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Abstract

Little is known about the bovine milk proteome or whether it can be affected by diet. The 

objective of this study was to determine if the dietary rumen degradable protein (RDP):rumen 

undegradable protein (RUP) ra-tio could alter the bovine milk proteome. Six Holstein cows 

(parity: 2.5 ± 0.8) in mid lactation were blocked by days in milk (80 ± 43 d in milk) and milk yield 

(57.5 ± 6.0 kg) and randomly assigned to treatment groups. The experiment was conducted as a 

double-crossover design consisting of three 21-d periods. Within each period, treatment groups 

received diets with either (1) a high RDP:RUP ratio (RDP treatment: 62.4:37.6% of crude protein) 

or (2) a low RDP:RUP ratio (RUP treatment: 51.3:48.7% of crude protein). Both diets were 

isonitrogenous and isoenergetic (crude protein: 18.5%, net energy for lactation: 1.8 Mcal/kg of dry 

matter). To confirm N and energy status of cows, dry matter intake was determined daily, rumen 

fluid samples were collected for volatile fatty acid analysis, blood samples were collected for 

plasma glucose, β-hydroxybutyrate, urea nitrogen, and fatty acid analysis, and total 24-h urine and 

fecal samples were collected for N analysis. Milk samples were collected to determine the general 

milk composition and the protein profile. Milk samples collected for high-abundance protein 

analysis were subjected to HPLC analysis to determine the content of α-casein, β-casein, and κ-

casein, as well as α-lactalbumin and β-lactoglobulin. Samples collected for low-abundance protein 

analysis were fractionated, enriched using ProteoMiner treatment, and separated using sodium 

dodecyl sulfate-PAGE. After excision and digestion, the peptides were analyzed using liquid 

chromatography (LC) tandem mass spectrometry (MS/MS). The LC-MS/MS data were analyzed 

using PROC GLIMMIX of SAS (version 9.4, SAS Institute Inc., Cary, NC) and adjusted using the 

MULTTEST procedure. All other parameters were analyzed using PROC MIXED of SAS. No 

treatment differences were observed in dry matter intake, milk yield, general milk composition, 

plasma parameters, or rumen volatile fatty acid concentrations, indicating no shift in total energy 

or protein available. Milk urea N and plasma urea N concentrations were higher in the RDP group, 

indicating some shift in N partitioning due to diet. A total of 595 milk proteins were identified, 
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with 83% of these proteins known to be involved in cellular processes. Although none of the low-

abundance proteins identified by LC-MS/MS were affected by diet, feeding a diet high in RUP 

decreased β-casein, κ-casein, and total milk casein concentration. Further investigations of the 

interactions between diet and the milk protein profile are needed to manipulate the milk proteome 

using diet.
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INTRODUCTION

It is well established that milk plays an important role in neonatal nutrition; however, 

research investigating the concept that milk proteins are a source of bioactive compounds 

that have physiological importance beyond AA provision is relatively sparse. Many of the 

identified bioactive peptides are released after cleavage of the high-abundance milk protein 

fraction, which include all casein isoforms, as well as whey proteins α-LA and β-LG. 

Identified low-abundance milk proteins, which include all other whey proteins, are known to 

have functionality as either cleaved peptide fragments or as entire intact proteins that can 

withstand gastric cleavage. These bioactive proteins and peptides, derived from both the 

low- and high-abundance protein fraction, have been identified to have a large breadth of 

activity and play a role in human health, modulating physiological functions by various 

binding interactions with target cells and organs inducing beneficial physiological responses. 

Various functional properties associated with bioactive proteins and peptides include 

antimicrobial, antihypertensive, opioid, immunomodulatory, mineral binding, and 

antioxidative activities (Korhonen and Pihlanto, 2006; Sharma et al., 2011; Park and Nam, 

2015). Investigation of human breast milk has identified several bioactive proteins and pep-

tides that can influence infant health, particularly gut physiology and motility (Chatterton et 

al., 2013). Milk proteins present in bovine milk have also been identified to have bioactivity 

and cross-reactivity with human cells (Buccigrossi et al., 2007; Lönnerdal et al., 2011; 

Raikos and Dassios, 2014). Understanding secretion profiles of bovine milk proteins as well 

as mechanisms to manipulate this protein profile are important steps in further enhancing the 

healthfulness of bovine milk products.

The profile of proteins in bovine milk is influenced by animal factors such as breed, mastitis, 

and stage of lactation (Boehmer et al., 2010b; Zhang et al., 2015a; Tacoma et al., 2016). The 

mechanisms that affect the milk proteome at the cellular level within the mammary could be 

a result of AA supply or energy status on the transcriptional or translational efficiencies or 

rates within the cell (Osorio et al., 2016), or a result of posttranslational regulation such as 

changes in protein folding or intracellular protein transport (Ghazalpour et al., 2011). 

However, extracellular protein shifts may play just as important a role in determining the 

makeup of the milk proteome. Gene ontology (GO) analysis of the low-abundance bovine 

milk proteome fractions has consistently demonstrated that the majority of the identified 

proteins are extracellular in origin (Tacoma et al., 2016; Wang et al., 2017), suggesting that 

not only cell-specific regulation within the mammary gland as outlined above could affect 
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the milk proteome, but that nonsecretory cell specific metabolic changes could also lead to 

shifts in the milk proteome via junction leakage, or para- or trans-cellular passage of 

proteins.

Altering the milk protein profile and bioactive properties of the milk by manipulating the 

diet of the dairy cow offers a promising approach to naturally enhance the healthfulness of 

milk products. Research examining the relationship between nutrition and the bovine milk 

protein profile is limited and nutrition is a significant management factor that has the 

potential to alter milk protein composition (Kennelly et al., 2005; Tripathi, 2014). Christian 

et al. (1999) altered the proportions of high abundance bovine milk proteins by feeding a 

lupin-wheat-based diet, a high RUP source, to lactating dairy cows compared with cows fed 

spring-pasture, a high RDP source. Cows offered the lupin-wheat-based diet had higher 

concentrations of αS1-CN, αS2-CN, and γ-CN in the milk compared with cows on the high 

pasture diet, whereas concentrations of β-CN and κ-CN were present at higher 

concentrations in milk from cows fed spring pasture compared with cows on the lupin-based 

diet. More recently, a study was published outlining changes in high abundance milk protein 

expression patterns in response to inclusion of different corn and soybean feedstuffs in the 

ration. Although the type of corn included in the diet did not influence the milk protein 

profile, inclusion of heat-treated soybean meal resulted in a decrease in β-CN and zinc-α−2-

glycoprotein fragments indicating the availability of RDP to influence secretion of specific 

milk proteins. These authors also reported differential expression of α-LA and zinc-α−2-

glycoprotein due to diet, suggesting that ruminal microbial protein synthesis could affect the 

milk protein profile (Li et al., 2015). Mechanistically, shifts in the MCP versus diet-derived 

digestible RUP fractions reaching the small intestine are known to alter postabsorptive N 

metabolism, particularly affecting intestinal, hepatic, renal, and muscular metabolism 

(Hristov et al., 2004; Reynal and Broderick, 2005; Brito and Broderick, 2007), and would 

alter the blood proteome and N available for uptake and use for mammary protein synthesis 

but also the profile of nonmammary derived extracellular proteins within the milk via the 

mechanisms described above. Upon closer investigation of diets used in the research 

outlined by Christian et al. (1999) and Li et al. (2015), it is clear that they include diets with 

different RDP:RUP ratios; however, other nutrient differences between diets have made the 

interpretation of the effect of dietary protein content on the milk proteome difficult.

We hypothesize that it is the difference in diet RDP:RUP protein fraction that ultimately 

leads to a change in the bovine milk proteome. The goal of our study was to create 2 

isonitrogenous and isoenergetic dairy rations with at least a 10% difference in the RDP:RUP 

ratio and examine the bovine milk proteome in milk samples collected from cows 

consuming these different diets.

MATERIALS AND METHODS

Experimental Design

Six mid-lactation Holstein dairy cows (parity: 2.5 ± 0.8) were blocked by DIM (80 ± 43 

DIM) and milk yield (57.5 ± 6.0 kg) and then were randomly divided into 2 experimental 

groups in a double-crossover de-sign. Each of the 3 periods lasted 21 d and consisted of 16 d 

for diet adaptation and the last 5 d for sample collection. Cows were maintained in the same 
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tie-stall facility with sawdust bedding at the Paul R. Miller Re-search and Educational 

Center (University of Vermont, Burlington). All animal procedures were approved by the 

Institutional Animal Care and Use Committee at the University of Vermont.

Diet and Feeding

All animals had free access to water throughout the trial and were fed to target 10% refusals. 

Cows were fed the same partial mixed ration once daily (0600 h) and a pelleted top-dress 

that was mixed thoroughly into the ration thrice daily (0330, 1100, and 1800 h) that was 

formulated to contain either (1) a higher RDP:RUP ratio (RDP diet), or (2) a high RUP:RDP 

ratio (RUP diet). The treatment groups switched between the RDP or RUP topdress after 

each period. Diets were formulated to be isonitrogenous and isoenergetic, and included urea, 

soybean meal, canola meal, and commercially available bypass AA sources to create the 

different RDP:RUP ratio (see Table 1 for nutrient profile and complete formulation). Feed 

samples were collected thrice weekly and stored at −20°C. Feed samples were later 

composited within feedstuff over each period throughout the experiment and analyzed by 

wet chemistry (DairyOne, Ithaca, NY). Daily feed refusals from each animal were collected 

and weighed each morning before feeding for the duration of the trial. A subsample of these 

refusals were stored at −20°C until analysis and subsequently dried at 65°C for 48 h to 

calculate individual daily DMI.

Milk Production and Milk Sample Collection

Cows were milked twice daily (0700 and 1600 h). Milk yield was recorded daily and milk 

samples were collected on d 0 as baseline samples and on d 16 to 19 at the end of each 

experimental period from the morning and afternoon milking. One set of milk subsamples 

were collected and preserved with bronopol and nata-mycin (Broad Spectrum Microtabs, D 

& F Control Systems Inc., Dublin, CA) and stored at 4°C. Samples were analyzed 

commercially (DHIA, Lancaster, PA) within 3 d after collection for general milk 

composition. A second set of milk subsamples collected for analysis of high abundance 

proteins were immediately put on ice and skimmed within 2 h of collection at 4,000 × g for 

10 min at 4°C. The fat layer was removed and the skim milk samples were stored at −20°C 

until further analysis. A third set of milk subsamples collected for low abundance protein 

analysis were immediately frozen in a dry-ice ethanol bath after collection and stored at 

−80°C. Milk samples collected for high abundance protein analysis were analyzed 

individually, whereas milk samples collected for low abundance protein analysis were 

composited during the last week of each period by individual animal based on milk weights 

recorded at each milking.

Blood Collection

Blood samples were collected from the tailhead of each cow into heparinized and EDTA-

coated tubes (Becton Dickinson and Company, Franklin Lakes, NJ) after milking (0800 and 

1900 h) on d 0, and again on d 17, 19, and 21 of each period. Samples were placed on ice 

immediately after collection and plasma was isolated within 2 h of blood collection by 

centrifugation at 3,000 × g for 15 min at 4°C. Plasma was transferred into polypropylene 

tubes and frozen at −20°C until analysis. Plasma samples were later thawed and aliquoted 

into 0.5-mL centrifuge tubes and plasma concentrations of BHB (Sigma, St. Louis, MO), 
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plasma urea nitrogen (PUN; Teco Diagnostics, Anaheim, CA), glucose (Sigma), and fatty 

acids (ZenBio Inc., Research Triangle Park, NC) were determined using commercially 

available kits. Samples were analyzed according to the manufacturer’s instructions and all 

coefficients of variation were <5%.

Rumen Fluid Collection

Rumen fluid samples were collected by esophageal intubation, which was performed at 1300 

h on d 0, and again on d 19 and 21 of each period to determine rumen VFA profiles and 

verify that no major shifts in rumen energetics occurred as a result of treatment. Rumen fluid 

samples were centrifuged at 14,000 × g for 20 min at 8°C and the supernatant was filtered 

through a 25-mm hardened ashless filter (Whatman 540). The extracted supernatant was 

mixed with equal parts of an internal standard (50 µmol/mL of trimethyl acetic acid in 0.06 

M oxalic acid). The samples were analyzed as per methods similar to those previously 

described by Dann et al. (2008). Nitrogen was used as the carrier gas at a flow rate of 15 

mL/min, where the other gases were purified air at 300 mL/min and hydrogen gas at 30 

mL/min to the flame ionization detector. The oven temperature was held at 175°C for 25 min 

and the injector and detector temperature were held at 200°C. Star Chromatography software 

(v. 6, Agilent Technologies, Santa Clara, CA) was used to analyze peaks based on the flame 

ionization detector response. Peaks were identified using individual VFA standards 

(Supelco, Sigma-Aldrich, St. Louis, MO) and molar proportions were calculated using 

molecular weights and sample volume.

Urine and Fecal Collection

Urine and fecal samples were collected for 24 h on d 0 and again on d 19 of each period to 

assess changes in N partitioning as a result of diet treatment. Urine and feces was collected 

using buckets and weights of each event were recorded before the sample was thoroughly 

mixed and a subsample collected. Four drops of sulfuric acid was added immediately to each 

urine subsample to acidify the sample to a pH <4. Fecal and acidified urine subsamples were 

placed on ice after collection and stored at −20°C until further analysis. All urine and fecal 

samples were thawed overnight at 4°C, and composited within animal based on the volume 

of each event in proportion to their total daily urine and fecal weights. The composite fecal 

samples were dried for 48 h at 65°C and ground. Composite urine and dried fecal samples 

were then submitted for N analysis to a commercial laboratory (University of Vermont 

Agricultural and Environmental Testing Laboratory, University of Vermont, Burlington). 

The estimated N balance of each cow was determined through the following calculation: N 

retained = N content of feed (g/d; g of CP intake/d/6.25) – [urine N output (g/d) + fecal N 

out-put (g/d) + milk N output (g/d)]. The milk N content was assumed to be milk protein/

6.38.

Analysis of the High Abundance Milk Proteins

The skim milk samples stored for high abundance milk protein determination were thawed 

at 4°C over- night and mixed thoroughly by vortexing and then sonication at 33 W for 15 

min at less than 25°C, cooled in an ice bath (Bransonic Model 220, Branson Ultrason-ics, 

Danbury, CT). Following sonication, a 0.5-mL aliquot of milk was pipetted into a 

Tacoma et al. Page 5

J Dairy Sci. Author manuscript; available in PMC 2019 January 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



borosilicate test tube. An equal amount of reducing buffer (6.0 M guanidine hydrochloride, 

5.0 mM trisodium citrate dehydrate, 20.0 mM dithiothreitol) was then added to the sample 

before incubation at room temperature for 1 h. The milk/buffer mixture was allowed to react 

for at least 1 h at room temperature, a further weighed volume of the buffer without the 

dithiothreitol reducing agent was added, and the sample transferred to a syringe and passed 

through a 0.45-µm regenerated cellulose mem-brane syringe filter (Sartorius, Goettingen, 

Germany) into an HPLC autosampler vial.

Samples were analyzed using a Shimadzu (Kyoto, Japan) HPLC with the following solvent 

gradient protocol, outlined by Bordin et al. (2001) with minor modifications: linear gradient 

from 26.5 to 28% eluent B in 2.5 min (0.60% B/min), an isocratic elution at 28.0% B for 4 

min then from 28.6 to 30.6% B in 3.4 min (0.70% B/min), and from 30.6 to 33.5% B in 2.9 

min (1.0% B/min), followed by an isocratic elution at 33.5% B for 3 min, an increase from 

33.5 to 36.1% B in 2.6 min (1.0% B/min), an isocratic elution at 36.1% B for 5 min, an 

increase from 36.1 to 37% B in 1.5 min (0.6% B/min), an isocratic elution at 37% B for 2 

min, and a final increase to 41% B in 6.5 min (0.60% B/min), for a total run time of 42 min 

at a flow rate of 0.50 mL/min.

For each analysis, 4 µL of sample was injected into the HPLC. Chromatograms were 

obtained at 214 nm and individual protein peaks were identified by comparison to injections 

of standard protein solutions prepared in our laboratory from purchased isolated proteins 

(Sigma), and integrated using Shimadzu LC-solution software (version 1.22, 2006) to 

determine the area under the peak. For quantification of total α-CN, as well as β-CN, κ-CN, 

α-LA, and β-LG, standard curves were directly determined by injecting known 

concentrations of the standard protein solutions. The constituent αS1-CN and αS2-CN 

proteins are not readily available as isolates; therefore, quantification of αS1-CN and αS2-

CN was performed by interpolating the results from the total α-CN standard curve for 

semiquantitative comparisons between experimental groups.

Low Abundance Protein Isolation, Digestion, and Identification

Milk samples collected for low abundance protein analysis were thawed overnight at 4°C. To 

obtain a representative sample, milk samples from the morning and afternoon milking were 

composited within cow from d 16 to 19 within each period according to milk weights at each 

milking. The resulting 50-mL composite samples were subjected to fractionation and 

proteomic techniques as previously described (Tacoma et al., 2016). Briefly, protease 

inhibitor cocktail (Sigma) was added (0.24 mL/g of protein) to each composite sample. 

Samples were then centrifuged at 4,000 × g for 15 min at 4°C, and the skim milk samples 

were then combined with 60 mM CaCl2 and adjusted to a pH of 4.3 using 30% acetic acid 

solution (Fisher Scientific, Fair Lawn, NJ). The whey-containing supernatant was collected 

after centrifugation of samples at 189,000 × g at 4°C for 70 min, and subsequently stored at 

−80°C. Samples were lyophilized, reconstituted in PBS, and the protein content of each 

sample was determined using the bicinchoninic acid assay kit (Pierce, Rockford, IL) using 

BSA as the standard. The low-abundance protein fraction was enriched using a ProteoMiner 

kit (BioRad, Hercules, CA) and proteins were eluted in 20 μL of 4× Laemmli sample buffer 

(8% SDS, 40% glycerol, 250 mM Tris pH 6.8, 400 mM dithiothreitol with trace amounts of 
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bromophenol blue) after heating the samples to 95°C for 10 min. The eluted samples were 

then separated by SDS-PAGE in precast 8 to 16% polyacrylamide gels (BioRad) using Tris-

glycine (pH 8.3) containing 0.1% SDS as the running buffer. Gels were stained by 

incubating in Coomassie Brilliant Blue (BioRad) overnight, and destaining was performed 

using a solution of 10% acetic acid, 40% methanol, and 50% water. The Gel Doc XR + 

system (BioRad) was used to scan gels before gel excision. Each sample was cut into 15 

segments, cut into 1 mm cubes, de-stained with 50 mM ammonium bicarbonate in 50% 

acetonitrile, and reduced by 10 mM dithiothreitol at 55°C for 1 h. Samples were then 

alkylated with 55 mM iodoacetamide in the dark at room temperature for 45 min before 

being washed and dehydrated twice with 100 mM ammonium bicarbonate and 100% 

acetonitrile. The gel segments were dried in a SpeedVac (Scientific Support, Hayward, CA) 

and digested by reaction with 7 μg/µL of trypsin for 18 h at 37°C. The digestion was ceased 

using 50 uL of 5% formic acid, and the resulting peptide solution was dried in a SpeedVac 

(Scientific Support). Samples were resuspended in 10 µL of a solu-tion containing 2.5% 

acetonitrile and 2.5% formic acid for liquid chromatography (LC)-MS/MS analysis.

Samples were analyzed by LC-MS/MS on a LTQ MS (Thermo Fisher Scientific, Waltham, 

MA), and 5 µL of the digest was loaded onto a 100 μm × 120 mm capillary column packed 

with MAGIC C18 (5 μm particle size, 20 nm pore size, Michrom Bioresources, Auburn, 

CA) at a flow rate of 500 nL/min. Peptides were separated by a gradient of 5 to 35% 

acetonitrile/0.1% formic acid over 98 min, 40 to 100% acetonitrile/0.1% formic acid in 1 

min, and 100% acetonitrile for 10 min, followed by an immediate return to 2.5% CH3CN/

0.1% formic acid, and a hold at CH3CN/0.1% formic acid. Peptides were introduced into the 

linear ion trap via a nanospray ionization source and a laser pulled ~3 μm orifice with a 

spray voltage of 1.8 kV. Mass spectrom-etry data were acquired in a data-dependent “Top 

10” acquisition mode, in which a survey scan from m/z 400 to 1,600 is followed by 10 

collision-induced dissociation MS/MS scans of the most abundant ions. Tandem mass 

spectrometry scans were acquired with the following parameters: isolation width: 2 m/z, 

normalized collision energy: 35%, activation Q: 0.250 and activation time = 30 ms. Dynamic 

exclusion was enabled (repeat count: 2; repeat duration: 30 s; exclusion list size: 180; 

exclusion duration: 60 s). The minimum threshold was 500. Product ion spectra were 

searched using the SEQUEST search engine on Proteome Discoverer 1.4 (Thermo Fisher 

Scientific) against a curated Bovine Uniprot [Bos taurus database (24,206 entries) down-

loaded July 9, 2014]. The 15 raw files from each sample (6 samples per period: 24 samples 

total) were searched as one contiguous input file and a single result file was generated for 

each sample. Search parameters were as follows: full trypsin enzymatic activity, 2 missed 

cleavages, and peptides between the molecular weight of 350 to 5,000; mass tolerance at 2 

Da for precursor ions, and 0.8 Da for fragment ions. Dynamic modifications on methionine 

(+15.9949 Da: oxidation; 4 maximum dynamic modifications allowed per peptide); and 

static modification on cysteine (+57.0215 Da: carbamido-methylation). The result files were 

then further analyzed by Scaffold 4.3 (Proteome Software, Portland, OR) to compare the 

unique peptide counts and to identify GO functions of the identified proteins. Cross-

correlation significance and minimum peptide cutoff filters were applied to limit the false 

positive rates to less than 1% in the data sets.
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Statistical Analysis

Statistical analysis of DMI, plasma parameters, milk composition, VFA, N balance, and high 

abundance protein data were performed using a linear mixed model for repeated measures 

ANOVA. The analyses were carried out with SAS software (version 9.4, SAS Institute Inc., 

Cary, NC). Preliminary data screening using PROC UNIVARIATE revealed that all 

dependent variables were approximately normally distributed. Data were analyzed by 

MIXED procedure of SAS with baseline values used as covariates and day as the repeated 

measure. All data are presented as least squares means ± standard error of the mean and 

were considered to be significantly different at P < 0.05. Trends were recognized at P < 0.10.

Analysis of spectral abundance from the low abundance protein data was performed using a 

generalized linear mixed model. Data were analyzed by GLIM-MIX procedure of SAS with 

baseline values used as covariates and day included as the repeated measure. A Poisson 

distribution was assumed because all dependent variables were count data. Low-abundance 

protein results were adjusted by the false discovery rate using the MULTTEST procedure of 

SAS. All data were presented as least squares means ± standard error of the mean and were 

considered to be significantly different at P < 0.05. Trends were recognized at P < 0.10.

RESULTS

Diet and DMI

Total CP (% of DM) was similar in both diets and a 13% difference (% of CP) in the 

RDP:RUP ratio between diets was achieved while maintaining similar NDF, NFC, and NEL 

content (% of DM; Table 1). Dry matter intake was not different between the 2 treatment 

groups (Table 2).

Milk Yield and General Composition

Total milk yield as well as concentrations and yields of the individual milk constituents were 

not different between the 2 treatment groups (Table 2). Similarly, SCC was not significant 

between groups. The MUN was higher (P = 0.04) in milk samples analyzed from the RDP 

group (15.7 mg/dL) compared with those from the RUP group (14.6 mg/dL).

Plasma Metabolites

Plasma glucose, BHB, and fatty acid concentrations did not differ between treatment groups 

(Table 3). The PUN concentrations were higher (P = 0.01) from cows fed the RDP diet (1.02 

mmol/L) compared with samples from cows fed the RUP diet (0.98 mmol/L). A significant 

period effect was observed on the concentrations of plasma BHB (P ≤ 0.01) and PUN (P ≤ 

0.01).

Rumen VFA

Rumen propionate concentrations tended to be higher in cows that were fed the RUP diet (P 
= 0.06; Table 4); however, this response was primarily due to an outlier measured in the 

second period. For the remaining discussion, this trend was not included in the data 

interpretation.
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N Partitioning

Nitrogen balance data are presented in Table 5 as total N excreted as well as proportion of N 

intake. Nitrogen intake was similar between the RDP and RUP diets (718 and 717 g/d, 

respectively; P = 0.94). Total fecal, urine, and milk N output (g/d or g/g of N intake) was not 

different between treatment groups. No effect of diet on calculated N retention was 

observed. Urine N excretion was affected by period.

High Abundance Milk Proteins

Concentrations of both κ-CN (P = 0.04) and total casein (P < 0.01) was lower in milk 

samples from the RUP group (5.39 and 36.3 mg/mL, respectively) compared with the RDP 

group (5.61 and 37.8 mg/ mL, respectively). Total α-CN (P = 0.06) concentration tended to 

be higher in milk samples collected from the RUP group (16.3 mg/mL) compared with the 

RDP group (15.7 mg/mL). A period effect was present on β-CN, κ-CN, and total casein 

concentrations. No difference was found between treatment groups in the skim milk whey 

fraction (Table 6).

Low Abundance Milk Proteins

Analysis of the skim milk samples from both dietary groups resulted in identification of 595 

low abundance proteins (complete list in Supplemental File S1; https://doi.org/10.3168/jds.

2017-12647). Of these, 292 were present at high enough peptide counts to be compared 

statistically across treatments. Using a correction for multiple tests, no treatment, day, or 

treatment by day effects were observed to affect the protein count of any of the proteins 

(Table 7).

DISCUSSION

Effect of Diet RDP:RUP Ratio on N Partitioning

Isonitrogenous and isoenergetic diets were formulated and used in this experiment with a 

13% (% of CP) difference in the RDP:RUP ratio between the 2 diets. The lack of difference 

between DMI, rumen VFA concentration, and milk yield observed between the 2 treatment 

groups supports the suggestion that diets supplied similar nutrient profiles to the cows. The 

aim of providing a different RDP:RUP ratio to the cows was to create a divergence in how 

the protein was de-graded and consequently how the N was absorbed and used by the 

animal. We hypothesized that by altering the proportion of RDP and RUP in the diet for a 

lactating dairy cow would alter N utilization patterns, ultimately leading to changes in milk 

protein secretion profiles. Though the diet CP inclusion in this experiment (approximately 

18.5% of DM) was relatively high for a lactating dairy cow by the NRC standards (NRC, 

2001), lower MUN and PUN concentrations in milk and plasma samples collected from 

cows fed a diet higher in RUP compared with those that were fed the RDP diet highlights 

that the diet composition successfully altered the N utilization patterns between treatment 

groups and is in agreement with previous research (Brito and Broderick, 2007; Totty et al., 

2013).
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Milk Proteins Affected by Diet RDP:RUP Ratio

The significant increase in total casein concentrations measured from cows fed the RDP diet 

could be related to a more efficient N and energy capture by microbes with higher MCP 

synthesis and hindgut MCP utilization and uptake as a result. Increased energy and N 

availability to the cow would likely increase mammary protein synthesis capacity, which 

would also result in a higher mammary casein synthesis rates. This would support our 

observation of increased milk total casein content from cows fed the RDP diet compared 

with those on the RUP diet.

Cows on the RUP diet also had lower individual β-CN and κ-CN concentrations in the skim 

milk fraction com-pared with those on the RDP diet. These results suggest that, at least in 

part, the results observed by Christian et al. (1999) and Li et al. (2015) are due to changes in 

ruminal protein availability and consequent animal N partitioning. The mechanisms of 

action could be due to specific AA availability to the mammary gland (MG), which is 

known to affect total protein secretion in the milk (DePeters and Cant, 1992; Rius et al., 

2010). How-ever, the diets used in the current study were predicted to satisfy all AA 

requirements, and without the observation of increased total milk protein output, it would 

indicate an additional requirement of specific AA above the current estimated AA 

requirements for synthesis of specific casein isoforms. Though this prospect is feasible, 

further investigation of mammary AA supply during differential RDP:RUP feeding with 

focus on its relationship to mammary function and casein isoform secretion is needed to 

address this mechanistic hypothesis. Hormone signaling, particularly that of insulin on the 

mTOR complexes, is another mechanism by which diet could affect mammary protein 

synthesis (Bionaz and Loor, 2011). Though the diets were designed to be isoenergetic and 

no significant changes in rumen VFA profile or plasma glucose concentration were 

observed, no plasma hormones were directly analyzed and there-fore cannot be discounted 

to have played a role in the observed shift in casein due to diet.

Unfortunately, the current known functions of β-CN and κ-CN provide little aid in 

development of a secondary hypothesis as to why this differential regulation might occur. 

The calcium-insensitive κ-CN is known to play an important role in micelle stability (Shekar 

et al., 2006), whereas the function of β-CN is unclear. Through a lactation, β-CN knockout 

mice secrete less milk protein, despite maintaining a normal lactation. The lower milk 

protein due to β-CN knockout is partially compensated through increased secretion of other 

casein isoforms (Kumar et al., 1994), indicating no crucial role in protein function or 

secretion.

Over 590 low abundance proteins were identified using a combination of fractionation and 

enrichment techniques. Although no effect of dietary treatment on the low abundance 

protein profile was observed, the identified proteins are known to have a large breadth of 

functions and included known bioactive proteins such as lactadherin, lactoperoxidase, 

lactoferrin, and osteopontin. Gene ontological analysis revealed that 83% of the low 

abundance proteins with identified GO functions were involved in cellular processes such as 

protein folding and stabilization, signal transduction, cell adhesion, complement activation 

pathways, and glycolytic and catabolic processes. Additionally, 73% of low abundance 
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proteins identified with known GO functions involved in binding processes were 

predominately proteins involved in metal-ion binding such as calcium, copper, magnesium, 

manganese, and zinc as well as ATP and GTP binding. Twenty-five percent of the low 

abundance proteins identified with known GO functions were involved in immune system 

regulation and these proteins were involved in activation of the complement proteins, the 

innate immune response, and antibacterial activities. Many of the low abundance proteins 

have multifunctional properties contributing to the complex regulation of cellular 

metabolism.

In agreement with previous research, many of the low abundance proteins identified in the 

current study are characterized generally as common nonmammary specific cellular proteins 

and more research is needed in this field to understand the pathways that lead to presence of 

these proteins in milk, as well as the physiological and metabolic factors affecting milk 

protein expression within the MG.

Effect of DIM on Milk Protein Profile

Using a double-crossover design, otherwise known as a switchback design, also allowed for 

investigation into the effect of DIM on the milk protein profile. The concentrations of β-CN, 

κ-CN, and total milk casein in-creased with increasing DIM. These results are consistent 

with previous studies (see review by Barber et al., 2005) and may be due to increased 

synthesis of casein in response to the positive energy status, reduced mam-mary protease 

activity, hormonal control, or regulation by an advancing pregnancy rather than directly due 

to stage of lactation (Barber et al., 2005).

None of the identified low abundance proteins were influenced by DIM. This was not 

expected considering that the trial encompassed 63 d and many whole-animal metabolic and 

physiologic changes occur through the progression of lactation, including changes at the 

tissue level as the MG undergoes involution, and inflammation in the MG subsides (Zhang et 

al., 2015a,b). Two factors may play into this lack of day effect. First, the animals were in 

mid lactation, which encompasses a period of less drastic mammary- and whole-animal-

level shifts: energy balance has positively stabilized, milk production has peaked, and many 

of the postpartum diseases have subsided. This stabilization of the milk proteome in the mid-

lactation stage is supported by recent work outlined by Zhang et al. (2017), who reported 

stable percentages of low-abundance proteins involved in enzymatic activity, immunity, and 

transport functions throughout the mid-lactation period of dairy cattle. A second factor that 

could come into play is animal variation. Though the research described herein used a robust 

switchback design to address the stated hypothesis, individual animal variation in parameters 

such as lactation persistency, rates of alveolar senescence, and nutrient utilization efficiency 

could prevent a true portrait of the effect of time on the milk proteome, particularly that of 

the lower abundance milk proteins that are present at low concentrations.

CONCLUSIONS

Nutritional manipulation of the dairy cow’s diet to alter milk composition offers a promising 

approach to naturally enhance the milk profile and could provide an opportunity for future 

development into functional foods directed toward increased healthfulness of milk. Although 
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altering the RDP:RUP ratio of the diet did not induce any differences in the low abundance 

milk protein profile, the effect of this diet alteration on the casein profile produced by the 

cattle demonstrates the potential to influence specific mammary-derived milk proteins. 

Further investigation into the mechanisms of this interaction are needed to verify the 

outcomes observed in this smaller study and more accurately predict the effect of diet 

changes on the milk protein profile. Future studies could begin by gaining a deeper under-

standing on how the MG responds to changes in plasma composition along with examining 

the regulatory mechanisms behind AA transport across the mammary epithelia and how a 

change in AA availability to the MG influences protein synthetic pathways.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Table 1.

Ingredient and nutrient composition of the diets
1

Treatment

Item RDP RUP

Ingredient (% of DM)

  Corn silage  48.5  48.5

  Haylage   6.4   6.4

  Soybean meal  13.1   5.6

  Molasses cane   1.4   1.1

  Corn grain  14.2  14.0

  Citrus pulp dry   1.1   1.2

  Canola meal   3.6 —

  Wheat middlings   0.7 —

  Wheat red dog   1.4 —

  Berga fat   0.9 —

  Corn distillers —   3.5

  Vitamins/minerals   2.9   2.7

  Amino max   4.8  13.9

  Urea   0.4  0.14

  Amino enhancer —   1.4

Nutrient composition (% of DM)    

  DM (%)  57.1  57.0

  CP  18.5  18.5

   RDP  11.7   9.0

   RUP   6.8   9.5

  ADF  20.3  21.7

  NDF  30.8  32.7

  NFC  40.1  39.1

NEL (Mcal/kg)   1.8   1.8

1
Supplier of feed: Poulin Grain (Newport, VT).
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