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Abstract 
Feeding rumen-protected choline (RPC) to late gestation dairy cows has potential to affect growth in offspring. The objective of this study was 
to evaluate the effects of in utero choline exposure on the growth, feed efficiency (FE), metabolism, and carcass quality of Angus × Holstein 
cattle. Multiparous Holstein cows pregnant with male (N = 17) or female (N = 30) Angus-sired calves were enrolled 21 d prepartum and randomly 
assigned to one of four dietary treatments varying in quantity and formulation of RPC. The treatments included a control with 0 g/d supplemen-
tal RPC (CTL), supplemental RPC fed at the recommended dose (RD) of 15 g/d from either an established RPC product (RPC1RD; ReaShure; 
Balchem Corp.) or choline ion from a concentrated RPC prototype (RPC2RD; Balchem Corp.), or a high dose (HD) of RPC2 fed at 22 g/d (RPC2HD). 
From 2 to 6 mo of age, calves were group housed and offered 2.3 kg grain/hd/d (42% CP) with ad libitum grass hay, and stepped up to a com-
plete finishing diet by 7 mo (12.0% CP; 1.34 Mcal/kg NEg). Weight and height were measured monthly. Animal FE was measured in individual 
pens for 35 d at 8 mo. Feed intake was measured daily, and blood was obtained on day 18 during the FE period. Afterwards, cattle were group 
housed and offered a free-choice finishing diet until slaughter, where carcass yield and quality characteristics were measured. Mixed models 
were used in PROC MIXED (SAS, 9.4) with the fixed effects of treatment, sex, time, their interactions, and the random effect of calf. Month was 
the repeated measure, and preplanned contrasts were used. Blood and FE data were analyzed with the fixed effect of dam choline treatment, 
calf sex, and the interaction. Increasing dose of RPC tended to increase weight over the entire study period. Feeding any RPC increased hip 
and wither height compared with CTL, and increasing RPC dose linearly increased hip and wither height. Treatment and sex interacted on DMI 
whereby increasing RPC intake linearly increased DMI for males but not females. Compared with control, feeding any RPC decreased plasma 
insulin, glucose, and an insulin sensitivity index (RQUICKI). In utero choline exposure increased kidney–pelvic–heart fat and marbling score. 
Mechanisms of action for intrauterine choline exposure on offspring growth, metabolism, and carcass characteristics should be explored as they 
have direct implications for profitability for cattle growers and feeders.

Lay Summary 
Common nutritional and management programs implemented during gestation in dairy cattle also have positive outcomes for offspring growth, 
health, and well-being. Recent work has demonstrated that supplementing rumen-protected choline (RPC) to dairy cows for several weeks 
before calving increases growth and feed efficiency (FE) of their calves. Considering the recent industry trends of breeding dairy cows with 
beef semen, any potential growth and FE advantages imparted by prenatal RPC supplementation of the dams could help increase value of the 
resulting beef × dairy calves. The objective of this study was to evaluate growth, FE, and carcass characteristics of beef × dairy calves from 
dairy cows supplemented with RPC before calving. Feeding RPC to dairy cows before calving increased offspring weight and height through 
9 mo of age. In utero exposure to choline also improved markers of insulin sensitivity of the offspring while being fed with a high-energy diet. 
Dam dietary RPC supplementation increased offspring kidney, pelvic, and heart fat at slaughter, and also increased marbling score. Considering 
the importance of marbling in carcass quality, the potential of RPC to positively influence offspring performance could be beneficial for further 
enhancing value of beef × dairy cattle at slaughter.
Key words: beef, carcass characteristics, developmental programming, feed conversion
Abbreviations: ADG, average daily gain; BHB, beta-hydroxybutyrate; BUN, blood urea nitrogen; BW, body weight; FA, fatty acids; FCR, feed conversion ratio; FE, 
feed efficiency; KPH, kidney–pelvic–heart weight; MBW, metabolic body weight; REA, ribeye area; RFI, residual feed intake; RQUICKI, insulin sensitivity index; 
RPC, rumen-protected choline; TG, triglycerides

Introduction
Recent work in dairy cattle has demonstrated that a broad 
array of farm nutrition and management practices imple-
mented for gestating dairy cows also positively affects off-
spring growth, health, and well-being (Laporta et al., 2017; 

Abuelo, 2020). Of particular interest is the use of rumen-pro-
tected choline (RPC), which is typically fed for 3 wk pre-
partum in the diets of dairy cows. Recent research showed 
that dietary RPC supplementation to prepartum dairy cows 
increased growth and feed efficiency (FE) of their preweaned 
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and yearling offspring (Zenobi et al., 2018; Holdorf et al., 
2023a).

Choline is a quasi-vitamin that is established as an essen-
tial nutrient in human nutrition (Zeisel and da Costa, 2009), 
but a requirement has not yet been determined in cattle. Cho-
line functions as part of the cell membrane’s lipid bilayer as 
phosphatidylcholine, acts as the substrate for synthesis of the 
neurotransmitter acetylcholine, which is involved in neural 
signaling, and is a substrate for production of the methyl 
donor trimethylglycine. These three functions collectively 
influence offspring performance through placental, organ, 
and brain development, and through DNA methylation 
(Jiang et al., 2014; Zeisel, 2017). In utero choline exposure 
during late gestation is a potential nutritional intervention to 
enhance tissue growth and performance in the growing fetus 
since it is developing muscle and fat depots that are the basis 
for carcass growth and development later in life (Du et al., 
2017). However, the timing, duration, and dose of in utero 
choline exposure that will optimally benefit the growing fetus 
and offspring in dairy cattle is not clear.

Enhancing calf growth through gestational mediators has 
value for calves destined for market purposes (i.e., beef pro-
duction) since they are sold by weight and for carcass com-
position, depending on the age. The fact that advantages in 
growth and FE could be observed as late as 50 wk of age in 
dairy calves exposed to choline in utero (Zenobi et al., 2018) 
reveals long-term implications for growing cattle. There has 
been a recent rise in beef-on-dairy breeding strategies to 
capture more value for nonbreeding animals produced on 
dairy farms (Berry, 2021). Capturing more revenue through 
beef × dairy market calves can be an additional benefit from 
feeding RPC to peripartum dairy cows, since an effect of in 
utero choline exposure is possible. The objective of this study 
was to assess the long-term carryover effects of in utero cho-
line exposure on the growth, metabolism, FE, and carcass 
characteristics of Angus × Holstein calves. We hypothesized 
that calves exposed to choline in utero would have greater 
gain and FE. The secondary objective of this study was to 
establish initial performance data on Angus × Holstein calves 
considering the paucity of published data for animals of this 
phenotype.

Materials and Methods
The animal sampling and handling procedures utilized in this 
study were approved by the University of Wisconsin-Madison 
College of Agricultural and Life Sciences Institutional Animal 
Care and Use Committee (Protocol #A006338). Multiparous 
Holstein cows (N = 116) at the Emmons Blaine Dairy Cattle 
Research Center (Arlington, WI) were enrolled in the study 21 
d prepartum as previously described (Holdorf et al., 2023a). 
Briefly, cows were randomly assigned to one of four dietary 
treatments varying in quantity and formulation of RPC. The 
treatments included a control with 0 g/d supplemental RPC 
(CTL), supplemental RPC fed at the recommended dose (RD) 
of 15 g/d from either an established RPC product (RPC1RD; 
ReaShure; Balchem Corp.) or choline ion from a concentrated 
RPC prototype (RPC2RD; Balchem Corp.), or a high dose 
(HD) of RPC2 fed at 22 g/d (RPC2HD).

Dairy cows were pregnant with either Holstein or Angus-
sired calves. Only Angus-sired calves will be discussed in this 
paper (N = 47). Management of calves from birth to weaning 
has been described elsewhere (Holdorf et al., 2023a). Briefly, 

calves were fed 3.8 L thawed colostrum within 4 h of birth 
from a cow receiving the same dietary treatment as the calf’s 
dam. Thereafter, calves were relocated to the UW Beef Graz-
ing Center (Arlington, WI) and were fed up to 0.8 kg DM 
milk replacer daily, split between two feedings, and offered ab 
libitum access to calf starter and water. Calves were housed 
individually until weaning at 53 d of age.

Growth from weaning to 9 mo
Initial efforts sought to determine growth differences from 2 
to 9 mo of age imparted by in utero choline exposure. After 
weaning, calves were group housed with access to ab libitum 
grass hay and offered 2.3 kg of a grain supplement daily until 
approximately 7 mo of age. As more calves were weaned, they 
were eventually split into two management cohorts of simi-
lar age. At approximately 7 mo of age, calves were relocated 
to the UW Beef Nutrition Center (Arlington, WI) and tran-
sitioned to a finishing diet. Nutrient composition of the feed 
ingredients and diets is outlined in Table 1.

Individual calf weight, wither height, and hip height mea-
surements were obtained monthly (30 ± 1 d) beginning at 5 
mo of age. Calves were briefly restrained for all measurements 
in a chute equipped with electronic scales calibrated twice 
annually (Q-Catch 86-Series, Arrowquip, Woodlands, Man-
itoba; Silencer, Molly Manufacturing, Lorraine, KS).

Feed efficiency and metabolism
To determine effects of in utero choline exposure on FE 
of Holstein × Angus calves fed a finishing diet, at approx-
imately 8 mo of age calves were moved into individual 
pens for determination of FE over a 35 d period. The FE 
period was conducted in two cohorts. Calves were provided 
ab libitum access to water and a finishing diet containing 
12% CP and 1.34 Mcal/kg NEg (Table 2). Calves were fed 
once daily at 0800 hours, and total feed offered and orts 
were recorded. Samples of feed ingredients were obtained 

Table 1. Nutrient composition of free-choice grass hay and protein 
supplement (approximately 2.1 kg/d) offered to Angus × Holstein calves 
from 2 to 8 mo of age. Calves were exposed in utero to choline through 
dam alimentation of different levels and formulations of rumen protected 
choline

Ingredient

Item Grass hay Protein supplement1

Chemical composition2

 � DM, % 90.9 89.9

 � CP, % 14.5 16.3

 � NDFom, % 53.2 11.3

 � ADF, % 40.1 5.5

 � Starch, % 1.6 48.0

 � Ether extract, % 2.3 3.3

 � Ash, % 10.1 6.6

 � NEG, Mcal/kg 0.64 1.38

1Supplement ingredients on as-fed basis include ground corn (62%); 
soybean meal (14.5%); expeller soybean meal (5%); wheat mids (5%); 
soy hulls (4%); mineral premix (3.22%); molasses (5.1%); potassium 
chloride (0.2%); yeast (Diamond V; 0.63%); vitamin A (0.03%); vitamin 
D (0.01%); Vitamin E (0.15%).
2Reported as % of DM unless otherwise noted.
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weekly. Feed samples were dried in a 55 °C forced air oven 
for 48 h and ground to pass through a 1 mm screen (Wiley 
Mill, Arthur H. Thomas). After grinding, weekly feed ingre-
dient samples within cohort were composited on a weight 
basis for nutrient composition analysis using wet chemis-
try (Dairyland Laboratories, Arcadia, WI). Feed ingredi-
ents were analyzed according to the methods of Shreve et 
al. (2006) for DM. The content of crude protein (method 
990.03), neutral detergent fiber (method 2002.04), acid-de-
tergent fiber (method 973.18), lignin (method 973.18), ether 
extract (method 920.39), and ash (method 942.05) were 
determined according to AOAC International (AOAC Inter-
national, 2016). Starch in feed and feces was analyzed utiliz-
ing a method undergoing AOAC collaborative review (30th 
Annual MW AOAC Meeting) and quantified on a YSI 2700 
Select Biochemistry Analyzer (YSI, Inc.; Yellow Springs, 
OH). A single fecal grab sample was obtained from each 
animal for starch analysis to broadly assess the impact of 
whole-kernel high moisture corn passage in the feces. Fur-
thermore, the high moisture corn mean geometric particle 
size was determined (ASABE, 2017) using a particle separa-
tor with 4,699, 2,380, 1,180, 589, 300, 150, and 63 µm 
sieves (W.S. Tyler Company, Mentor, OH).

Calf weights were determined three times at the beginning, 
middle, and end of the feed intake data collection period, for 
a total of 9 body weight (BW) measurements over the course 
of the 35 d FE period. Average daily gain (ADG) was deter-
mined by fitting a regression of BW against the day of study. 
Total BW gain was calculated as the difference between the 
beginning and end BW based on the ADG regression. Feed 
conversion ratio (FCR) was calculated as the ratio of total 
DMI:gain during the 35 d study period.

Blood samples were obtained on day 18 of the FE period 
to assess in utero choline exposure on circulating metabolites 
while on a finishing diet. Blood was collected via coccygeal 
vessel venipuncture and evacuated into one tube containing 
potassium oxalate with a sodium fluoride glycolytic inhibi-
tor and stored on ice until plasma separation (BD Vacutainer, 
Franklin Lakes, NJ). A serum tube with a clotting activator 
was used for serum collection after being allowed to sit at 
room temperature for 1 h (BD Vacutainer). Tubes were cen-
trifuged at 2,000 × g (plasma) and 3,000 × g (serum) for 15 
min, and the resulting plasma and serum were aliquoted and 
stored at −20 °C until analysis. Plasma insulin was quanti-
fied in triplicate using an enzyme-linked immunosorbent 
assay specific for bovine insulin (Mercodia, Inc., Uppsala, 
Sweden) and absorbance determined with a Synergy H1 spec-
trophotometer (Biotek Instruments, Inc., Winooski, VT). A 
CatachemWell-T autoanalyzer (Catachem, Inc., Oxford, CT) 
was used to quantify plasma glucose (C124-07), blood urea 
nitrogen (BUN; C264-04), and β-hydroxybutyrate (BHB; 
C442-02) in duplicate as described by Pralle et al. (2021). 
Serum triglyceride (TG) was also quantified in duplicate on 
the CatachemWell-T autoanalyzer, based on a 1:2 serial dilu-
tion standard curve of TG (Multi-calibrator lipids, FUJIFILM 
Wako Diagnostics, Mountain View, CA; Martin et al., 2021). 
Serum free fatty acids (FA) were quantified enzymatically with 
a modified plate assay on the Synergy H1 specrophotometer 
(Biotek Instruments) using Catachem reagents (C514-02; Pra-
lle et al., 2021) and a 1:2 serial dilution standard curve of 
NEFA Standard Solution (FUJIFILM Wako Diagnostics). An 
internal control was included on each plate or run, with over-
all coefficient of variation less than 7.5% on all assays. The 
insulin sensitivity index (RQUICKI) was calculated according 
to the methods of Holtenius and Holtenius (2007) with the 
following equation:

RQUICKI = 1/[log (glucose) + log (insulin)

+ log ( fatty acids)].

Residual feed intake and relationship with growth 
and metabolic markers
Based on growth and intake data during the FE period, 
residual feed intake (RFI) was determined as the difference 
between the actual and predicted DMI. Predicted DMI was 
determined using multiple regression with the fixed effects of 
ADG, midpoint metabolic BW (MBW), and sex, and the ran-
dom effects of dam choline treatment nested within FE cohort 
(JMP Pro 15, SAS Institute). Each animal’s RFI were then cat-
egorized based on deviation from the mean. Any RFI < 0.5 SD 
from the mean were considered low RFI (efficient; N = 15), 
and RFI > 0.5 SD from the mean were categorized as high RFI 
(inefficient; N = 17).

Carcass composition
After the FE period, cattle were managed as a single group 
and offered a free-choice finishing diet with a self-feeder (Sup-
plemental Table 1). Cattle did not receive an implant. The cat-
tle were delivered to a beef processing facility (JBS Foods; 
Green Bay, WI) at approximately 16 mo of age in two sepa-
rate cohorts aligning to the corresponding FE group. On the 
day before and day of delivery, cattle were weighed at 0700 
hours before being transported to the facility. These BW were 

Table 2. Dietary ingredients and nutrient composition of finishing diets 
offered to Angus × Holstein calves at approximately 8 to 9 mo of age. 
Calves were exposed in utero to choline through dam alimentation of 
different levels and formulations of rumen protected choline

FE Cohort

Item 1 2

Ingredients1

 � Corn silage 26.0 25.4

 � High moisture corn 53.0 53.3

 � DDGS2 17.1 17.2

 � Mineral supplement3 0.04 0.04

Chemical composition1

 � DM, % 72.6 71.2

 � CP, % 11.8 12.2

 � NDFom, % 18.4 19.7

 � ADF, % 13.2 9.8

 � Starch, % 51.0 49.7

 � Ether extract, % 4.7 4.6

 � Ash, % 4.7 4.6

 � NEG, Mcal/kg 1.34 1.34

1Reported as % of DM unless otherwise noted.
2Dried distillers’ grains with solubles.
3Supplement ingredients on an as-fed basis include: distillers’ grains (53%), 
calcium carbonate (23.5%), urea (6.4%), iodized salt (5.9%), Rumensin 
(5.0%), trace mineral premix (2.2%), potassium chloride (2.0%), selenium 
premix (1.1%), vitamin A (0.38%), thiamin (0.25%), vitamin E (0.25%), 
vitamin D (0.13%).

http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skad186#supplementary-data
http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skad186#supplementary-data


4 Journal of Animal Science, 2023, Vol. 101 

averaged before shipping and were used as the live weight for 
calculation of dressing percentage because individual weights 
were not obtainable at the slaughter facility.

Carcass traits were determined by the commercial processing 
facility. Hot carcass weight and kidney, pelvic, and heart (KPH) 
weight were determined on the day of slaughter. Dressing per-
centage was calculated as the hot carcass weight with KPH mass 
divided by the averaged live weight obtained prior to shipping. 
Approximately 24 h after slaughter, marbling score, ribeye area 
(REA), and USDA quality and yield grades were determined visu-
ally by a trained USDA grader working in the facility.

Statistical analysis
Initial growth data were analyzed using repeated measures in 
SAS v 9.4 (PROC MIXED; SAS Inc., Cary, NC). Fixed effects 
included dam dietary choline treatment, calf sex, age, and 
their interactions. Management cohort was also included as 
a fixed effect but was removed in all analyses due to lack of 
significance (P > 0.10). Calf was included as a random effect, 
and month of age was specified as the repeated measure. 
Spatial power and autoregressive heterogeneous covariance 
structures were tested. A spatial power covariance structure 
was utilized in the final analysis based on a lower BIC and to 
account for unequal measurements between sampling time-
points. Calf birthweight was tested as a covariate in all mod-
els and removed when P > 0.10.

Statistical analysis from the FE period, as well as RFI and 
carcass data, were conducted using PROC GLIMMIX in SAS 
(9.4). Statistical models for each analysis are outlined below, 
and those independent variables lacking a coefficient repre-
sent random effects. The models were as follows:

FE period BW variables: Y = µ + ß1(dam choline treat-
ment) + ß2(sex) + ß3(dam choline treatment × sex) + ß4(age 
covariate) + ß5(FE cohort covariate) + animal + residual error.

FE period remaining variables: Y = µ + ß1(dam choline treat-
ment) + ß2(sex) + ß3(dam choline treatment × sex) + ß4(8 mo BW 
covariate) + ß5(FE cohort covariate) + animal + residual error.

RFI: Y = µ + ß1(RFI category) + residual error.
Carcass quality variables: Y = µ + ß1(dam choline treat-

ment) + ß2(sex) + ß3(dam choline treatment × sex) + ß4(age covari-
ate) + ß5(slaughter cohort covariate) + animal + residual error.

In all models, the fixed effect of FE cohort and covariates 
were removed from the models when P > 0.10. Preplanned 
contrasts were used to compare 1) CTL vs. RPC, 2) linear 
dose of RPC, and 3) quadratic response to RPC dose. Con-
trast co-efficients for the linear and quadratic contrasts were 
adjusted for uneven spacing of treatments using proc iml in 
SAS (v. 9.4). Externally studentized residuals were monitored 
for homogeneity of residuals to ensure all models met basic 
model assumptions, and dependent variables were trans-
formed when appropriate. On some occasions, heterogeneous 
variances were modeled in order to meet model assumptions. 
A Tukey–Kramer adjustment was utilized to separate treat-
ment means to avoid inflation of Type I error rate due to mul-
tiple comparisons. Data are presented with the least square 
means and 95% confidence intervals.

Results
Growth phase
There was a tendency for an interaction between sex and time 
(P = 0.09; Table 3), whereby males gained weight faster than 
females from 10 kg at 2 mo to 17 kg at 9 mo of age (Figure 1). 

There also tended to be a linear dose effect of RPC on calf 
weights (P = 0.10; Table 3) with greater RPC dose increasing 
calf weight.

Compared with CTL, RPC increased both wither and hip 
height (P ≤ 0.001; Table 3). There was also a linear dose effect 
of RPC for both wither and hip height (P = 0.05; Table 3), 
with increasing RPC dose increasing calf height. There tended 
to be a quadratic effect (P = 0.09; Table 3) of RPC dose for 
hip height, with hip height increasing from CTL to RPCRD 
before decreasing slightly for RPCHD. Furthermore, there 
was a tendency for an overall treatment effect on hip height 
(P = 0.07; Table 3); RPC2RD increased hip height compared 
with CTL (P < 0.05), but there was no evidence of difference 
between any other treatments.

Feed efficiency period
There was an interaction between treatment × sex for DMI 
during the FE period (P = 0.02; Table 4), whereby RPC2 DMI 
was greater than CTL in male calves. There was no evidence 
of difference of treatment, sex, or their interaction on ADG 
(P ≥ 0.34; Table 4). There tended (P = 0.09; Table 4) to be an 
interaction between treatment × sex on FCR.

Effects of in utero choline exposure and sex on blood 
metabolites at 8 mo of age are presented in Table 5. Dam cho-
line intake affected offspring blood metabolites during the 
early finishing period. Exposure to any form of supplemen-
tal choline in utero decreased concentrations of plasma glu-
cose and insulin, and increased the glucose:insulin (P < 0.01; 
Table 5). There was a similar linear response for increasing 
RPC dose on concentrations of glucose, insulin, and glucose:-
insulin ratio (P ≤ 0.02; Table 5). There was no evidence of a 
treatment difference for serum FA concentration (P = 0.31; 
Table 5). The RPC2HD increased RQUICKI compared with 
all other treatments (P = 0.001; Table 5). Preplanned con-
trasts revealed that exposure to supplemental choline in 
utero increased RQUICKI compared with CTL (P < 0.001; 
Table 5), and RQUICKI increased with increasing dose of 
RPC (P < 0.001). Serum TG concentration tended to be less 
for calves exposed to RPC in utero compared with CTL 
(P = 0.09; Table 5). For plasma BHB concentrations, RPC2HD 
increased BHB compared with CTL and RPC1RD (P = 0.01; 
Table 5). There was a linear increase in plasma BHB concen-
tration with increasing RPC dose (P = 0.02; Table 5). Males 
had a reduced concentration of BUN compared with females 
(P = 0.04; Table 5).

Residual feed intake
Results for differences between efficient and inefficient 
beef × dairy calves fed with a finishing diet are in Table 6. 
Low RFI calves tended to have greater insulin (P = 0.08), 
but there was no evidence of difference for plasma glucose 
(P = 0.50) or serum FA (P = 0.44). The change in plasma 
insulin between groups corresponded to a tendency for a 
reduced glucose:insulin (P = 0.07; Table 6) and a reduced 
RQUICKI (P = 0.04) in low RFI calves compared with high 
RFI calves. Furthermore, BUN concentration was less in low 
RFI (P = 0.05; Table 6) compared with high RFI calves. There 
was no evidence of difference between efficiency classification 
for plasma BHB (P = 0.15; Table 6) or serum TG (P = 0.14). 
Furthermore, there was no evidence of difference for height 
or girth dimensions or dimension change over the FE study 
period (P ≥ 0.13; Table 6).
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Carcass quality
Males had a 60 kg slaughter weight and 36 kg hot carcass 
weight advantage compared with females (P < 0.001; Table 7), 
but there was no evidence of difference between RPC treat-
ments for slaughter weight (P ≥ 0.83). Treatment and sex inter-
acted for dressing percentage (P = 0.01; Table 7), whereby male 
dressing percentage was 2.2% less for RPC2RD than RPC2HD, 
but there was no evidence of difference between treatments for 
females. Overall, exposure to RPC in utero decreased dressing 
percentage compared with control (P < 0.001; Figure 2).

Treatment affected KPH weight (P = 0.04) and percentage 
(P = 0.01; Table 7). Compared with CTL, RPC1RD increased 
KPH weight by 4.8 kg (1.2%; P < 0.05), but there was no 
difference between the other treatments. Furthermore, any 
RPC treatment increased KPH percentage compared with 
CTL (P = 0.05; Table 7), and increasing the dose of RPC 
linearly increased KPH percentage (P = 0.05) tended to lin-
early increased KPH mass (P = 0.07). Females tended to have 
greater KPH content than males (P = 0.06; Table 7). There 
was no evidence of treatment, sex, or interaction effects 
for REA (P ≥ 0.66; Table 7), but RPC treatments linearly 
increased marbling score (P = 0.04).

Discussion
This data illustrate the long-term effects dairy management 
strategies can impart on growing calves. To date, investigation 
of most dairy maternal effects on offspring have been limited 
to the neonatal period up to weaning in heifer calves (Abuelo, 
2020), but a growing body of evidence has illustrated a 
longer-term relationship between dairy dam management and 
offspring production performance. For example, dam body 
condition score, age at second calving, and milk somatic cell 
score are negatively associated with offspring milk and fat 
yields (Banos et al., 2007; Swartz et al., 2021), and exposing 
calves in utero to heat stress reduces first lactation milk pro-
duction (Monteiro et al., 2016). While these effects should 
not be surprising considering that alterations in gestating beef 
cattle management have long-term implications on offspring 
growth, health and reproduction (Funston et al., 2010), it is 
inherently difficult in beef cattle research to separate gesta-
tional and lactational effects given that the calf remains with 
the dam. Therefore, dairy cattle represent a unique model 
since their offspring are separated from the dam at birth, 
enabling us to isolate effects of gestational environment on 
variables related to meat animal production.

This study also provides some of the first data on the 
performance of beef × dairy calves during the growing and 
finishing period in a North American production system (For-
aker et al., 2022). Most of the existing literature evaluates 
performance of beef × dairy calves in grazing-based systems 
and utilizing beef sires not commonly used by North America 
dairies (i.e., Belgian Blue and Charolais; Berry, 2021). There-
fore, this study is uniquely positioned to provide fundamen-
tal information on a growing and important segment of the 
North American beef and dairy industries.

Growth through 10 mo of age
In this study, there was a tendency for an increase in BW from 
2 to 10 mo of age with increasing dosage of dam dietary cho-
line intake, but there was no evidence for a difference in ADG 
across treatments. Zenobi et al. (2018) reported an increase 
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in BW at 50 wk of age in Holstein heifers exposed to cho-
line in utero using 17 g of RPC, coupled with an increase in 
ADG from weaning to 50 wk. In contrast, supplementation 
of RPC to prepartum beef cows at a low dose (4.5 g/d; 60 
d prepartum) failed to alter 205 d adjusted weaning weight 
of their calves compared with controls despite an increase in 
ADG at several stages before weaning (Pacheco et al., 2010). 
It is unclear why there are disparities in ADG and growth 
results across these three studies; however, multiple factors 
could play a role, including duration of maternal choline sup-
plementation and stage of data collection, and environmental 
and management factors. Given that ADG or weight was pos-
itively affected in some manner across all three studies (and 

importantly was never negatively affected), additional inves-
tigation of offspring exposed to in utero choline will continue 
to provide a clearer picture as to when and for how long these 
advantageous effects may be realized under different manage-
ment conditions.

The mechanisms by which in utero choline exposure may 
stimulate offspring growth are not clear, but choline’s role 
as a methyl donor may have contributed to altered DNA 
methylation in the calves in this study. Considering that any 
growth differences are likely manifested in greater muscle 
and adipose tissue depots in the offspring, a logical ques-
tion is whether in utero choline exposure alters muscle or 
adipose DNA methylation. In whole blood collected on 3 

Table 4. Effect of in utero choline exposure on Angus × Holstein calf feed intake, gain, and FCR FE at approximately 8 to 9 mo of age presented as least 
square means and 95% CI

Treatment1 Sex P-value Contrasts2

Item CTL RPC1RD RPC2RD RPC2HD Male Female Trt Sex Trt × Sex A B

Start BW, kg 356 362 364 366 372 353 0.77 0.03 0.44 0.87 0.29

[341, 371] [342, 384] [348, 380] [352, 381] [358, 386] [343, 362]

End BW, kg 410 420 421 424 430 407 0.68 0.02 0.33 0.75 0.23

[393, 428] [396, 445] [403, 440] [408, 441] [415, 446] [397, 419]

DMI, kg – – 0.16 0.60 0.02 0.68 0.37

 � Male 9.3a 10.2a,b 9.5a,b 10.4b

[8.9, 9.8] [9.3, 11.2] [8.9, 10.1] [9.8, 11.0]

 � Female 10.1 9.9 9.4 9.5

[9.6, 10.6] [9.5, 10.4] [9.0, 9.9] [9.1, 10.0]

ADG, kg 1.58 1.62 1.61 1.64 1.64 1.59 0.92 0.50 0.34 0.73 0.51

[1.46, 1.71] [1.45, 1.79] [1.48, 1.74] [1.52, 1.76] [1.52, 1.75] [1.51, 1.67]

FCR – – 0.34 0.79 0.09 0.34 0.48

 � Male 6.13 6.93 5.76 6.25

[5.61, 6.66] [6.07, 7.78] [5.17, 6.36] [5.75, 6.75]

 � Female 6.56 6.01 6.20 6.11

[6.11, 7.00] [5.59, 6.43] [5.75, 6.65] [5.63, 6.66]

1CTL = 0 g/d supplemental RPC; RPC1RD = 15 g/d supplemental RPC (ReaShure; Balchem Corp.); RPC2RD = 15 g/d supplemental RPC in concentrated 
prototype (Balchem Corp.); RPC2HD = 22 g/d supplemental RPC in concentrated prototype (Balchem Corp.).
2Contrast A: CTL vs. RPC; Contrast B: linear dose of RPC.
a,b,cMeans within a row with different letters differ (P < 0.05).

Figure 1. Interaction of time and sex for Angus × Holstein calf body weight (BW) (P = 0.09). Data are presented with 95% confidence intervals, and 
asterisk indicates significant difference (P < 0.05) in weight between sexes at a given timepoint.
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d of age, global DNA methylation was increased in these 
male, but not female, calves exposed to choline in utero 
(Holdorf et al., 2023a); however, it is unclear if these pat-
terns would be reflected in a tissue-specific manner. Work 
in the sheep fetus has shown that the dam’s diet influences 
muscle and adipose tissue DNA methylation gene expres-
sion (Lan et al., 2013; Namous et al., 2018), and increasing 
starch content in the diet of pregnant beef cows increased 
the gene expression of DNA methyltransferase 3 alpha in 

the longissimus dorsi muscle of neonatal calves (Wang et 
al., 2015). Supplementation of methyl donors may also 
influence the placenta, which could theoretically have long-
term implications. For example, supplementation of choline 
in gestating mice increased global DNA methylation in the 
placenta (Kwan et al., 2018), and prepartum methionine 
supplementation in dairy cows upregulated placental DNA 
methylthransferase genes and altered markers of placen-
tal metabolism (Batistel et al., 2019). While the potential 

Table 5. Effect of in utero choline exposure on Angus × Holstein calf feed blood metabolites while on a finishing diet at approximately 8 to 9 mo of age 
presented as least square means and 95% CI

Treatment1 Sex P-value Contrasts2

Item CTL RPC1RD RPC2RD RPC2HD Male Female Trt Sex Trt × Sex A B

Glucose, mg/dL 95.6 85.0 92.4 89.9 91.5 89.9 0.48 0.82 0.24 <0.01 0.02

[91.3, 99.9] [79.4, 90.7] [88.0, 96.9] [86.0, 94.0] [87.7, 95.4] [87.3, 92.5]

Insulin, µg/L 4.4a 1.4b 3.1a,b 1.9b 2.3 3.0 0.01 0.24 0.28 <0.01 0.001

[3.1, 6.0] [0.5, 2.7] [1.9, 4.5] [1.3, 2.8] [1.4, 3.3] [2.3, 3.7]

BUN, mg/dL 5.4 5.6 5.5 5.4 5.2 5.7 0.93 0.04 0.19 0.91 0.94

[5.0, 5.9] [5.0, 6.2] [5.1, 6.0] [5.0, 5.8] [4.9, 5.6] [5.5, 6.0]

Fatty acids, mM 0.10 0.12 0.09 0.09 0.10 0.10 0.31 0.87 0.21 0.63 0.46

[0.08, 0.12] [0.09, 0.15] [0.07, 0.11] [0.07, 0.11] [0.08, 0.12] [0.09, 0.11]

Triglyceride, mg/dL 18.1 14.6 16.0 16.0 16.2 16.1 0.49 0.95 0.27 0.09 0.20

[15.2, 21.6] [11.4, 18.6] [13.3, 19.2] [13.5, 18.9] [13.8, 18.9] [14.3, 18.0]

BHB, mM 0.28a 0.24a 0.31a,b 0.37b 0.31 0.29 0.01 0.61 0.16 0.29 0.02

[0.23, 0.32] [0.18, 0.31] [0.27, 0.36] [0.33, 0.41] [0.27, 0.35] [0.27, 0.32]

RQUICKI 0.34a 0.41a 0.38a 0.42b 0.40 0.38 0.001 0.28 0.46 <0.001 <0.001

[0.36, 0.33] [0.47, 0.36] [0.42, 0.35] [0.47, 0.39] [0.43, 0.37] [0.40, 0.36]

Glucose:Insulin 21.6a 59.9b 29.6a,b 45.5b 40.5 30.5 0.01 0.22 0.29 <0.01 <0.01

[16.0, 30.8] [32.4, 146.0] [20.7, 46.0] [30.5, 75.1] [28.1, 63.4] [24.3, 39.4]

1CTL = 0 g/d supplemental RPC; RPC1RD = 15 g/d supplemental RPC (ReaShure; Balchem Corp.); RPC2RD = 15 g/d supplemental RPC in concentrated 
prototype (Balchem Corp.); RPC2HD = 22 g/d supplemental RPC in concentrated prototype (Balchem Corp.).
2Contrast A: CTL vs. RPC; Contrast B: linear dose of RPC.
a,b,cMeans within a row with different letters differ (P < 0.05).

Table 6. Association between RFI classification and blood and body dimension measurements for Angus × Holstein calves at approximately 9 mo of 
age and fed a finishing diet, presented as least square means and 95% CI

RFI1

Item Low High P-value

Glucose, mg/dL 92.6 [88.2, 96.9] 90.9 [88.1, 93.6] 0.50

Insulin, µg/L 3.5 [2.6, 4.7] 2.3 [1.5, 3.3] 0.08

BUN, mg/dL 9.6 [8.5, 10.9] 11.1 [10.3, 12.0] 0.05

Fatty acids, mEq/L 0.09 [0.07, 0.11] 0.11 [0.08, 0.13] 0.44

Triglyceride, mg/dL 18.8 [16.2, 21.6] 16.2 [13.9, 18.6] 0.14

BHB, mM 0.33 [0.30, 0.38] 0.29 [0.26, 0.33] 0.15

RQUICKI 0.36 [0.34, 0.37] 0.39 [0.36, 0.43] 0.04

Glucose:Insulin 23.3 [18.5, 31.8] 34.6 [25.7, 51.8] 0.07

Withers, cm 122 [119, 124] 122 [119, 124] 0.71

Hips, cm 129 [127, 132] 129 [127, 131] 0.84

Girth, cm 181 [176, 185] 181 [178, 183] 0.99

Withers change, cm 3.4 [2.4, 4.4] 4.7 [3.3, 6.0] 0.13

Hips change, cm 5.3 [3.7, 7.0] 4.8 [3.7, 5.9] 0.58

Girth change, cm 12.3 [10.2, 14.6] 10.9 [9.0, 12.9] 0.33

1Data are presented with 95% confidence intervals.
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contribution of other methyl donors is important to con-
sider, it is noteworthy that all dams in the present study 
were fed a diet that was supplemented with rumen-pro-
tected methionine to ensure that dietary methionine was 
sufficient and that any effect would be solely from choline 
supplementation.

The timing of choline supplementation and its effects on 
DNA methylation in tissues may also be pivotal, because the 

number of muscle fibers is determined by 7 mo of gestational 
age and any subsequent growth in muscle until birth and 
thereafter occurs only from hypertrophy (Du et al., 2010). 
Alternatively, adipose tissues are actively experiencing hyper-
plasia from midgestation to 250 d postnatally (Du et al., 
2013) and may be more subject to dam nutritional changes 
during the final months of gestation in cattle than muscle tis-
sue. Future work examining in utero choline exposure effects 
on DNA methylation in muscle and adipose tissues, coupled 
with exploration of choline supplementation for longer peri-
ods prepartum, is warranted.

There are other potential mechanisms that could have influ-
enced the growth patterns in these calves. Choline supplemen-
tation decreased prepartum dam DMI and altered prepartum 
glucose and TG concentrations (Holdorf et al., 2023b). The 
lower DMI may have altered nutrient supply to the fetus in 
a manner that would have long-lasting effects after birth. 
Another potential explanation for the increased growth in 
calves exposed to choline while in utero may be from altered 
ruminal or hindgut microbiome. Changes in hindgut microbi-
ome may aide in competitive exclusion of pathogens and help 
to maintain a healthy gut epithelium (O’Hara et al., 2020). 
This was seen previously when feeding prepartum Holstein 
cows methionine increased neonatal calf growth while alter-
ing the calf microbiome in a manner that may inhibit bacteria 
establishment (Elolimy et al., 2019). While these pieces of evi-
dence may offer clues as to why growth patterns were altered 
in the calves on this study, more research in a variety of areas 
such as gene expression of tissues and characterizing rumen 
microbe communities is required to understand mechanisms 
by which choline could impart growth benefits on offspring.

Table 7. Effect of in utero choline exposure and sex on Angus × Holstein offspring carcass characteristics at approximately 16 mo of age, presented as 
least square means and 95% CI

Treatment1 Sex P-value Contrasts2

Item CTL RPC1RD RPC2RD RPC2HD Male Female Trt Sex Trt × Sex A B

Slaughter 666 663 676 675 700 640 0.83 <0.001 0.54 0.94 0.31
weight, kg [646, 687] [626, 700] [645, 709] [656, 696] [679, 721] [627, 655]

Hot carcass 393 393 394 397 412 376 0.98 <0.001 0.57 0.73 0.79
weight, kg [378, 409] [367, 418] [372, 415] [383, 411] [398, 427] [366, 385]

Dressing per-
centage, %

0.55 0.59 0.01 <0.001 0.59

 � Male 58.9ab 59.0a,b 57.7a 59.9b

[57.9, 60.0] [58.4, 59.6] [56.5, 58.8] [58.9, 60.9]

 � Female 59.1 58.8 59.1 57.9

[58.2, 60.0] [58.5, 59.1] [58.2, 60.0] [57.0, 58.7]

KPH, kg 20.2a 25.0b 20.5ab 23.6ab 22.1 22.4 0.04 0.83 0.97 0.12 0.07

[18.3, 22.2] [21.9, 28.5] [18.6, 22.7] [19.5, 28.4] [19.9, 24.4] [20.7, 24.2]

KPH, % 5.2a 6.4b 5.3ab 6.0ab 5.4 6.1 0.01 0.06 0.89 0.05 0.05

[4.7, 5.7] [5.8, 7.1] [4.6, 6.0] [5.0, 7.1] [4.9, 5.9] [5.6, 6.5]

REA, cm2 93.5 85.8 91.0 90.3 89.0 91.0 0.66 0.70 0.90 0.11 0.26

[87.1, 100.6] [73.5, 99.4] [83.2, 99.4] [85.2, 95.8] [82.6, 96.1] [86.5, 94.8]

Marbling 489 554 561 571 539 546 0.23 0.83 0.45 0.28 0.04
score3

[434, 550] [473, 649] [496, 634] [511, 638] [485, 599] [508, 588]

1CTL = 0 g/d supplemental RPC; RPC1RD = 15 g/d supplemental RPC (ReaShure; Balchem Corp.); RPC2RD = 15 g/d supplemental RPC in concentrated 
prototype (Balchem Corp.); RPC2HD = 22 g/d supplemental RPC in concentrated prototype (Balchem Corp.).
2Contrast A: CTL vs. RPC; Contrast B: linear dose of RPC.
3Determined by USDA grader; small = 400 to 499, modest = 500 to 599, moderate = 600 to 699.
a,b,cMeans within a row with separate letters differ (P < 0.05).

Figure 2. Effect of in utero rumen-protected choline exposure on 
Angus × Holstein dressing percentage (CTL vs. RPC P < 0.001). Data are 
presented with 95% confidence intervals. Treatments included: CTL = 0 
g/d supplemental RPC; RPC1RD = 15 g/d supplemental RPC (ReaShure; 
Balchem Corp.); RPC2RD = 15 g/d supplemental RPC in concentrated 
prototype (Balchem Corp.); RPC2HD = 22 g/d supplemental RPC in 
concentrated prototype (Balchem Corp.).
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In this study, there were clear advantages in frame 
height from 2 to 10 mo of age for calves exposed to RPC 
supplementation in utero compared with CTL. We had previ-
ously observed a quadratic relationship for height in the male 
calves in this study through 8 wk of age, whereby calf height 
was greatest at moderate levels of in utero choline exposure 
(Holdorf et al., 2023a). Sawant et al. (2019) administered 
RPC to ewes beginning at conception, which increased fetus 
femur and humerus length measurements compared to ewes 
not fed RPC via ultrasound on day 78 of gestation. While 
maternal undernutrition during gestation in ewes decreases 
lamb bone density and length (Reed and Govoni, 2017), very 
little is known about other aspects of gestational nutrition on 
bone formation in ruminants. Although we did not directly 
measure bone length in this study, given the height advantages 
in calves exposed to choline in utero, further work is needed 
to assess mechanisms by which in utero choline exposure 
could alter bone development and length in offspring.

Dry matter intake and gross feed efficiency
There is evidence in rodents and humans that choline may 
affect molecules involved in satiety, specifically in the hypo-
thalamus, and that this effect may carry over in offspring. 
The hypothalamus is a key control center of feed intake 
regulation, and the overall dam plane of nutrition has pro-
found influence on offspring hypothalamic development and 
long-term feed intake control mechanisms (Bouret, 2012). In 
the current study, there was a sex-specific effect of maternal 
choline intake on feed intake, whereby male calves increased 
DMI during the FE period with greater dam choline intake, 
but there was no evidence of this difference in female calves. 
In mice, maternal choline consumption throughout gestation 
increased hypothalamic expression of neuropeptide Y neurons 
and leptin receptors in the pups at birth (Hammoud et al., 
2020). Maternal mouse choline intake above recommended 
levels increased offspring cumulative food intake through 17 
wk postweaning, increasing final BW in both sexes; however, 
differences between sexes were not reported (Hammoud et al., 
2020). These findings raise the question of whether in utero 
choline exposure could have altered hypothalamic develop-
ment in calves, because gestational choline supplementation 
in humans and rodents has positive effects on multiple aspects 
of neonatal brain development (Derbyshire and Obeid, 2020). 
We are not aware of any data evaluating the stage of hypotha-
lamic development in the perinatal bovine, so it is unclear if 
choline supplementation under our treatment timeline could 
be directly influencing hypothalamic development. If future 
studies in cattle also reveal choline effects on feed intake after 
the neonatal period, evaluation of hypothalamic brain devel-
opment may be useful in determining mechanisms of action.

There was no evidence of dam choline intake or sex effects 
on offspring ADG during the 35 d FE period. Dam dietary 
choline intake did increase FE in these calves through 8 wk of 
age, as previously reported (Holdorf et al., 2023a). Otherwise, 
data evaluating FE of offspring from dams supplemented with 
choline during gestation in cattle is nonexistent to our knowl-
edge. Achieving sufficient power to detect differences in ADG 
and FE in individually-fed beef cattle is notoriously difficult 
(Richardson et al., 2004). Nonetheless, the study design met 
minimum feeding length (35 d) for accurate determination of 
FE in beef cattle (BIF, 2021), and compared with a 91 d test 
period, there is minimal improvement in the correlation coef-
ficient for DMI, ADG, and FCR for feeding periods beyond 

35 d in beef steers (Wang et al., 2006). Overall, more research 
is necessary to identify effects of in utero choline exposure on 
ADG and FE beyond the neonatal period.

The FCR ratio for the calves in this study ranged from 5.8 
to 6.9 in males and 6.0 to 6.6 in females. Beef steers on a 
North American finishing diet typically have an FCR between 
5.7 to 7.2 (Wang et al., 2006; Koenig et al., 2020), depend-
ing on the diet characteristics and age at which the FCR was 
determined. The early age at which these calves were placed 
on the finishing diet and measured for FE likely contributed 
to the positive FE performance (Duff and McMurphy, 2007). 
While there may be a perception that dairy × beef calves 
would be less efficient than their beef counterparts, there is 
little evidence for a difference in FE between beef and dairy 
genotypes and their crosses (Tjardes et al., 2002; Huuskonen 
et al., 2014; Hessle et al., 2019). Furthermore, high moisture 
corn in this study was primarily in whole-kernel form and 
particle size was comparatively large to achieve optimum 
starch digestibility and FE (5.6 ± 0.08 mm mean geometric 
particle size in Cohort 1; 5.8 ± 0.15 mm mean geometric par-
ticle size in Cohort 2). Fecal starch content in the diet herein 
is similar to that of others who fed dry rolled corn to feedlot 
steers (15% to 32%; Supplemental Table 2; Barajas and Zinn, 
1998; Depenbusch et al., 2008). Decreasing particle size of 
grain decreases fecal starch content and increases apparent 
total tract starch digestibility (Beauchemin et al., 2001; Ben-
gochea et al., 2005; Schwandt et al., 2016), and rolling high 
moisture corn increases FE compared with whole-kernel high 
moisture corn (Stock et al., 1991). In our study, changing the 
physical form of the corn grain source and the age at which 
FE was measured may have further enhanced FE.

Metabolism effects
There were intriguing results for differences in metabolic con-
trol across treatments during the FE period. Plasma glucose 
and insulin decreased with increasing in utero choline expo-
sure. Increasing choline dose also increased RQUICKI and 
glucose:insulin, which is indicative of greater insulin sensi-
tivity. In the preweaning period for these calves, there was 
no evidence of difference in glucose or insulin metabolism 
(Holdorf et al., 2023a). However, studies in mice support our 
current findings where offspring from dams fed with a high 
fat diet supplemented with choline had greater insulin sensi-
tivity and lower fasting glucose concentrations after weaning 
(Korsmo et al., 2020). There is also evidence that the influence 
of methyl donors on offspring metabolic control can occur as 
early as the peri-conception period. Rats from dams that were 
fed with methyl-deficient diets around conception had greater 
plasma insulin concentration and insulin resistance compared 
with controls (Maloney et al., 2011). While limited data is 
available in ruminants, the dam’s plane of nutrition, dietary 
energy source, and micronutrient composition have been 
demonstrated to alter glucose metabolism of offspring (Ford 
et al., 2007; Vonnahme et al., 2010; Radunz et al., 2012). The 
possibility of in utero choline exposure modifying glucose 
and insulin sensitivity in finishing cattle could have important 
consequences for carcass composition and profitability. For 
example, intramuscular fat, subcutaneous fat, and muscle tis-
sues in cattle fed with a diet rich in gluconeogenic precursors 
respond differently to insulin in vitro (Rhoades et al., 2006), 
which may alter nutrient partitioning in a manner relevant 
to final carcass composition. The modification of apparent 
glucose and insulin sensitivity as a result of in utero choline 

http://academic.oup.com/jas/article-lookup/doi/10.1093/jas/skad186#supplementary-data
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exposure has implications for carcass quality in feedlot cattle, 
and should be explored.

Choline linearly increased plasma BHB concentration 
with increasing RPC dose, and the highest dose of RPC 
imparted greater plasma BHB than CTL. In postpartum 
dairy cows, RPC decreases circulating BHB (Arshad et al., 
2020). However, the biology of the growing animal is dif-
ferent and the treatment differences observed in plasma 
BHB may be a function of alterations in rumen metabo-
lism, potentially through increased butyrate production. A 
majority of ruminal butyrate is converted to BHB by the 
rumen epithelium, and continuous infusion of butyrate in 
the rumen of lactating dairy cows increases plasma BHB 
(Herrick et al., 2018). Coincidentally, the continuous infu-
sion of butyrate also reduced plasma glucose concentra-
tion in lactating dairy cows (Herrick et al., 2018), which is 
consistent with the reduced glucose concentrations found 
in this study. It is also possible that in utero choline expo-
sure altered gut microbial profile or epithelial function in a 
manner that would affect butyrate production, uptake, and 
conversion to BHB. For example, gestational supplemen-
tation of folate and choline in rats (Mjaaseth et al., 2021) 
and methionine in dairy cows (Elolimy et al., 2019) altered 
the colonic microbiome of the offspring around or after 
weaning. In the case of Mjaaseth et al. (2021), this corre-
sponded to changes in the profile of colonic acetate and 
butyrate concentrations. At birth and at weaning, piglets 
that had been exposed to methyl donors in utero had more 
desirable intestinal morphology, increased enzyme activity, 
increased expression of nutrient transporter mRNA, and 
altered jejunal DNA methylation (Liu et al., 2017). It is 
unclear why in utero choline exposure increased plasma 
BHB in our study, but it may be related to alterations in 
ruminal metabolism or changes in intestinal epithelium 
function, and more work is needed to further evaluate this 
effect.

The plasma BUN concentrations were less in males than in 
females, which is corroborated by other researchers (Bailey 
et al., 2008; Walker et al., 2010). This may indicate greater 
nitrogen utilization from the diet to support muscle develop-
ment and growth by males. Although there was no evidence 
of difference for ADG between sexes in this study, which 
would imply similar lean tissue deposition, this study may 
have been under powered to detect differences in ADG as dis-
cussed earlier.

Residual feed intake
Evaluation of the relationship between variables of interest 
and RFI provide insight into the factors related to FE in live-
stock. This in turn offers an opportunity to understand poten-
tial management or genetic selection factors that may help 
to identify and enhance efficiency. While other studies have 
reported relationships between RFI and blood and frame 
measurements in growing beef cattle, the nature of heterosis 
induced by crossing beef and dairy cattle warrants investi-
gation into whether there are differences in the relationship 
between performance factors and FE in beef × dairy crosses.

In our study, low RFI (efficient) calves had greater insulin 
concentration, and lower RQUICKI and glucose:insulin. This 
suggests that more efficient calves may have decreased insu-
lin sensitivity, given the lack of difference in plasma glucose 
between RFI groups. Nascimento et al. (2015) also reported 
similar results for insulin and glucose:insulin between groups 

in growing Nellore bulls and heifers (250 kg). In another 
study, the relationship between RFI group and plasma insulin 
and RQUICKI differed depending on the type of diet offered 
to Charolais bulls (400 to 700 kg; Jorge-Smeding et al., 
2021). Bulls fed the grass silage-based diet exhibited a similar 
response as in our study, but the bulls fed a higher-energy 
corn silage-based diet had an inverse relationship between 
RFI group and plasma insulin and RQUICKI (Jorge-Smeding 
et al., 2021). Insulin is negatively associated with the DMI 
response when cattle are fed a highly fermentable diet that 
provides abundant gluconeogenic precursors (Bradford and 
Allen, 2007). In fact, insulin can directly and indirectly reduce 
feed intake through both central and peripheral mechanisms 
(Roche et al., 2008), so it is possible that the elevated insulin 
concentration in more efficient calves actively created a nega-
tive feedback system to reduce feed intake.

The plasma BUN concentration was less for more efficient 
calves (low RFI), which is supported by data evaluating the 
relationship between blood metabolites and RFI in growing 
beef steers, heifers, and bulls (Fitzsimons et al., 2014; Nasci-
mento et al., 2015; Jorge-Smeding et al., 2021). However, in 
Limousin × Holstein heifers, there was no evidence of differ-
ence in BUN between efficiency groups (Kelly et al., 2010). 
The lesser BUN concentration is expected with the efficient 
animals because less protein is consumed that can be deami-
nated in the rumen. Additionally, more efficient finishing cat-
tle may have lower protein turnover combined with greater 
lean muscle mass as a proportion of total BW, resulting in 
greater overall nitrogen use efficiency (Jorge-Smeding et al., 
2021).

There was no evidence of difference for the other blood 
metabolites analyzed in this study, which closely aligns with 
other studies in growing cattle (glucose, BHB, FA, TG; Fitzsi-
mons et al., 2014; Clemmons et al., 2017; Jorge-Smeding et 
al., 2021). As it relates to circulating metabolites, it appears 
that insulin and BUN are the best overall indicators of FE in 
growing Angus × Holstein calves on a finishing diet.

Animal dimensions, including height and girth measure-
ments, were assessed to determine their relationship with 
RFI. There was no evidence of difference for dimensions 
or dimension change over the FE period between efficiency 
groups. This is a common result in RFI studies in growing 
beef cattle (Nkrumah et al., 2004; Hafla et al., 2013; Parsons 
et al., 2020), and in Limousin × Holstein heifers (Kelly et al., 
2010). Since animal dimensions are likely highly correlated 
with animal BW, the dimensions are likely partially captured 
in the DMI regression used to calculate RFI.

Carcass characteristics
Our data reveal that in utero choline exposure in beef × dairy 
cattle impacts important carcass traits by increasing fat depo-
sition in both internal and intramuscular fat depots. In con-
trast, feeding a very low dose of 4 g choline/d to gestating beef 
cows for 50 d prepartum failed to alter carcass characteristics 
of their offspring (Jaeger et al., 2009). Considering the low 
choline inclusion rate in that study, it may have been fed at a 
rate insufficient to alter performance.

With the importance of marbling in the beef industry, our 
results of an increase in marbling score for animals exposed 
to choline in utero are particularly intriguing. Intramuscu-
lar fat deposition is primarily manipulated through genet-
ics, age, and feeding high-energy diets, and there are a lack 
of alternative nutritional methods or additives to actively 
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enhance marbling. While there is some evidence that dam 
dietary restrictions during gestation in beef cattle may affect 
offspring marbling (Funston et al., 2012), the ability to delin-
eate gestational and postnatal effects in those studies is dif-
ficult. Furthermore, the development of progenitor cells and 
active hyperplasia of adipose cells during the prenatal period 
(Du et al., 2010) represent an opportunity to influence dairy 
offspring characteristics via dam supplementation. While it 
remains unclear the specific mechanisms by which choline 
may be influencing adipose tissue development and metabo-
lism, studies in cattle highlight that methyl donor exposure 
as early as the embryonic period alter DNA methylation in 
muscle and hepatic tissues (Jacometo et al., 2017; Estra-
da-Cortés et al., 2021), so perhaps adipose tissue is being 
programmed through methylation patterns for increased 
deposition. Alternatively, considering the apparent shifts in 
glucose metabolism in the calves exposed to choline in utero 
noted in the present study, the adipose tissue may have been 
more capable of utilizing circulating glucose for adipose tis-
sue. The use of choline for the benefit of offspring marbling 
presents a promising opportunity, and further research is 
needed.

Overall, the dressing percentage in this study was low com-
pared with industry standards, and likely reflects the fact that 
the animals experienced shrink between weighing and the 
time they were slaughtered. In regard to the effect of choline 
on dressing percentage, the in utero RPC exposure decreased 
dressing percentage compared with control. Surprisingly, 
KPH increased with RPC treatment, which is the opposite of 
what would be expected given the relationship between dress-
ing percentage and KPH weight. This suggests that the inter-
nal organ, hide, or head mass was greater for animals with 
in utero choline exposure. Liu et al. (2017) noted enhanced 
intestinal morphology due to in utero choline exposure in 
pigs. Perhaps the in utero choline exposure promoted greater 
intestinal development and overall mass in offspring, result-
ing in the lower dressing percentage. However, the increase 
in KPH fat may be detrimental to profitability by decreas-
ing the overall yield of boneless, retail cuts of meat. Con-
versely, another viewpoint is that in utero choline exposure 
could reduce the time of animals in the feedlot by achieving 
a high-quality retail product quicker based on intramuscular 
fat deposition alone.

This dataset also benefits livestock producers by making 
available one of the few peer-reviewed published datasets on 

carcass characteristics of Angus × Holstein cattle in North 
America despite Angus being the most commonly used beef 
sire breed on dairies (McWhorter et al., 2020; Pereira et 
al., 2022). Berry et al. (2021) reviewed beef × dairy carcass 
characteristics primarily in comparison to other breeds, 
but most cattle in their review were of European origin 
where the production practices and breed composition are 
vastly different from those utilized in North America. The 
fact that 98% of the cattle in this study achieved at least 
USDA grade Choice (including 15% Prime; Table 8) is an 
indication that Angus × Holstein cattle have potential as 
high-value contributors to the beef industry. In preliminary 
results from other institutions in the U.S., at least 75% of 
Holsteins crossed with Angus or Simmental also achieved 
USDA Choice or Prime, which was an improvement over 
their pure Holstein counterparts (Basiel et al., 2021; Dahlke 
and Harding, 2021; Foraker et al., 2022). Overall, this 
study indicates that beef × dairy breeding strategies is a use-
ful mechanism to add value to the U.S. beef herd, yet more 
research is needed to understand factors that contribute to 
beef quality in beef × dairy cattle.

Conclusions
Feeding prepartum dairy cows RPC increased Angus × Hol-
stein offspring BW and height through 10 mo of age. This 
nutritional intervention also enhanced indicators of insu-
lin sensitivity when calves were fed a finishing diet, which 
could have implications for carcass composition. More effi-
cient calves according to RFI classification had indicators of 
impaired insulin sensitivity, which could potentially provide a 
mechanism for feed intake differences between high and low 
efficient feeder cattle. In utero choline exposure increased kid-
ney, pelvic, and heart fat deposition, but notably, resulted in 
a greater marbling score. Overall, an increase in growth in 
calves exposed to choline in utero illustrates the potential to 
use dam dietary choline supplementation to enhance perfor-
mance and profitability of offspring destined for market pur-
poses, and further investigation into the mechanisms of action 
responsible for these positive benefits is warranted.

Supplementary Data
Supplementary data are available at Journal of Animal Science 
online.

Table 8. Distribution of USDA yield and quality grade by in utero choline exposure treatment in Angus × Holstein cattle. Male and female data are 
combined

Treatment1

Item CTL RPC1RD RPC2RD RPC2HD Overall Total

USDA yield grade

 � 3 10 (83%) 5 (50%) 6 (50%) 9 (69%) 30 (63%)

 � 4 2 (17%) 5 (50%) 6 (60%) 4 (31%) 17 (37%)

USDA quality grade

 � Prime 1 (8%) 2 (20%) 1 (8%) 3 (23%) 7 (15%)

 � Choice 10 (83%) 8 (80%) 11 (92%) 10 (77%) 39 (83%)

 � Select 1 (8%) – – – 1 (2%)

1CTL = 0 g/d supplemental RPC; RPC1RD = 15 g/d supplemental RPC (ReaShure; Balchem Corp); RPC2RD = 15 g/d supplemental RPC in concentrated 
prototype (Balchem Corp.); RPC2HD = 22 g/d supplemental RPC in concentrated prototype (Balchem Corp.).



12 Journal of Animal Science, 2023, Vol. 101 

Acknowledgments
We wish to thank Jessica Cederquist, Caleb Karls, and the 
staff at the University of Wisconsin-Madison Beef Cattle 
Nutrition and Grazing Units for their care and attention to de-
tail throughout the many stages of this work. We are grateful 
to the staff and students of Dr. Heather White’s lab for their 
assistance in collecting BWs throughout the study. We also 
appreciate the staff at JBS United (Green Bay, WI) for collect-
ing the carcass data. Balchem Corporation (West Hampton, 
NY) funded the in utero treatments. The data presented here-
in and W.E.B. were supported by the Dairy Innovation Hub 
(University of Wisconsin-Madison).
Conflict of interest statement. The authors declare no real or 
perceived conflicts of interest.

Literature Cited
Abuelo, A. 2020. Symposium review: late-gestation maternal factors 

affecting the health and development of dairy calves. J. Dairy Sci. 
103:3882–3893. doi:10.3168/jds.2019-17278

AOACInternational. 2016. Official methods of analysis. 20th edn. 
Gaithersburg, MD: AOAC International.

Arshad, U., M. G. Zenobi, C. R. Staples, and J. E. P. Santos. 2020. Me-
ta-analysis of the effects of supplemental rumen-protected choline 
during the transition period on performance and health of parous 
dairy cows. J. Dairy Sci. 103:282–300. doi:10.3168/jds.2019-16842

ASABE. 2017. Method of determining and expressing fineness of feed 
materials by sieving. Page in ANSI/ASAE S319.4, St. Joseph, MO.

Bailey, C. R., G. C. Duff, S. R. Sanders, J. L. Treichel, L. H. Baumgard, J. 
A. Marchello, D. W. Schafer, and C. P. Mcmurphy. 2008. Effects of 
increasing crude protein concentrations on performance and carcass 
characteristics of growing and finishing steers and heifers. Anim. Feed 
Sci. Technol. 142:111–120. doi:10.1016/j.anifeedsci.2007.08.001

Banos, G., S. Brotherstone, and M. P. Coffey. 2007. Prenatal maternal 
effects on body condition score, female fertility, and milk yield of 
dairy cows. J. Dairy Sci. 90:3490–3499. doi:10.3168/jds.2006-809

Barajas, R., and R. A. Zinn. 1998. The feeding value of dry-rolled 
and steam-flaked corn in finishing diets for feedlot cattle: influ-
ence of protein supplementation. J. Anim. Sci. 76:1744–1752. 
doi:10.2527/1998.7671744x

Basiel, B. L., C. D. Dechow, and T. L. Felix. 2021. A comparison of feedlot 
growth and performance of beef X HOlstein crossbred steers and Hol-
stein steers. J. Anim. Sci. 99:298–299. doi:10.1093/jas/skab235.548

Batistel, F., A. S. Alharthi, R. R. C. Yambao, A. A. Elolimy, Y. X. Pan, 
C. Parys, and J. J. Loor. 2019. Methionine supply during late-ges-
tation triggers offspring sex-specific divergent changes in metabolic 
and epigenetic signatures in bovine placenta. J. Nutr. 149:6–17. 
doi:10.1093/jn/nxy240

Beauchemin, K. A., W. Z. Yang, and L. M. Rode. 2001. Effects 
of barley grain processing on the site and extent of digestion 
of beef feedlot finishing diets. J. Anim. Sci. 79:1925–1936. 
doi:10.2527/2001.7971925x

Bengochea, W. L., G. P. Lardy, M. L. Bauer, and S. A. Soto-Navarro. 
2005. Effect of grain processing degree on intake, digestion, ru-
minal fermentation, and performance characteristics of steers fed 
medium-concentrate growing diets. J. Anim. Sci. 83:2815–2825. 
doi:10.2527/2005.83122815x

Berry, D. P. 2021. Invited review: beef-on-dairy—the generation 
of crossbred beef × dairy cattle. J. Dairy Sci. 104:3789–3819. 
doi:10.3168/jds.2020-19519

BIF. 2021. Intake and feed efficiency. http://guidelines.beefimprovement.
org/index.php?title=Intake_and_Feed_Efficiency&oldid=2360. Ac-
cessed June 7, 2021.

Bouret, S. G. 2012. Nutritional programming of hypothalamic devel-
opment: critical periods and windows of opportunity. Int. J. Obes. 
Suppl. 2:S19–S24. doi:10.1038/ijosup.2012.17

Bradford, B. J., and M. S. Allen. 2007. Depression in feed intake by a 
highly fermentable diet is related to plasma insulin concentration 
and insulin response to glucose infusion. J. Dairy Sci. 90:3838–
3845. doi:10.3168/jds.2007-0086

Clemmons, B. A., R. I. Mihelic, R. C. Beckford, J. B. Powers, E. A. 
Melchior, Z. D. Mcfarlane, E. R. Cope, M. M. Embree, J. T. Mul-
liniks, S. R. Campagna, et al. 2017. Serum metabolites associated 
with feed efficiency in black angus steers. Metabolomics. 13:1–8. 
doi:10.1007/s11306-017-1282-z

Dahlke, G., and J. Harding. 2021. Beef from Holsteins x Angus Cross 
Calves - observations. Page in Iowa State University Animal Indus-
try Report 2021, Ames, Iowa.

Depenbusch, B. E., T. G. Nagaraja, J. M. Sargeant, J. S. Drouillard, E. 
R. Loe, and M. E. Corrigan. 2008. Influence of processed grains 
on fecal pH, starch concentration, and shedding of Escherichia 
coli O157 in feedlot cattle. J. Anim. Sci. 86:632–639. doi:10.2527/
jas.2007-0057

Derbyshire, E., and R. Obeid. 2020. Function: a systematic review fo-
cusing on the first. Nutrients. 12:1731. doi:10.3390/nu12061731

Du, M., S. Ford, and M. Zhu. 2017. Optimizing livestock production 
efficiency through maternal nutritional management and fetal 
developmental programming. Anim. Front. 7:5–11. doi:10.2527/
af.2017-0122

Du, M., Y. Huang, A. K. Das, Q. Yang, M. S. Duarte, M. V. Dodson, 
and M. J. Zhu. 2013. Meat Science and Muscle Biology Sympo-
sium: manipulating mesenchymal progenitor cell differentiation to 
optimize performance and carcass value of beef cattle. J. Anim. Sci. 
91:1419–1427. doi:10.2527/jas.2012-5670

Du, M., J. Tong, J. Zhao, K. R. Underwood, M. Zhu, S. P. Ford, and P. W. 
Nathanielsz. 2010. Fetal programming of skeletal muscle develop-
ment in ruminant animals. J. Anim. Sci. 88:E51–E60. doi:10.2527/
jas.2009-2311

Duff, G. C., and C. P. McMurphy. 2007. Feeding holstein steers from 
start to finish. Vet. Clin. North Am. Food Anim. Pract. 23:281–297. 
doi:10.1016/j.cvfa.2007.04.003

Elolimy, A., A. Alharthi, M. Zeineldin, C. Parys, A. Helmbrecht, and 
J. J. Loor. 2019. Supply of methionine during late-pregnancy al-
ters fecal microbiota and metabolome in neonatal dairy calves 
without changes in daily feed intake. Front. Microbiol. 10:1–20. 
doi:10.3389/fmicb.2019.02159

Estrada-Cortés, E., W. Ortiz, M. B. Rabaglino, J. Block, O. Rae, E. A. 
Jannaman, Y. Xiao, and P. J. Hansen. 2021. Choline acts during 
preimplantation development of the bovine embryo to program 
postnatal growth and alter muscle DNA methylation. FASEB J. 
35:e21926. doi:10.1096/fj.202100991R

Fitzsimons, C., D. A. Kenny, S. M. Waters, B. Earley, and M. McGee. 
2014. Effects of phenotypic residual feed intake on response to a 
glucose tolerance test and gene expression in the insulin signaling 
pathway in longissimus dorsi in beef cattle. J. Anim. Sci. 92:4616–
4631. doi:10.2527/jas.2014-7699

Foraker, B. A., M. A. Ballou, and D. R. Woerner. 2022. Crossbreeding 
beef sires to dairy cows: cow, feedlot, and carcass performance. 
Transl. Anim. Sci. 6:1–10. doi:10.1093/tas/txac059

Ford, S. P., B. W. Hess, M. M. Schwope, M. J. Nijland, J. S. Gilbert, K. 
A. Vonnahme, W. J. Means, H. Han, and P. W. Nathanielsz. 2007. 
Maternal undernutrition during early to mid-gestation in the ewe 
results in altered growth, adiposity, and glucose tolerance in male 
offspring. J. Anim. Sci. 85:1285–1294. doi:10.2527/jas.2005-624

Funston, R. N., D. M. Larson, and K. A. Vonnahme. 2010. Ef-
fects of maternal nutrition on conceptus growth and offspring 
performance: implications for beef cattle production. J. Anim. Sci. 
88:E205–E215. doi:10.2527/jas.2009-2351

Funston, R. N., A. F. Summers, and A. J. Roberts. 2012. Alpharma 
Beef Cattle Nutrition Symposium: implications of nutritional man-
agement for beef cow-calf systems. J. Anim. Sci. 90:2301–2307. 
doi:10.2527/jas.2011-4568

Hafla, A. N., G. E. Carstens, T. D. A. Forbes, L. O. Tedeschi, J. C. Bai-
ley, J. T. Walter, and J. R. Johnson. 2013. Relationships between 
postweaning residual feed intake in heifers and forage use, body 

https://doi.org/10.3168/jds.2019-17278
https://doi.org/10.3168/jds.2019-16842
https://doi.org/10.1016/j.anifeedsci.2007.08.001
https://doi.org/10.3168/jds.2006-809
https://doi.org/10.2527/1998.7671744x
https://doi.org/10.1093/jas/skab235.548
https://doi.org/10.1093/jn/nxy240
https://doi.org/10.2527/2001.7971925x
https://doi.org/10.2527/2005.83122815x
https://doi.org/10.3168/jds.2020-19519
http://guidelines.beefimprovement.org/index.php?title=Intake_and_Feed_Efficiency&oldid=2360
http://guidelines.beefimprovement.org/index.php?title=Intake_and_Feed_Efficiency&oldid=2360
https://doi.org/10.1038/ijosup.2012.17
https://doi.org/10.3168/jds.2007-0086
https://doi.org/10.1007/s11306-017-1282-z
https://doi.org/10.2527/jas.2007-0057
https://doi.org/10.2527/jas.2007-0057
https://doi.org/10.3390/nu12061731
https://doi.org/10.2527/af.2017-0122
https://doi.org/10.2527/af.2017-0122
https://doi.org/10.2527/jas.2012-5670
https://doi.org/10.2527/jas.2009-2311
https://doi.org/10.2527/jas.2009-2311
https://doi.org/10.1016/j.cvfa.2007.04.003
https://doi.org/10.3389/fmicb.2019.02159
https://doi.org/10.1096/fj.202100991R
https://doi.org/10.2527/jas.2014-7699
https://doi.org/10.1093/tas/txac059
https://doi.org/10.2527/jas.2005-624
https://doi.org/10.2527/jas.2009-2351
https://doi.org/10.2527/jas.2011-4568


Brown et al. 13

composition, feeding behavior, physical activity, and heart rate of 
pregnant beef females. J. Anim. Sci. 91:5353–5365. doi:10.2527/
jas.2013-6423

Hammoud, R., E. Pannia, R. Kubant, C. S. Liao, M. Ho, N. V. Yang, D. 
Chatterjee, M. A. Caudill, O. V. Malysheva, Z. Pausova, et al. 2020. 
Maternal choline intake programs hypothalamic energy regulation 
and later-life phenotype of male Wistar rat offspring. Mol. Nutr. 
Food Res. 64:1901178–1901179. doi:10.1002/mnfr.201901178

Herrick, K. J., A. R. Hippen, K. F. Kalscheur, D. J. Schingoethe, S. D. 
Ranathunga, J. L. Anderson, S. C. Moreland, and J. E. van Eys. 
2018. Infusion of butyrate affects plasma glucose, butyrate, and 
β-hydroxybutyrate but not plasma insulin in lactating dairy cows. 
J. Dairy Sci. 101:3524–3536. doi:10.3168/jds.2017-13842

Hessle, A., M. Therkildsen, and K. Arvidsson-Segerkvist. 2019. Beef 
production systems with steers of dairy and dairy × beef breeds 
based on forage and semi-natural pastures. Animals. 9:1064. 
doi:10.3390/ani9121064

Holdorf, H., W. Brown, G. Combs, S. Henisz, S. Kendall, M. Caputo, 
K. Ruh, and H. White. 2023a. Increasing the prepartum dose of 
rumen-protected choline: effects of maternal choline supplemen-
tation on growth, feed efficiency, and metabolism in Holstein and 
Holstein x Angus calves. J. Dairy Sci. (in press)

Holdorf, H., S. Kendall, K. Ruh, M. Caputo, G. Combs, S. Henisz, W. 
Brown, T. Bresolin, R. Ferrerira, J. Dorea, et al. 2023b. Increasing 
the prepartum dose of rumen-protected choline: effects on milk 
production and metabolism in high producing Holstein dairy cows. 
J. Dairy Sci. (in press).

Holtenius, P., and K. Holtenius. 2007. A model to estimate insulin sen-
sitivity in dairy cows. Acta Vet. Scand. 49:29. doi:10.1186/1751-
0147-49-29

Huuskonen, A., M. Pesonen, and H. Kämäräinen. 2014. Production 
and carcass traits of purebred Nordic Red and Nordic Red × beef 
breed crossbred bulls. J. Agric. Sci. 152:504–517. doi:10.1017/
S0021859613000749

Jacometo, C. B., Z. Zhou, D. Luchini, M. N. Corrêa, and J. J. Loor. 
2017. Maternal supplementation with rumen-protected methi-
onine increases prepartal plasma methionine concentration and 
alters hepatic mRNA abundance of 1-carbon, methionine, and 
transsulfuration pathways in neonatal Holstein calves. J. Dairy Sci. 
100:3209–3219. doi:10.3168/jds.2016-11656

Jaeger, J. R., K. C. Olson, S. R. Goodall, and J. W. Bolte. 2009. 
Beef calf performance and carcass characteristics following 
rumen-protected choline supplementation of cows during the 
peripartum period. In: Proceedings of the Western Section of 
American Society of Animal Science. American Society of Animal 
Science; p. 255.

Jiang, X., A. A. West, and M. A. Caudill. 2014. Maternal choline sup-
plementation: a nutritional approach for improving offspring 
health? Trends Endocrinol. Metab. 25:263–273. doi:10.1016/j.
tem.2014.02.001

Jorge-Smeding, E., M. Bonnet, G. Renand, S. Taussat, B. Graulet, I. 
Ortigues-Marty, and G. Cantalapiedra-Hijar. 2021. Common and 
diet-specific metabolic pathways underlying residual feed intake in 
fattening Charolais yearling bulls. Sci. Rep. 11:1–13. doi:10.1038/
s41598-021-03678-x

Kelly, A. K., M. McGee, D. H. Crews, A. G. Fahey, A. R. Wylie, and D. A. 
Kenny. 2010. Effect of divergence in residual feed intake on feeding 
behavior, blood metabolic variables, and body composition traits 
in growing beef heifers. J. Anim. Sci. 88:109–123. doi:10.2527/
jas.2009-2196

Koenig, K. M., G. E. Chibisa, G. B. Penner, and K. A. Beauchemin. 
2020. Optimum roughage proportion in barley-based feedlot cattle 
diets: growth performance, feeding behavior, and carcass traits. J. 
Anim. Sci. 98:1–12. doi:10.1093/jas/skaa299

Korsmo, H. W., K. Edwards, B. Dave, C. Jack-roberts, H. Yu, A. Sax-
ena, M. Salvador, M. Dembitzer, J. Phagoora, and X. Jiang. 2020. 
Prenatal choline supplementation during high-fat feeding improves 
long-term blood glucose control in male mouse offspring. Nutri-
ents. 12:144–117. doi:10.3390/nu12010144

Kwan, S. T. C., J. H. King, J. K. Grenier, J. Yan, X. Jiang, M. S. Rober-
son, and M. A. Caudill. 2018. Maternal choline supplementation 
during normal murine pregnancy alters the placental epigenome: 
results of an exploratory study. Nutrients. 10:417. doi:10.3390/
nu10040417

Lan, X., E. C. Cretney, J. Kropp, K. Khateeb, M. A. Berg, F. Peñagarica-
no, R. Magness, A. E. Radunz, and H. Khatib. 2013. Maternal diet 
during pregnancy induces gene expression and DNA methylation 
changes in fetal tissues in sheep. Front. Genet. 4:1–12. doi:10.3389/
fgene.2013.00049

Laporta, J., T. F. Fabris, A. L. Skibiel, J. L. Powell, M. J. Hayen, K. Hor-
vath, and G. E. Dahl. 2017. In utero exposure to heat stress during 
late gestation has prolonged effects on the activity patterns and 
growth of dairy calves. J. Dairy Sci. 100:2976–2984. doi:10.3168/
jds.2016-11993

Liu, H., J. Wang, D. Mou, L. Che, Z. Fang, B. Feng, Y. Lin, S. Xu, J. Li, 
and D. Wu. 2017. Maternal methyl donor supplementation during 
gestation counteracts the bisphenol a-induced impairment of intes-
tinal morphology, disaccharidase activity, and nutrient transporters 
gene expression in newborn and weaning pigs. Nutrients. 9:423–
415. doi:10.3390/nu9050423

Maloney, C. A., S. M. Hay, L. E. Young, K. D. Sinclair, and W. D. Rees. 
2011. A methyl-deficient diet fed to rat dams during the peri-con-
ception period programs glucose homeostasis in adult male but not 
female offspring. J. Nutr. 141:95–100. doi:10.3945/jn.109.119453

McWhorter, T. M., J. L. Hutchison, H. D. Norman, J. B. Cole, G. C. 
Fok, D. A. L. Lourenco, and P. M. Vanraden. 2020. Investigating 
conception rate for beef service sires bred to dairy cows and heifers. 
J. Dairy Sci. 103:10374–10382. doi:10.3168/jds.2020-18399

Mjaaseth, U. N., J. C. Norris, N. D. J. Aardema, M. L. Bunnell, R. E. 
Ward, K. J. Hintze, and C. E. Cho. 20214510. Excess vitamins or 
imbalance of folic acid and choline in the gestational diet alter the 
gut microbiota and obesogenic effects in Wistar rat offspring. Nu-
trients. 13. doi:10.3390/nu13124510

Monteiro, A. P. A., S. Tao, I. M. T. Thompson, and G. E. Dahl. 2016. In 
utero heat stress decreases calf survival and performance through 
the first lactation. J. Dairy Sci. 99:8443–8450. doi:10.3168/
jds.2016-11072

Namous, H., F. Peñagaricano, M. Del Corvo, E. Capra, D. L. Thomas, 
A. Stella, J. L. Williams, P. A. Marsan, and H. Khatib. 2018. Integra-
tive analysis of methylomic and transcriptomic data in fetal sheep 
muscle tissues in response to maternal diet during pregnancy. BMC 
Genomics. 19:1–14. doi:10.1186/s12864-018-4509-0

Nascimento, C. F., R. H. Branco, S. F. M. Bonilha, J. N. S. G. Cyrillo, J. 
A. Negrão, and M. E. Z. Mercadante. 2015. Residual feed intake 
and blood variables in young Nellore cattle. J. Anim. Sci. 93:1318–
1326. doi:10.2527/jas.2014-8368

Nkrumah, J. D., J. A. Basarab, M. A. Price, E. K. Okine, A. Ammou-
ra, S. Guercio, C. Hansen, C. Li, B. Benkel, B. Murdoch, et al. 
2004. Different measures of energetic efficiency and their phe-
notypic relationships with growth, feed intake, and ultrasound 
and carcass merit in hybrid cattle. J. Anim. Sci. 82:2451–2459. 
doi:10.2527/2004.8282451x

O’Hara, E., A. L. A. Neves, Y. Song, and L. L. Guan. 2020. The role 
of the gut microbiome in cattle production and health: driver or 
passenger? Annu. Rev. Anim. Biosci. 8:199–220. doi:10.1146/an-
nurev-animal-021419-083952

Pacheco, L. A., J. R. Jaeger, L. R. Hibbard, M. J. Macek, N. A. Sproul, 
G. J. Eckerle, E. A. Bailey, J. W. Bolte, and K. C. Olson. 2010. Effects 
of prepartum rumen-protected choline supplementation on perfor-
mance of beef cows and calves. In: Proceedings of the Western Sec-
tion of American Society of Animal Science. American Society of 
Animal Science; p. 259–261.

Parsons, I. L., J. R. Johnson, W. C. Kayser, L. O. Tedeschi, and G. E. 
Carstens. 2020. Characterization of feeding behavior traits in steers 
with divergent residual feed intake consuming a high-concentrate 
diet. J. Anim. Sci. 98:1–9. doi:10.1093/jas/skaa189

Pereira, J. M. V., D. Bruno, M. I. Marcondes, and F. C. Ferreira. 2022. 
Use of beef semen on dairy farms: a cross-sectional study on 

https://doi.org/10.2527/jas.2013-6423
https://doi.org/10.2527/jas.2013-6423
https://doi.org/10.1002/mnfr.201901178
https://doi.org/10.3168/jds.2017-13842
https://doi.org/10.3390/ani9121064
https://doi.org/10.1186/1751-0147-49-29
https://doi.org/10.1186/1751-0147-49-29
https://doi.org/10.1017/S0021859613000749
https://doi.org/10.1017/S0021859613000749
https://doi.org/10.3168/jds.2016-11656
https://doi.org/10.1016/j.tem.2014.02.001
https://doi.org/10.1016/j.tem.2014.02.001
https://doi.org/10.1038/s41598-021-03678-x
https://doi.org/10.1038/s41598-021-03678-x
https://doi.org/10.2527/jas.2009-2196
https://doi.org/10.2527/jas.2009-2196
https://doi.org/10.1093/jas/skaa299
https://doi.org/10.3390/nu12010144
https://doi.org/10.3390/nu10040417
https://doi.org/10.3390/nu10040417
https://doi.org/10.3389/fgene.2013.00049
https://doi.org/10.3389/fgene.2013.00049
https://doi.org/10.3168/jds.2016-11993
https://doi.org/10.3168/jds.2016-11993
https://doi.org/10.3390/nu9050423
https://doi.org/10.3945/jn.109.119453
https://doi.org/10.3168/jds.2020-18399
https://doi.org/10.3390/nu13124510
https://doi.org/10.3168/jds.2016-11072
https://doi.org/10.3168/jds.2016-11072
https://doi.org/10.1186/s12864-018-4509-0
https://doi.org/10.2527/jas.2014-8368
https://doi.org/10.2527/2004.8282451x
https://doi.org/10.1146/annurev-animal-021419-083952
https://doi.org/10.1146/annurev-animal-021419-083952
https://doi.org/10.1093/jas/skaa189


14 Journal of Animal Science, 2023, Vol. 101 

attitudes of farmer toward breeding strategies. Front. Anim. Sci. 
2:1–10. doi:10.3389/fanim.2021.785253

Pralle, R. S., S. J. Erb, H. T. Holdorf, and H. M. White. 2021. Great-
er liver PNPLA3 protein abundance in vivo and in vitro supports 
lower triglyceride accumulation in dairy cows. Sci. Rep. 11:1–16. 
doi:10.1038/s41598-021-82233-0

Radunz, A. E., F. L. Fluharty, A. E. Relling, T. L. Felix, L. M. Shoup, H. 
N. Zerby, and S. C. Loerch. 2012. Prepartum dietary energy source 
fed to beef cows: II. effects on progeny postnatal growth, glucose 
tolerance, and carcass composition. J. Anim. Sci. 90:4962–4974. 
doi:10.2527/jas.2012-5098

Reed, S. A., and K. E. Govoni. 2017. How mom’s diet affects offspring 
growth and health through modified stem cell function. Anim. 
Front. 7:25–31. doi:10.2527/af.2017-0125

Rhoades, R. D., J. E. Sawyer, K. Y. Chung, M. L. Schell, D. K. Lunt, 
and S. B. Smith. 2006. Effect of dietary energy source on in vitro 
substrate utilization and insulin sensitivity of muscle and adipose 
tissues of Angus and Wagyu steers. J. Anim. Sci. 85:1719–1726. 
doi:10.2527/jas.2006-498

Richardson, C. R., G. A. Nunnery, D. B. Wester, N. A. Cole, and M. L. 
Galyean. 2004. Power of test considerations for beef cattle experi-
ments: a review. J. Anim. Sci. 82:214–222. doi:10.2527/2004.8213_
supplE214x

Roche, J. R., D. Blache, J. K. Kay, D. R. Miller, A. J. Sheahan, and D. 
W. Miller. 2008. Neuroendocrine and physiological regulation of 
intake with particular reference to domesticated ruminant animals. 
Nutr. Res. Rev. 21:207–234. doi:10.1017/S0954422408138744

Sawant, O. B., S. M. Birch, C. R. Goodlett, T. A. Cudd, and S. E. 
Washburn. 2019. Maternal choline supplementation mitigates 
alcohol-induced fetal cranio-facial abnormalities detected using an 
ultrasonographic examination in a sheep model. Alcohol. 81:31–
38. doi:10.1016/j.alcohol.2019.05.001

Schwandt, E. F., J. J. Wagner, T. E. Engle, S. J. Bartle, D. U. Thomson, 
and C. D. Reinhardt. 2016. The effects of dry-rolled corn parti-
cle size on performance, carcass traits, and starch digestibility in 
feedlot finishing diets containing wet distiller’s grains. J. Anim. Sci. 
94:1194–1202. doi:10.2527/jas.2015-9408

Shreve, B., N. Thiex, and M. Wolf. 2006. NFTA method 2.1.4 - dry 
matter by oven drying for 3 hr at 105C. Lincoln, NE: National 
Forage Testing Association.

Stock, R. A., M. H. Sindt, R. M. Cleale, and R. A. Britton. 1991. 
High-moisture corn utilization in finishing cattle. J. Anim. Sci. 
69:1645–1656. doi:10.2527/1991.6941645x

Swartz, T. H., B. J. Bradford, and J. S. Clay. 2021. Intergenerational 
cycle of disease: maternal mastitis is associated with poorer daugh-
ter performance in dairy cattle. J. Dairy Sci. 104:4537–4548. 
doi:10.3168/jds.2020-19249

Tjardes, K. E., D. D. Buskirk, M. S. Allen, R. J. Tempelman, L. D. Bour-
quin, and S. R. Rust. 2002. Neutral detergent fiber concentration in 
corn silage influences dry matter intake, diet digestibility, and per-
formance of Angus and Holstein steers. J. Anim. Sci. 80:841–846. 
doi:10.2527/2002.803841x

Vonnahme, K. A., J. S. Luther, L. P. Reynolds, C. J. Hammer, D. B. 
Carlson, D. A. Redmer, and J. S. Caton. 2010. Impacts of maternal 
selenium and nutritional level on growth, adiposity, and glucose 
tolerance in female offspring in sheep. Domest Anim. Endocrinol. 
39:240–248. doi:10.1016/j.domaniend.2010.06.005

Walker, D. K., E. C. Titgemeyer, T. J. Baxa, K. Y. Chung, D. E. Johnson, S. 
B. Laudert, and B. J. Johnson. 2010. Effects of ractopamine and sex 
on serum metabolites and skeletal muscle gene expression in fin-
ishing steers and heifers. J. Anim. Sci. 88:1349–1357. doi:10.2527/
jas.2009-2409

Wang, X., X. Lan, A. E. Radunz, and H. Khatib. 2015. Maternal nu-
trition during pregnancy is associated with differential expression 
of imprinted genes and DNA methyltranfereases in muscle of beef 
cattle offspring. J. Anim. Sci. 93:35–40. doi:10.2527/jas.2014-8148

Wang, Z., J. D. Nkrumah, C. Li, J. A. Basarab, L. A. Goonewardene, E. K. 
Okine, D. H. Crews, and S. S. Moore. 2006. Test duration for growth, 
feed intake, and feed efficiency in beef cattle using the GrowSafe Sys-
tem. J. Anim. Sci. 84:2289–2298. doi:10.2527/jas.2005-715

Zeisel, S. H. 2017. Choline, other methyl-donors and epigenetics. Nu-
trients. 9:445. doi:10.3390/nu9050445

Zeisel, S. H., and K.-A. da Costa. 2009. Choline: an essential nutri-
ent for public health. Nutr. Rev. 67:615–623. doi:10.1111/j.1753-
4887.2009.00246.x

Zenobi, M., R. Gardinal, J. Zuniga, A. Dias, C. Nelson, J. Driver, B. 
Barton, J. Santos, and C. Staples. 2018. Effects of supplementation 
with ruminally protected choline on performance of multiparous 
Holstein cows did not depend upon prepartum caloric intake. J. 
Dairy Sci. 101:1088–1110. doi:10.3168/jds.2017-13327

https://doi.org/10.3389/fanim.2021.785253
https://doi.org/10.1038/s41598-021-82233-0
https://doi.org/10.2527/jas.2012-5098
https://doi.org/10.2527/af.2017-0125
https://doi.org/10.2527/jas.2006-498
https://doi.org/10.2527/2004.8213_supplE214x
https://doi.org/10.2527/2004.8213_supplE214x
https://doi.org/10.1017/S0954422408138744
https://doi.org/10.1016/j.alcohol.2019.05.001
https://doi.org/10.2527/jas.2015-9408
https://doi.org/10.2527/1991.6941645x
https://doi.org/10.3168/jds.2020-19249
https://doi.org/10.2527/2002.803841x
https://doi.org/10.1016/j.domaniend.2010.06.005
https://doi.org/10.2527/jas.2009-2409
https://doi.org/10.2527/jas.2009-2409
https://doi.org/10.2527/jas.2014-8148
https://doi.org/10.2527/jas.2005-715
https://doi.org/10.3390/nu9050445
https://doi.org/10.1111/j.1753-4887.2009.00246.x
https://doi.org/10.1111/j.1753-4887.2009.00246.x
https://doi.org/10.3168/jds.2017-13327

