body condition scores for dairy cows 
ranged from 2.00 to 3.25 with a median of 2.25. Body 
condition scores for beef cows ranged from 3.5 to 8.0 
with a median of 5.0. β-Hydroxybutyrate for dairy cows 
ranged from 0.4 to 4.2 mmol/L with a mean of 0.99 
mmol/L; BHB in beef cows ranged between 0.1 and 1.1 
mmol/L with a mean of 0.38 mmol/L. Using a decision 
point value of ≥1.4 mmol/L, 4 dairy cows from 3 herds 
and no beef cows were classified as ketotic. All sampled 
dairy cows received similar rations, a corn-silage and 
alfalfa hay-based TMR. All sampled beef cows received 
an alfalfa and grass hay ration, with one herd (farm 2) 
receiving an alfalfa and wheat stubble ration.

Milk Quality

Milk quality was measured as percent milk solids and 
pH. Mean percent solids were similar between dairy 
and beef cows, at 12.9 and 12.8, respectively. Dairy 
cows had more variability in solids content with a range 
of 7.6 to 15%, whereas solids in beef cows ranged from 
11.1 to 14.1%. Mean milk pH was the same in dairy and 
beef cows, 6.4, and similar variability, ranging from 6.1 
to 6.8.

Milk Oligosaccharides

A total of 30 OS were identified in early-lactation 
cow milk, including 21 distinct OS plus 9 isomers with 
unique retention times (Table 2). These OS were pres-
ent in all milk samples regardless of production type. 

Table 1. Farms and animals sampled to evaluate the comparative diversity and abundance of oligosaccharides 
in beef and dairy early lactation milk

Production  
type   Farm ID

Animals  
enrolled (no.)

Mean  
age (yr)

Median  
age (yr)

Beef 1 6 5.8 5.5
  2 8 4.4 4
  3 5 8.2 9
  4 7 5.3 3
  5 6 6.3 6.5
Dairy 1 6 4.8 5
  2 6 5.2 5
  3 7 4.6 5
  4 8 4.7 4
  5 6 6.2 6.5
Total   65 5.4 5
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Three OS, with composition 3_1_0_0_0, 2_2_0_1_0, 
and 4_1_0_1_0 (composition denoted by the order 
of monosaccharides Hex-GlcNAc-Fuc-NeuAc-NeuGc), 
were more prevalent in beef cows than in dairy cows 
(Table 2). Four OS were detected in equivalently low 
prevalence in beef and dairy cows. Ten OS found in this 
study are also prevalent in human milk.

Using PCA, the 30 OS structures were reduced to 
8 principal components with eigenvalues >1 and ex-
plaining >80% of the total OS variance. These were 
used to create similarity clusters. From these data, 2 
clusters described distribution patterns of OS for our 
study sample (Table 3). When we compared median 
OS abundance between the 2 clusters, we found that 
overall OS abundance was consistently greater in clus-
ter 2 (Table 4).

Because values of abundance within individual OS 
components varied by factors of 10, relative median 
abundance was calculated for each OS component. 
Relative median OS values between the 2 clusters were 
calculated for each OS using cluster 1 abundance value 

Table 2. Oligosaccharides (OS) identified in milk from 65 early lactation beef (n = 32) and dairy cows (n = 33) from 10 commercial operations 
in Washington State

OS component1
Mass 

(neutral alditol)
Retention  
time (min) Charge2

Found in 
human milk3

Sample prevalence

Overall Dairy source Beef source

1_0_0_1_04 455.15 21.3 A Yes 1.0 1.0 1.0
3_0_0_0_05 506.18 9.5 N Yes 1.0 1.0 1.0
3_0_0_0_05 506.18 10.8 N Yes 1.0 1.0 1.0
3_0_0_0_05 506.18 14.0 N 1.0 1.0 1.0
2_1_0_0_05 547.21 9.0 N 1.0 1.0 1.0
2_1_0_0_05 547.21 10.5 N 0.8 0.88 0.72
2_1_0_0_05 547.21 12.1 N 1.0 1.0 1.0
2_0_0_1_05 635.23 13.9 A Yes 1.0 1.0 1.0
2_0_0_1_05 635.23 21.3 A Yes 1.0 1.0 1.0
4_0_0_0_0 668.24 17.4 N 0.75 0.76 0.75
1_1_0_1_0 676.25 13.4 A Yes 0.97 0.94 1.0
3_1_0_0_05 709.26 10.9 N Yes 0.8 0.78 0.84
3_1_0_0_05 709.26 11.9 N Yes 1.0 1.0 1.0
3_1_0_0_05 709.26 14.3 N 1.0 1.0 1.0
3_1_0_0_05 709.26 25.0 N 0.78 0.616 0.97
2_2_0_0_0 750.29 12.6 N 1.0 1.0 1.0
3_0_0_1_0 797.28 23.7 A 1.0 1.0 1.0
4_0_1_0_0 814.30 11.5 N 1.0 1.0 1.0
5_0_0_0_05 830.29 11.4 N 1.0 1.0 1.0
5_0_0_0_05 830.29 13.5 N 0.35 0.30 0.41
2_1_0_1_0 838.31 14.0 A 0.98 0.97 1.0
4_1_0_0_0 871.32 15.0 N 1.0 1.0 1.0
3_2_0_0_0 912.34 13.8 N 0.98 0.97 1.0
6_0_0_0_0 992.34 14.9 N 0.28 0.27 0.28
2_2_0_1_0 1,041.39 21.6 A 0.65 0.426 0.88
4_2_0_0_0 1,074.40 18.0 N Yes 1.0 1.0 1.0
3_3_0_0_0 1,115.42 16.2 N 1.0 1.0 1.0
4_1_0_1_0 1,162.41 25.5 A 0.88 0.766 1.0
4_2_0_1_0 1,365.49 24.6 A Yes 0.98 0.97 1.0
3_4_1_0_0 1,464.56 11.2 N 1.0 1.0 1.0
1Thirty OS components are listed in order of increasing mass. The OS composition is shown as number of individual monosaccharides in the 
order Hex-HexNAc-Fuc-NeuAc-NeuGc, where Hex = hexose (glucose or galactose), HexNAc = N-acetylhexosamine, Fuc = fucose, NeuAc = 
N-acetylneuraminic acid (sialic acid), and NeuGc = N-glycolylneuraminic acid (sialic acid). Component prevalence is stratified by dairy and 
beef breed source.

2N = neutral, A = acidic.
3OS component also identified in human milk by Wu et al. (2010).
4Potential fragment of 2_0_0_1_0.
5Isomers.
6OS prevalence was significantly different in sampled dairy cows than in sampled beef cows (P ≤ 0.05).

Table 3. Distribution of early lactation cows stratified by production 
type (beef and dairy) to oligosaccharide (OS) clusters1

OS cluster Beef Dairy Total

1 8 22 30
2 24 11 35
Total 32 33 65
1Clusters were formed using the first 8 principal components (which 
explained 80% of the total OS variability and eigenvalues for compo-
nents >1).
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as the denominator. The ratios were >2 for 14 of the 
components, and 4 components had >4-fold higher val-
ues in cluster 2 compared with cluster 1 (Table 4, high-
lighted). Three OS identified in cluster 2 (3_1_0_0_0, 
2_2_0_1_0, and 4_1_0_1_0) were more abundant for 
both neutral and sialylated molecular structures, which 
are notable for their bifidogenic potential, compared 
with the abundance observed in cluster 1.

Multivariate logistic regression using cluster mem-
bership as the dependent variable found 2 important 
associations: the odds ratio of beef cows belonging to 
cluster 2 was 20.8 (95% CI: 3.8–113.0) compared with 
being a dairy cow, and the odds ratio of 5- to 6-yr-old 
cows belonging to cluster 2 was 7.0 (95% CI, 1.2–39.4) 
compared with 3- to 4-yr-old cows (Table 5). This lat-
ter effect was independent of cow production type. We 

Table 4. Oligosaccharides (OS) identified in milk from early lactation beef and dairy cows from 10 commercial operations in Washington State1

OS component
Mass  

(neutral alditol)
Retention  
time (min)

Median abundance

Relative  
abundance

OS cluster 1 
(n = 30)

OS cluster 2 
(n = 35)

1_0_0_1_02 455.15 21.3 1,294,270 2,016,381 1.6
3_0_0_0_0 506.18 9.5 22,077 68,853 3.1
3_0_0_0_0 506.18 10.8 417,506 548,491 1.3
3_0_0_0_0 506.18 14.0 302,194 356,426 1.2
2_1_0_0_0 547.21 9.0 12,537 29,115 2.3
2_1_0_0_0 547.21 10.5 565,412 919,840 1.6
2_1_0_0_0 547.21 12.1 33,187 63,936 1.9
2_0_0_1_0 635.23 13.9 405,612 1,084,728 2.7
2_0_0_1_0 635.23 21.3 794,817 1,287,930 1.6
4_0_0_0_0 668.24 17.4 2,503 7,569 3.0
1_1_0_1_0 676.25 13.4 13,973 66,246 4.7
3_1_0_0_0 709.26 10.9 12,298 18,384 1.5
3_1_0_0_0 709.26 11.9 25,386 51,171 2.0
3_1_0_0_0 709.26 14.3 213,134 297,682 1.4
3_1_0_0_03 709.26 25.0 1,326 6,037 4.6
2_2_0_0_0 750.29 12.6 50,653 50,488 1.0
3_0_0_1_0 797.28 23.7 151,148 294,960 1.9
4_0_1_0_0 814.30 11.5 25,927 28,761 1.1
5_0_0_0_0 830.29 11.4 138,191 121,144 0.9
5_0_0_0_0 830.29 13.5 0 0 —
2_1_0_1_0 838.31 14.0 12,110 28,347 2.3
4_1_0_0_0 871.32 15.0 167,609 432,030 2.6
3_2_0_0_0 912.34 13.8 30,413 149,821 4.9
6_0_0_0_0 992.34 14.9 0 0 —
2_2_0_1_03 1,041.39 21.6 0 7,095 —
4_2_0_0_0 1,074.40 18.0 42,402 131,787 3.1
3_3_0_0_0 1,115.42 16.2 68,021 148,425 2.2
4_1_0_1_03 1,162.41 25.5 3,097 16,480 5.3
4_2_0_1_0 1,365.49 24.6 14,649 56,509 3.8
3_4_1_0_0 1,464.56 11.2 440,596 254,282 0.6
1Median abundance or peak area for each of the 30 detected OS components by cluster are listed. The OS composition is shown as number of 
individual monosaccharides in the order Hex-HexNAc-Fuc-NeuAc-NeuGc, where Hex = hexose (glucose or galactose), HexNAc = N-acetyl-
hexosamine, Fuc = fucose, NeuAc = N-acetylneuraminic acid (sialic acid), and NeuGc = N-glycolylneuraminic acid (sialic acid). Relative median 
abundance is shown as the ratio of cluster 2 to cluster 1 median abundance.
2Potential fragment of 2_0_0_1_0.
3OS with prebiotic potential.

Table 5. Logistic regression modeling the association between oligosaccharide cluster membership and animal production type (beef and dairy) 
and age category. The model was estimating the odds of membership in cluster 2 compared with cluster 1

Variable   Category Estimate Odds ratio Lower 95% CI Upper 95% CI

Intercept   −1.9      
Production type Beef 3.0 20.8 3.8 113

Dairy Referent      
           
Age 5–6 yr (n = 23) 2.0 7 1.2 39.4
  7–10 yr (n = 17) −0.4 0.6 0.1 3
  3–4 yr (n = 25) Referent      
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found no associations of BHB category or milk quality 
parameters with cluster membership.

DISCUSSION

The major finding of this study was that although OS 
structures prevalent in early lactation beef and dairy 
fresh milk were observed in both production types, the 
relative abundance of most components was greater in 
the beef-dominated OS cluster 2 compared with those 
observed in the dairy-dominated OS cluster 1. A previ-
ous study comparing dairy breeds (Jersey vs. Holstein-
Friesian) also found qualitative and quantitative dif-
ferences in OS between the breeds (Sundekilde et al., 
2012). Jersey breed cows, which tend to have lower milk 
yield and greater relative milk solids compared with 
Holsteins, had more complex and abundant sialylated 
OS compared with Holsteins. Additionally, Jersey milk 
contained greater levels of neutral OS associated with 
prebiotic effects for Bifidobacterium spp. (LoCascio et 
al., 2007; Barile et al., 2010). In our study, OS identi-
fied in the beef-dominated cluster were more abundant 
for both neutral and sialylated OS and for bifidogenic 
neutral OS compared with those observed in the dairy-
dominated cluster. In fact, the beef-predominant oli-
gosaccharides 3_1_0_0_0, 2_2_0_1_0, and 4_1_0_1_0 
contain structural elements that make them potential 
prebiotics. Oligosaccharide 3_1_0_0_0 contains N-
acetylglucosamine and belongs to the “lacto-N-tetrose/
lacto-N-neotetraose-type,” which is also known as “bifi-
dus factor” (Jao et al., 1978). Jao et al. (1978) demon-
strated that human and bovine milk contain growth 
factors required for growth of Bifidobacterium bifidum 
to high cell densities. By studying the growth of B. 
bifidum in the presence of various carbohydrates that 
are known components of milk OS, they demonstrated 
that the growth-promoting effect of N-acetylglucos-
amine was superior to that of N-acetylgalactosamine 
and N-acetylmannosamine. Therefore, OS grouped as 
lacto-N-tetrose and lacto-N-neotetraose are called bifi-
dus factors, referring to their ability to promote growth 
of bifidobacteria. Oligosaccharides 2_2_0_1_0 and 
4_1_0_1_0 both contain bound sialylic acid (NeuAc), 
which has been demonstrated to be a key factor in de-
termining selective prebiotic activity (Yu et al., 2013). 
Considering that the mucosal immune system is not 
mature at birth, milk OS play an important means of 
providing passive immunity and affecting development 
of the mucosal immune system. Across host species, the 
first bacteria to be established in the gut affect immune 
response, making the gut environment more favorable 
to their own survival and less favorable to competing 
species (Gensollen et al., 2016). Thus, the first bacteria 
to colonize the gut are important in determining life-

long benefits, and the OS present in milk play a key 
role in establishing the makeup of such microbiota.

In this context, our results may suggest that the 
selection process for beef to optimize survivability of 
calf crop may also optimize milk components for calf 
health compared with dairy cows, which are selected to 
maximize milk production and optimize milk compo-
nents for commercial use. It is also notable that cluster 
2 included some dairy cows and cluster 1 some beef 
cows, so OS profiles are not solely driven by selection 
for production type.

As observed previously (Barile et al., 2009, 2010; Al-
brecht et al., 2014), there are OS structures in common 
between cattle and humans. Of the 30 OS identified in 
our study, 10 have been observed in human milk (Table 
2).

This study did not directly measure fat, protein 
components, lactose, or milk volume but we observed 
no difference in percent total solids between beef and 
dairy cows, although the range for total solids was 
greater for dairy compared with beef. Differences in 
milk components between dairy and beef breeds are 
noted. In one report, beef cattle at 30 DIM produced 
10.6 kg/d of milk with 2.1% fat, 3.0% protein, and 5.4% 
lactose (Radunz et al., 2010). For comparison, a meta-
analysis that summarized more than 800 data means 
from studies involving primarily Holsteins at 50 to 
337 DIM reported, on average, 31.1 kg/d of milk with 
3.6% fat, 3.1% protein, and 4.8% lactose (Daniel et al., 
2016). The most notable difference was in production 
volume and, to a lesser degree, percent fat, with both 
being greater in dairy cows. The relative differences 
in components (fat, protein, and lactose) were much 
smaller than we observed for the relative differences for 
OS abundance between beef and dairy.

We detected diet composition differences between 
production types, although diet composition was con-
sistent within production type. These differences may 
explain in part (but not fully) the observed differences 
in OS abundance between cattle production types. As 
seen in Table 3, dairy cows were observed in beef-dom-
inated cluster 2 and beef cows were observed in dairy-
dominated cluster 1. In addition, cows within herds did 
not always cluster together (data not shown). Both of 
these observations suggest that diet exposure by itself 
was not the sole driver of OS diversity and abundance.

Age was independently associated with OS cluster 
membership: 5- to 6-yr-old cows were more likely to be 
associated with the beef-dominated cluster compared 
with 3- to 4-yr-old cows. The oldest category of cows (7 
to 10 yr old) did not differ in OS cluster membership 
compared with the youngest cows in this study. Age 
does influence milk quality; older animals produce milk 
and colostrum with higher levels of protein and fat, and 
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studies in dairy cows suggest that peak milk production 
efficiency occurs in lactation 5, at approximately 7 yr of 
age (Ray et al., 1992).

The significance of our study findings is based on 
identifying 30 prevalent OS that were observed in both 
dairy and beef animals with consistent relative abun-
dance differences favoring beef cattle. In addition, the 
data suggest a functional prebiotic advantage for the 
OS in beef-source early lactation milk. Assuming that 
beef OS content in milk is the gold standard for cattle 
and ad libitum milk consumption for beef calves is ap-
proximately 7 kg/d (Fiems et al., 2008; Liu et al., 2015) 
and for dairy calves approximately 9 kg/d (Jasper and 
Weary, 2002), then a dairy calf fed ad libitum is likely 
deprived of dietary-source OS. Because many calves are 
restricted in milk consumption to 4 to 5 kg/d, these 
calves are severely deprived of dietary-source OS.

These findings suggest an opportunity to provide a 
health benefit to dairy calves through OS supplementa-
tion. The human literature highlights the importance 
of a diverse and abundant OS profile to promote gut 
colonization by health-beneficial bacterial species such 
as Bifidobacterium spp. (Jost et al., 2012; Ruiz-Moyano 
et al., 2013). The challenge in finding appropriate 
and effective supplementation is that many available 
supplements are simple structures from yeast cell walls 
or a product of bacterial or fungal-derived enzymatic 
trans-glycosylation of lactose and do not mimic the di-
versity of natural OS. In contrast to the prebiotic ben-
efits, some OS have the potential to exert exclusionary 
effects due to receptor analog functions and thus may 
promote gut health by preventing binding of pathogens 
and their effector molecules to the gut (Crane et al., 
1994; Shoaf-Sweeney et al., 2009). Some studies have 
looked at OS supplementation to support transfer of 
passive immunity in neonatal animals. This strategy is 
also aimed at leveraging OS bacterial binding attributes 
to mitigate the adverse effects of bacterial contamina-
tion of colostrum on absorption of maternal IgG in 
the neonatal gut. One study comparing OS colostrum 
supplementation with 3 OS (a mannan-oligosaccharide 
and 2 galacto-oligosaccharides) did demonstrate an 
improvement in IgG absorption in the face of bacterial 
contamination compared with a lactose control (Short 
et al., 2016). Another study did not find a similar effect 
following mannan-oligosaccharide supplementation to 
colostrum replacer. This difference may have been re-
lated to differences in bacterial contamination between 
the studies and therefore to the lesser opportunity for 
OS to exert a benefit (Brady et al., 2015). Relatively 
few studies have evaluated dairy calf health outcomes 
following OS supplementation and these have reported 
mixed outcomes (Quigley et al., 1997; Uyeno et al., 

2015). Some differences in study outcomes, particu-
larly with galacto-oligosaccharide supplementation, are 
likely because these products are not identical with re-
spect to composition or complexity. A comparison of 7 
commercial galacto-oligosaccharides found a difference 
between preparations in number and types of detected 
structures, degree of polymerization, and distribution 
of glycosidic linkages (van Leeuwen et al., 2014, 2016). 
Given the importance of complexity and diversity for 
the effectiveness of OS as a prebiotic, it is important to 
remember that different supplements may elicit differ-
ent responses.

CONCLUSIONS

The relative abundance of OS, particularly those 
structures with prebiotic potential, were greater in 
beef-source milk compared with dairy-source milk, 
which suggests that dairy calves are likely deprived of 
diet-source OS.
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