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ABSTRACT
Background: Bovine milk oligosaccharides (BMOs) have several demonstrated and hypothesized benefits including roles in cognitive development
and antipathogenic activities, making them promising ingredients for infant formulas and nutraceutical applications. BMO extraction from bovine
milk is challenged by low concentrations relative to nonbioactive simple sugars like lactose. BMO abundances are known to vary with a cow’s
lactation stage, breed, and parity, but these characteristics are difficult to modify in existing dairy herds. In contrast, diet modification is an
accessible target, and is already known to influence milk yield, lipid content, protein levels, and monosaccharide compositions.
Objectives: To determine the impact of a low starch high fiber versus a high starch low fiber diet on overall BMO profiles and individual BMO
abundances in Holstein dairy cattle.
Methods: Milk samples were collected from 59 midlactation Holsteins in a crossover study featuring dietary modification with either a low starch
high fiber or high starch low fiber feed. BMO profiles were evaluated by nano-LC quadrupole time-of-flight tandem MS, and differences in BMO
abundances between diets were evaluated using linear mixed effects modeling.
Results: A total of 19 BMOs were identified across the sample set, including 4 large fucosylated compounds. Seven BMOs were found to have
significantly more positive percent changes in yield-adjusted abundance from the pre-experiment baseline period for milk samples collected
during feeding with the low starch high fiber diet compared with the high starch low fiber diet.
Conclusions: Consuming the low starch high fiber diet promoted greater overall BMO production than the high starch low fiber diet in a
population of midlactation Holsteins. Additionally, this study afforded the opportunity to investigate the impact of other factors potentially
influencing BMO abundances, furthering understanding of how dairy herd management practices can positively impact milk composition and
support the potential use of BMOs as functional ingredients. Curr Dev Nutr 2022;6:nzac033.
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Introduction

Bovine milk oligosaccharides (BMOs) are a class of carbohydrates found
in cow milk composed of between 3 and 11 monosaccharide subunits
connected by glycosidic linkages. The core of a BMO structure is
either a lactose [galactose(β1-4)glucose] or lactosamine [galactose(β1-
4)N-acetylglucosamine] reducing end. These core structures may
then be expanded through the addition of further galactose (Gal),
N-acetylglucosamine (GlcNAc), or N-acetylgalactosamine (GalNAc)

units and decorated with α2-3- or α2-6-linked N-acetylneuraminic
acid (Neu5Ac) or N-glycolylneuraminic acid (Neu5Gc) or, less
commonly, α1-2- or α1-3-linked fucose (Fuc) (1). BMOs may be
classified as either acidic or neutral based on the presence or ab-
sence of sialic acid (Neu5Ac or Neu5Gc) in their structures. Neutral
BMOs can be further designated as either neutral fucosylated or
neutral unfucosylated based on whether or not they contain fucose
monomers. BMOs discussed herein are referred to by their monosac-
charide composition as the number of hexose_N-acetylhexosamine_
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fucose_N-acetylneuraminic acid_N-glycolylneuraminic acid
(Hex_HexNAc_Fuc_Neu5Ac_Neu5Gc), followed by an isomer
designation when applicable. Following this nomenclature, acidic
BMOs can be identified by the presence of a nonzero number in either
the fourth or fifth position of the 5-digit numerical code, whereas
neutral fucosylated BMOs can be distinguished by the presence of a
nonzero number as the third digit of the compositional code, as shown
in Supplemental Table 1 and Supplemental Figure 1.

BMOs have numerous demonstrated health and development bene-
fits which are particularly relevant for human infants. BMOs exhibit an-
tiadhesive and antipathogenic activity against major enteric pathogens
including Campylobacter jejuni (2) and enterotoxigenic Escherichia coli
(ETEC) (3). The 2 most abundant acidic BMOs, 3′-sialyllactose (3′-
SL) and 6′-sialyllactose (6′-SL) have also been shown to exhibit an-
tipathogenic effects against enteropathogenic E. coli (EPEC) (4), S-
fimbriated E. coli (5), Salmonella enterica ser. Fyris (4), and Pseu-
domonas aeruginosa (6). In addition, BMOs have demonstrated im-
proved gut barrier function in vitro (7), as well as decreased gut perme-
ability, increased lean body mass, and healthy organ growth in animal
models of infant undernutrition (8, 9). Sialylated milk oligosaccharides
including 3′-SL and 6′-SL have also been linked with increased sialyla-
tion of cerebellum gangliosides, upregulated genes for myelination and
ganglioside synthesis in the hippocampus, and improved learning out-
comes in animal models (10–12).

Due to their structural similarities with human milk oligosaccha-
rides, BMOs are also hypothesized to have prebiotic activity. Recent in
vitro studies featuring BMOs support this hypothesis. Isolated BMOs or
sialyllactose have been shown to promote the in vitro growth of the ben-
eficial infant gut microbes Parabacteroides distasonis, Bifidobacterium
breve, and B. longum ssp. longum (13) as well as the probiotic B. animalis
ssp. lactis (14). In addition, BMOs have been shown to promote the colo-
nization of B. longum ssp. infantis when coadministered in mouse mod-
els (15).

Despite the clear benefits, isolating BMOs for use in products like in-
fant formulas and nutraceuticals is challenging due to their low concen-
trations both in milk and dairy processing streams like whey permeate.
Unlike human milk oligosaccharides which are present in concentra-
tions of ∼12–16 g/L in colostrum and 5–11 g/L in milk (16–19), BMOs
are only found at ∼1 g/L in bovine colostrum and fall to 80–100 mg/L
in mature milk (20, 21). Increasing the concentrations of BMOs in milk
would facilitate their isolation. In addition, modifying BMO profiles to
be more similar to human milk oligosaccharides with greater abun-
dances of larger and more fucosylated structures would improve the
bioactivity of the resultant BMO isolate.

BMO abundances have been previously shown to vary with lac-
tation time point (20, 21), cow breed (22–26), and parity (20, 23).
However, these factors are difficult to modify in existing dairy herds.
Cow diet has been well documented to influence the yield (27–30),
lipid profiles (28, 29, 31–36), nitrogen content (27, 29, 32–34, 36),
and monosaccharide composition (37) of cow milk. Dietary supple-
mentation with chitooligosaccharides in sows has also been previously
linked with increased abundances of some pig milk oligosaccharides
(38). Although a connection between diet and milk oligosaccharides
has not yet been shown in ruminants, cow diet is an easily modified
factor that has the potential to favorably impact BMO profiles and
concentrations.

The impact of the ratio of dietary fiber to starch on BMO content is
of particular interest because the balance of these components in feed
influences both the ruminal buffering capacity and the digesta passage
rate in the cow. These factors, in turn, affect the balance between the
breakdown of feed components in the rumen and the absorption of
breakdown products in the rumen and small intestine. Although the
biochemical pathways for BMO synthesis and the precursors involved
have not yet been fully elucidated, the absorption of more energetically
favorable building blocks, as influenced by the composition of digestion
breakdown products absorbed in the small intestine, may favor BMO
production. In this study, BMO profiles were evaluated in a herd of Hol-
stein dairy cattle across a 3-period crossover study design with the ob-
jectives of identifying significant variations in BMO profiles and abun-
dances based on dietary fiber to starch ratio, cow parity, and lactation
time point.

Methods

Study design
Milk samples were collected from 76 midlactation Holstein dairy cat-
tle in a crossover study design that included sampling during a 4-wk
pre-experimental baseline period and 2 subsequent 70-d treatment pe-
riods during which cows were fed either a low starch high fiber diet
[LSHF; 37% neutral detergent fiber (NDF), 13% starch] or a high starch
low fiber diet (HSLF; 29% NDF, 27% starch). At the end of each period,
cows were assigned to the opposite diet, as shown in Figure 1, such that
each cow acted as its own control. There was an 11-d transition period
between each period. Milk samples were collected across the 3 dietary
periods, with a sample collected from each cow during 2 consecutive
morning milkings in the final week of the pre-experimental baseline
period and week 5 of each experimental period (39).

Both treatment diets and the baseline diet were composed of a com-
bination of beet pulp, alfalfa silage, corn silage, canola meal, high mois-
ture corn, corn distillers’ grains, roasted soybeans, and soy hulls, mixed
at different proportions such that the diets differed in fiber and starch
levels but were balanced for protein availability and other key nutrients
(Supplemental Table 2). The baseline diet fed in the pre-experiment pe-
riod was formulated to have starch and fiber contents halfway between
those of the LSHF and HSLF diets. Cows were assigned to the 2 groups
in a balanced manner based on evaluation of their parity, dry matter
intake, milk production, and body weight during the pre-experimental
baseline period. Cows were housed in indoor tie-stalls throughout the
duration of the study. Feed was provided ad libitum once a day, with
feed amounts adjusted daily to allow a maximum of 10% refusals in-
dividually, determined based on the refusals measured 2 d prior. Cows
were milked 3 times per day (04:00, 10:30, and 18:00). All milk for BMO
analysis was collected during the first morning milking after teats were
stripped (3 streams of milk), treated, and disinfected with Gladiator Bar-
rier (BouMatic) and towel dried. Raw milk was collected for BMO anal-
ysis on 2 consecutive days after 5 wk of consumption of each experi-
mental diet in portions of ∼48 mL each. Aliquots were stored at −10◦C
immediately after collection and shipped on dry ice to the USDA Agri-
cultural Research Service (ARS) Western Human Nutrition Research
Center. Here, the samples were thawed, portioned into smaller 2 mL
aliquots, and stored at –20◦C until later analysis.
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FIGURE 1 Crossover design of this study featuring a baseline period followed by 2 70-d treatment periods, with milk samples collected
for oligosaccharide profiling on 2 consecutive days in the final week of the baseline period and during the fifth week of each dietary period.

All feeding and milk collection portions of this study were con-
ducted at the USDA-ARS Dairy Forage Research Center Dairy Farm
(Prairie du Sac, WI) under protocols approved by the University of
Wisconsin-Madison Institutional Animal Care and Use Committee
(Protocol #A005945).

Sample subset selection
From the full set of 456 available milk samples, 338 (from 59 cows) were
selected for BMO analysis. A total of 38 from 9 cows were excluded be-
cause the cows received antibiotic treatment during the corresponding
or prior study period. Four samples were removed because ≥1 sample
was missing in a given period or collected outside of the morning milk-
ing. Four samples were removed because they were collected after 300 d
of lactation and had particularly low milk yields. A total of 54 samples
from 9 cows were removed due to technical issues related to accurately
estimating their feed intake. In addition, a total of 18 samples from 5
cows were removed because they were outliers for a given period for ei-
ther lactose concentration or BMO abundances, as evaluated by the SE
with a cut-off of 3 (39).

Oligosaccharide extraction and multiplexing
Oligosaccharides were extracted, labeled, and analyzed from milk sam-
ples as described previously (40, 41) with some modifications. Samples
were skimmed to remove lipids, and for each cow, skimmed milk sam-
ples collected on consecutive days within the same period were pooled
to minimize the influence of day-to-day variations in milk composition.
Pooled samples then underwent ethanol precipitation to remove pro-
teins, followed by C18 microplate solid phase extraction (SPE) to re-
move peptides, and graphitized carbon microplate SPE to remove lac-
tose and salts. A 4% acetonitrile/0.1% trifluoroacetic acid solution was
used for solid phase equilibration and sample washing during graphi-
tized carbon microplate SPE to maximize lactose removal while mini-
mizing BMO loss.

Extracted oligosaccharides from samples were then isobarically la-
beled with aminoxy tandem mass tags (TMTs) with reporter ions of
127,128, 129,130, or 131 Da, and a previously characterized BMO mix-
ture (42) labeled with the aminoxy TMT 126 Da reporter ion was used as
an internal standard. Labeled samples were multiplexed such that each

set of 6 aminoxy TMTs contained the labeled internal standard and 5
unique samples, each labeled with a different 1 of the 5 remaining TMTs.
Multiplexed samples underwent an additional SPE clean-up employing
Oasis Hydrophilic-Lipophilic Balance cartridges to remove excess la-
beling reagents prior to LC-MS analysis.

LC-MS/MS analysis
Glycoprofiling of oligosaccharides in the collected samples was con-
ducted using nano-LC chip quadrupole time-of-flight MS (nano-LC-
chip-Q-ToF MS) using our previously published LC-MS method (41)
with slight modifications. Briefly, samples were dissolved in 3% acetoni-
trile, passed through 0.2 μm polyethersulfone filters, and loaded onto
the nano-LC chip with a 40 nL enrichment column and a 75 μm ×
43 mm analytical column, packed with 5 μm particles of 250 Å pore
size. Flow rates were operated at 4 μL/min (enrichment column) and 0.3
μL/min (analytical column). Mobile phase solvents were 3% acetoni-
trile/0.1% formic acid (A), and 89.9% acetonitrile/0.1% formic acid (B).
After equilibrating both the analytical and enrichment columns with
100% A, a 65-min gradient was used for chromatographic separation.
The gradient was ramped from 4 to 20.6% B from 0 to 23 min, 20.6 to
50% B from 23 to 30 min, 50 to 100% B from 30 to 35 min, held at 100%
B from 35 to 50 min, then lowered from 100 to 0% B from 50 to 50.1 min.

Mass spectra were collected in positive mode over a scan range of 400
to 2500 m/z at a rate of 2 spectra/s for MS scans and 100 to 2500 m/z at
a rate of 1 spectra/s for MS/MS. The drying gas was held at 350◦C with a
flow of 5 L/min. An in-house library of BMO masses assembled from the
literature (1, 23, 43–45) was entered in the acquisition software as a list
for targeted fragmentation. The 5 most abundant precursors in each MS
scan matching the targeted list were fragmented, with a quadrupole iso-
lation window of ∼4 m/z. A minimum precursor threshold of 5000 ion
counts/spectrum was set to ensure substantial reporter ion abundance
in the MS/MS scans. Capillary voltage was varied from 1900 to 1975 V
as needed to maintain a stable spray. In-run mass calibration was per-
formed with infused calibrant ions of m/z 922.009798 and 1221.990637.

BMOs were identified using a customized bioinformatics library
of BMO compounds assembled from prior publications (1, 23, 43–
45) and their identities were confirmed by the examination of MS/MS
spectra using Agilent MassHunter B.07.00 (Agilent Technologies). For
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relative quantification, raw data was exported in .mzData format with
MassHunter and then imported into SimGlycan Enterprise Edition 5.61
(PREMIER Biosoft) (46). BMOs with confirmed identities were added
to a custom library on the SimGlycan server, which was used by the soft-
ware to identify those BMOs in the data files through matching reten-
tion time and precursor mass using the “High Throughput Search and
Score” feature. Precursor ion and reporter ion m/z tolerances were set
to 10 ppm and 0.025 Da, respectively. For each BMO, the reporter ion
abundances from all the MS/MS spectra were summed, and the ratios
of these sums were calculated. The reporter ion abundances for each
sample were normalized to the signal for the TMT 126-labeled BMO
internal standard to give the BMO relative abundances (Supplemental
Table 3).

Statistical analysis
Glycoprofiling relative abundances were log transformed to improve
normality as evaluated by the Shapiro–Wilks test prior to comparative
statistical analysis, with the exception of the results for the BMOs with
compositions 2_1_0_0_0 isomer 2 and 4_4_1_0_0, which were trans-
formed via a cube root, and 3_6_1_0_0 and 5_4_1_0_0, which did not
require a transformation to achieve a normal distribution (Shapiro–
Wilks test, P >0.05). Relative abundances were also multiplied by the
average morning milk weight (lbs) for the corresponding period to give
yield-adjusted relative abundances.

Yield-adjusted relative abundance results were log transformed to
improve normality as evaluated by the Shapiro–Wilks test prior to com-
parative statistical analysis, with the exception of BMO with composi-
tion 3_6_1_0_0, which did not require a transformation to achieve a
normal distribution (Shapiro–Wilks test, P >0.05). Transformed rela-
tive abundances and yield-adjusted relative abundances were evaluated
with 2-sided Student’s t-tests to compare the 2 postdiet arms and 1-
factor ANOVA with posthoc evaluation using Tukey’s test to compare
the 3 diet time points. Linear mixed effects modeling was used to deter-
mine the significance (α = 0.05) of the effects of diet, cow ID, treatment
period, dietary sequence, parity, milk yield, and lactation time point on
the oligosaccharide profiles. In addition, the percent change in trans-
formed relative abundances and percent change in transformed yield-
adjusted relative abundances were calculated as:

% change

= trans f ormed relative abundanceX − trans f ormed relative abundancepre−exp

trans f ormed relative abundancepre−exp

(1)

where X is a dietary treatment period. Percent change in relative abun-
dances from the pre-experimental baseline period were evaluated simi-
larly using 2-sided Student’s t-test, 1-factor ANOVA with posthoc eval-
uation using Tukey’s test, and linear mixed effects modeling.

Calculation of Pearson’s correlations was conducted on transformed
data, with all Pearson correlation figures and their significances gen-
erated using the R package corrplot (47). Principal component analysis
was conducted on untransformed data. All statistical analyses were con-
ducted using R version 4.0.2.

Results

Identification of BMOs and their abundance in milk
Milk samples from all of the cows in the study showed a high degree
of similarity in BMO composition. The abundance of 19 major BMOs
was measured in all samples, including 5 acidic structures and 4 neutral
fucosylated compounds. Identified BMOs ranged in size from degrees
of polymerization of 3 to 10.

Correlations in abundance between BMOs were identified for trans-
formed data, both without and with adjustment for milk yield. In both
cases, the strongest correlations were observed between the BMOs
4_1_0_0_0 and 4_1_0_1_0 (Figure 2C and D) and between 4_1_0_0_0
and 3_2_0_0_0 (Figure 2E and F). Significant positive correlations were
also observed among the 4 identified fucosylated BMOs, as well as be-
tween the 2 sialyllactose isomers (Figure 2A and B).

Sources of variation in BMO profiles
A wide spread of BMO abundances was observed both within and across
treatment groups. Principal component analysis was conducted to eval-
uate which, if any, of the main recorded study variables contributed
to the observed variation. Although some clustering was present
(Figure 3B), very little separation based on cow diet, dietary treatment
period, or diet sequence was observed (Figure 3C–E). Some separation
did occur based on parity, particularly between parity 1 and parities
5 and 6 along the second principal component (Figure 3F). Thus, the
largest source of variance in BMO profiles remains as 1 or more un-
recorded factors.

Diet effects on BMO profiles
The percent change in the transformed relative abundance from the
pre-experiment baseline diet differed significantly (P <0.001) between
the LSHF and HSLF dietary treatments for 4 BMOs (with composi-
tions 3_0_0_1_0, 3_2_0_0_0, 4_1_0_0_0, and 4_1_0_1_0) based on
initial t-test comparisons (Figure 1A). For all 4 of these oligosaccha-
rides the abundance was significantly higher (P <0.05) in samples from
cows fed the LSHF diet compared with both the HSLF diet and the pre-
experimental diet (Supplemental Figure 2).

The dietary treatment period significantly influenced (P <0.05) the
percent change in relative abundance from the pre-experiment baseline
period for 8 BMOs (Figure 4B). Similarly, t-test comparisons showed
that the percent change in the transformed relative abundances from
the pre-experimental baseline period significantly differed (P <0.05)
for 7 BMOs based on the sequence of dietary treatments (Figure 4C).
All 4 of the BMOs for which the percent change in their transformed
relative abundances from the pre-experiment baseline period differed
significantly by diet also differed significantly by treatment period and
dietary treatment sequence. An interaction between diet and period
was observed for 3_1_0_0_0, 3_2_0_0_0, 4_1_0_0_0, and 4_1_0_1_0
with more negative percent changes in transformed relative abundances
(corresponding with smaller percent changes from the pre-experiment
baseline period in the untransformed abundance data) for both the sec-
ond dietary treatment period and the LSHF diet for all 4 BMOs, as
shown in Supplemental Figure 3.
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FIGURE 2 Pearson’s correlations among oligosaccharide pairs for nonyield corrected (left) and yield-corrected (right) relative abundance
(signal intensity) data organized as heat maps for all oligosaccharide pairs (A & B), as well as individual plots for the strongest correlations
between 4_1_0_0_0 and 4_1_0_1_0 (C, r = 0.9435 & D, r = 0.9385), and between 4_1_0_0_0 and 3_2_0_0_0 (E, r = 0.9159 & F,
r = 0.8878). BMOs are described by their monosaccharide compositions as the number of hexose_N-acetylhexosamine_fucose_N-
acetylneuraminic acid_N-glycolyneuraminic acid (Hex_HexNAc_Fuc_Neu5Ac_Neu5Gc), followed by the isomer number, as appropriate.
∗0.01 < P ≤0.05, ∗∗0.001 < P ≤0.01, ∗∗∗P <0.001. BMO, bovine milk oligosaccharide.
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FIGURE 3 (A) Scree plot, (B) cluster plot, and principal component analysis of BMO relative abundance data organized by (C) diet, (D)
study period, (E) diet sequence, and (F) parity. BMO, bovine milk oligosaccharide.

Linear mixed effects modeling was conducted to determine whether
the effects of diet on the percent change in the transformed relative
abundances from the pre-experiment baseline diet remained significant
after adjustment for other study parameters including treatment period,
diet sequence, parity, days in milk, cow ID, and milk yield. The influ-
ence of diet was not significant (P >0.05) for nearly all linear mixed
effects models constructed for 3_0_0_1_0 and 4_1_0_1_0; however,
the effect of diet remained significant (P <0.05) across all models for
3_2_0_0_0 and 4_1_0_0_0. In addition, the effect of diet emerged as sig-
nificant for 3_1_0_0_0 in all linear mixed effect models including cow
ID as a variable. In summary, the LSHF diet increased the abundance
of 3_2_0_0_0, 4_1_0_0_0, and possibly also 3_1_0_0_0. No BMOs

were decreased in abundance on the LSHF diet relative to the HSLF
diet.

Parity affects BMO profiles
Significant differences (P <0.05) were observed between milk samples
from cows of different parities for 6 BMOs, with the most significant
differences in BMO abundances being observed between parities 1 and
3 (Figure 5). 6′-SL, 4_2_0_0_0 isomer 1, and 5_4_0_0_0 increase with
increasing parity whereas 3_6_1_0_0, 4_5_1_0_0, and 5_4_1_0_0 de-
crease with increasing parity.

CURRENT DEVELOPMENTS IN NUTRITION



Effect of diet on bovine milk oligosaccharides 7

FIGURE 4 BMO percent change in relative abundance (percent change in signal intensity) data organized by (A) diet, (B) study period,
and (C) diet sequence with BMOs described by monosaccharide composition as the number of hexose_N-acetylhexosamine_fucose_
N-acetylneuraminic acid_N-glycolylneuraminic acid (Hex_HexNAc_Fuc_Neu5Ac_Neu5Gc), followed by the isomer number, as
appropriate. Statistics are from parametric analyses of transformed data and graphs present untransformed data. ∗0.01 < P ≤0.05,
∗∗0.001 < P ≤0.01, ∗∗∗P <0.001. BMO, bovine milk oligosaccharide.
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FIGURE 5 BMO relative abundance data (signal intensity) organized by parity with BMOs described by monosaccharide composition as
the number of hexose_N-acetylhexosamine_fucose_N-acetylneuraminic acid_N-glycolylneuraminic acid (Hex_HexNAc_Fuc_Neu5Ac_
Neu5Gc), followed by the isomer number, as appropriate. Statistics are from parametric analyses of transformed data and graphs present
untransformed data. Parities that share a letter are not significantly different (α = 0.05). Arrows indicate the direction of average relative
abundance changes across the first 3 parties. BMO, bovine milk oligosaccharide.

Differences in BMO abundances are not merely due to
changes in yield
BMO abundances were also adjusted for milk yield by multiplying BMO
abundance by the average milk weight collected during the morning
milkings on the days of each sample collection during the correspond-
ing study period.

Similar to the nonyield-adjusted data, the yield-adjusted relative
abundances of 3_0_0_1_0, 3_2_0_0_0, 4_1_0_0_0, and 4_1_0_1_0
were all highest with the LSHF diet (Supplemental Figure 4A).
Adjusting for yield, however, also revealed differences in BMO abun-
dances between dietary treatments for the additional BMOs 3′-SL and
2_1_0_0_0 isomer 2, which had significantly lower abundances (P
<0.05) with the HSLF diet compared to the pre-experiment baseline
diet (Supplemental Figure 4A).

As with the nonyield-adjusted data, t-test comparisons showed that
the percent change in the transformed yield-adjusted relative abun-
dances from the pre-experimental baseline period significantly differed
(P <0.05) based on study period and/or the sequence of dietary treat-
ments for most of the same BMOs that showed significant differences
between diets (Figure 6B and C).

Linear mixed effects modeling was conducted to determine whether
the effects of diet on the percent change in the transformed yield-
adjusted relative abundances from the pre-experiment baseline diet re-
mained significant when other study parameters including treatment
period, diet sequence, parity, days in milk, and cow ID were also ac-
counted for. The influence of diet became nonsignificant (P >0.05) for
all linear mixed effects models constructed for 3′-SL and 2_1_0_0_0 iso-

mer 2; however, the effect of diet remained significant (P <0.05) across
all models for 3_0_0_1_0, 3_2_0_0_0, 4_1_0_0_0, and 4_1_0_1_0.
In addition, the effect of diet emerged as significant for 3_1_0_0_0,
4_2_0_0_0 isomer 2, and 5_4_0_0_0 in all linear mixed effect mod-
els including cow ID as a variable. In summary, when the influence
of differences in milk yield are accounted for, no BMOs decreased in
abundance with the LSHF diet compared with the HSLF diet. In addi-
tion, the LSHF diet increased the abundance of 3_0_0_1_0, 3_2_0_0_0,
4_1_0_0_0, and 4_1_0_1_0 and may have also increased the abundance
of 3_1_0_0_0, 4_2_0_0_0 isomer 2, and 5_4_0_0_0.

Discussion

Diet
Two acidic BMOs (3_0_0_1_0 and 4_1_0_1_0) and 2 neutral un-
fucosylated BMOs (3_2_0_0_0 and 4_1_0_0_0) exhibited signifi-
cantly more positive percent changes of the transformed abun-
dances from the pre-experiment baseline diet for the LSHF diet
compared with the HSLF diet, based on initial t-test comparisons
(P <0.001).

Interestingly, the relative abundances of 3_2_0_0_0 and 4_1_0_0_0
were found to correlate with each other in the present study (Figure
2), as well as in a recent analysis of milk from 634 Danish Jerseys and
Holstein-Friesians (23). Given these correlations across differences in
both breed and feeding, the changes in abundance of these compounds
with diet in the present study suggest that dietary fiber levels may
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FIGURE 6 BMO percent change in yield-adjusted relative abundance (percent change in yield-adjusted signal intensity) data organized
by (A) diet, (B) study period, and (C) diet sequence with BMOs described by monosaccharide composition as the number of
hexose_N-acetylhexosamine_fucose_N-acetylneuraminic acid_N-glycolylneuraminic acid (Hex_HexNAc_Fuc_Neu5Ac_Neu5Gc), followed
by the isomer number, as appropriate. Statistics are from parametric analyses of transformed data and graphs present untransformed data.
∗0.01 < P ≤0.05, ∗∗0.001 < P ≤0.01, ∗∗∗P <0.001. BMO, bovine milk oligosaccharide.
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impact a key enzyme or reaction involved in the synthesis of both of
these oligosaccharides. Further, the fact that BMO abundances only in-
crease with the LSHF diet suggests that substrate increases the shared
synthesis of these correlated BMOs.

Two previous studies have also investigated the influence of diet on
BMO profiles. Vicaretti et al. compared milk samples from cows that
were either exclusively grass fed or consumed a feed composed of al-
falfa and corn silage, earlage, and grain (48). No significant differences
in BMO profiles were observed between cows in the 2 dietary groups;
however, only 6 cows were included per dietary group, likely causing
the study to be too underpowered to observe any meaningful differ-
ences between diets, if such a difference existed. In addition, differences
in breed composition and farm between the 2 dietary groups may have
had a confounding influence on the data.

Liu et al. compared BMO profiles between 32 Holstein-Friesian
dairy cows with diets supplemented with either almond hulls or citrus
peels to a base total mixed ration of corn grain, canola meal, and al-
falfa cubes (49). As a result of BMO measurements only being taken at
1 time point during the study, the identified BMOs were found to have
greater intercow variation within dietary treatment groups than inter-
group variation, preventing any conclusions from being made about the
influence of the diets on BMO production.

Although the present study also showed minimal effects of diet
on nonyield-adjusted BMO profiles, our results are more meaningful
and conclusive as a result of the greater study power and the use of a
crossover study design, which accounted for both the inherent cow-
to-cow variation through the inclusion of pre-experimental baseline
BMO profiling as well as many potential confounding factors that may
have impacted the results of prior studies. The design of the present
study is also advantageous in the inclusion of cows from a single breed,
all located on the same farm, and all without access to an alternative
feed source (i.e., pasture) outside of the study diets. In addition, in the
present study, cows in the 2 groups were balanced by parity and pre-
experimental average milk yields.

Beyond the influence of diet, this study also affords the opportunity
to investigate the impact of other BMO-influencing factors in a large set
of milk samples from midlactation dairy cattle.

Parity
Similar to the differences in BMO abundances between cows of different
parities observed in previous studies (20, 23), primiparous cows were
found to have significantly lower abundances of 6′-SL, 4_2_0_0_0 iso-
mer 1, and 5_4_0_0_0 in their milk compared with cows in either their
second or third parity (Figure 5). Unlike prior studies however, cows
in the present study were also shown to have significantly higher abun-
dances of the large neutral fucosylated BMOs 3_6_1_0_0, 4_5_1_0_0,
and 5_4_1_0_0 in the first parity compared with those in the third par-
ity (Figure 5), a direct contrast to the previously observed trend. This
pattern of some BMOs increasing in abundance with increasing par-
ity while other BMOs decrease, suggests that trade-offs may occur in
BMO synthesis pathways as the mammary gland is remodeled with each
lactation cycle through epigenetics (50, 51). The higher abundances of
larger fucosylated oligosaccharides, which have greater demonstrated
bioactivities (52), in earlier parities may also be evidence of the corre-
sponding fucosylation genes being naturally activated prior to the first
lactation and silenced during subsequent lactations.

Lactation time point
Nearly all previous BMO studies with samples collected at >1 time point
have focused on detecting BMO in early lactation, with samples col-
lected only through to the end of the second week postpartum (20, 21,
48, 53). However, most milk used for commercial purposes is collected
outside of this timeframe, and very little is known about if and how
BMO profiles change over time in mature cow milk. McJarrow and van
Amelsfort-Schoonbeek followed the concentrations of 5 BMOs in bulk
milk samples across a milking season in grass-fed New Zealand Jersey
and Friesian dairy cattle and noted a seasonal variation (26); however,
no parallel study has been conducted with nongrass-fed cows or cows
from other breeds or regions to determine whether similar patterns in
BMO variations occur.

The number of days in milk at the time of milk sample collection
significantly influenced BMO abundances for several BMOs, including
2_1_0_0_0 isomer 1, 3_0_0_1_0, 3_2_0_0_0, 3_6_1_0_0, 4_1_0_0_0,
4_1_0_1_0, 4_4_1_0_0, and 5_4_1_0_0. Although the correlation co-
efficients for the abundances of these oligosaccharides over time are
not particularly strong – likely due in part to the wide degree of
natural variation in BMO abundances between cows – general in-
creasing trends can be observed for these 6 BMOs across lactation
(Figure 7). This trend disappears when looking at the yield-adjusted
relative abundance data, suggesting that the apparent increase in abun-
dances for these BMOs in later lactation may be due, at least in part, to
a concentrating effect caused by similar levels of total BMO production
despite decreasing total milk volumes. Although this concentrating ef-
fect has been previously hypothesized (54), this is the first report, to our
knowledge, of yield-adjusted BMO concentrations across the lactation
cycle.

Unmeasured factors
The principal component analyses suggest that the largest source of
variance in BMO abundance is due to 1 or more factors that were not
measured in the study. Prior work demonstrating differences in BMO
concentration between breeds (23, 55) suggests that genetics is an im-
portant determinant of BMO production and is therefore likely to be
≥1 source of variance. Future studies involving both breed and feeding
will be needed to increase BMO production.

Correlations in BMO abundances
Significant correlations in abundance between several BMOs were iden-
tified both without and with adjustment for milk yield (Figure 2), pro-
viding insight into their co-occurrences in milk from milk consump-
tion and milk synthesis perspectives, respectively. The strongest corre-
lations were observed between the BMOs 4_1_0_0_0 and 4_1_0_1_0
(nonyield-adjusted r = 0.94, yield-adjusted r = 0.94) and between
4_1_0_0_0 and 3_2_0_0_0 (nonyield-adjusted r = 0.92, yield-adjusted
r = 0.89), suggesting that these 3 BMOs may share a common core
structure or key glycosyltransferase enzyme. Significant positive corre-
lations were also observed among the 4 identified fucosylated BMOs,
which may indicate a shared fucosyltransferase enzyme utilized in
their synthesis. In addition, the negative correlation of 5_4_0_0_0 with
5_4_1_0_0 may suggest that 5_4_0_0_0 is a precursor structure for its
larger, fucosylated BMO, causing its abundance to decrease as it is used
to create its fucosylated counterpart. Overall, the correlations among
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FIGURE 7 Increasing trends of BMO relative abundance (signal intensity) across lactation for (A) 3_0_0_1_0, (B) 3_2_0_0_0, (C)
3_6_1_0_0, (D) 4_1_0_0_0, (E) 4_4_1_0_0, and (F) 5_4_1_0_0. BMOs are described by their monosaccharide composition as the number of
hexose_N-acetylhexosamine_fucose_N-acetylneuraminic acid_N-glycolylneuraminic acid (Hex_HexNAc_Fuc_Neu5Ac_Neu5Gc). BMO,
bovine milk oligosaccharide.
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BMO abundances provide tantalizing clues regarding BMO synthesis
that should be investigated in future studies.

Yield-adjusted BMO abundances
Although most previous BMO studies have focused more on a con-
sumer perspective and, therefore, have not accounted for milk yield in
their analyses, adjusting for milk yield is important for understanding
whether milk oligosaccharide production is truly increasing, decreas-
ing, or remaining unchanged from a biological and mechanistic per-
spective on milk production.

Analysis of the transformed yield-adjusted percent change in rela-
tive abundance from the pre-experiment baseline diet in the present
data with linear mixed effects modeling including cow ID as a vari-
able revealed 7 BMOs that differed significantly by diet, with all 7 BMOs
featuring a more positive percent change from the pre-experiment base-
line diet for the LSHF diet compared with the HSLF diet.

The observed significant changes in transformed yield-adjusted rel-
ative abundances from the baseline period for 7 out of the 19 mea-
sured BMOs suggests that there is indeed a relation between cows’
dietary fiber and starch intake levels and their production of milk
oligosaccharides. Among these 7 BMOs are 2 acidic (3_0_0_1_0 and
4_1_0_1_0) and 5 neutral unfucosylated compounds (3_1_0_0_0,
3_2_0_0_0, 4_1_0_0_0, 4_2_0_0_0 isomer 2, and 5_4_0_0_0). The sig-
nificant impact of dietary fiber levels on the yield-adjusted abundances
of these BMOs but not the 4 identified neutral fucosylated BMOs may
indicate that these fucosylated compounds do not share the same core
structures as the 7 impacted unfucosylated BMOs or that the availabil-
ity of fucose or the occurrence of the fucosylation reaction is a limiting
factor in the synthesis of these fucosylated BMOs under the conditions
of the present study.

Additional investigations into the biological mechanisms of milk
oligosaccharide synthesis and the absorption of carbohydrates and po-
tential carbohydrate precursors from the digestive track in cows are
needed to better understand the observed relation between bovine di-
etary fiber intake and yield-adjusted BMO abundances. The inclusion of
more detailed analysis of the dietary fiber consumed by the cows (i.e.,
monosaccharide compositions and linkage analysis) as well as linkage
analysis of the produced BMOs in future studies will aid in the further
investigation of the observed link between the cow dietary fiber to starch
intake ratio and BMO production.

Conclusions

In this study we implemented a 3-period crossover design paired with
high-throughput nano-LC-chip-Q-ToF MS analysis to evaluate the im-
pact of dietary fiber and starch ratios on BMO abundances. A total of
19 BMOs were identified across 338 samples from 59 cows, including 7
BMOs with a more positive percent change in yield-adjusted abundance
from the pre-experimental baseline period with a LSHF diet compared
with a HSLF diet. In addition, significant differences were observed for 6
BMOs based on parity, including 3 for which abundances were greater
in primiparous cows compared with their secundiparous or triparous
herd mates. Parity had a mixed effect on BMO abundances with some
increasing and others decreasing with increasing parity, the LSHF diet
only increased BMOs, suggesting the utility of this diet regardless of
other cow-specific factors.
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