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ABSTRACT

The objective of this work was to characterize rumen 
volatile fatty acid (VFA) concentrations, rumen epi-
thelial gene expression, and blood metabolite responses 
to diets with different starch and fiber sources. Six 
ruminally cannulated yearling Holstein heifers (body 
weight = 330 ± 11.3 kg) were arranged in a partially 
replicated Latin square experiment with 4 treatments 
consisting of different starch [barley (BAR) or corn 
(CRN)] and fiber [timothy hay (TH) or beet pulp (BP)] 
sources. Treatments were arranged as a 2 × 2 factorial. 
Beet pulp and TH were used to create relative changes 
in apparent ruminal fiber disappearance, whereas 
CRN and BAR were used to create relative changes 
in apparent ruminal starch disappearance. Each period 
consisted of 3 d of diet adaptation and 15 d of dietary 
treatment. In situ disappearance of fiber and starch 
were estimated from bags incubated in the rumen from 
d 10 to 14. From d 15 to 17, rumen fluid was collected 
every hour from 0500 to 2300 h. Rumen fluid samples 
were pooled by animal/period and analyzed for pH and 
VFA concentrations. On d 18, 60 to 80 papillae were 
biopsied from the epithelium and preserved for gene ex-
pression analysis. On d 18, one blood sample per heifer 
was collected from the coccygeal vessel. In situ ruminal 
starch disappearance rate (7.30 to 8.72%/h for BAR 
vs. 7.61 to 10.5%/h for CRN) and the extent of fiber 
disappearance (22.2 to 33.4% of DM for TH vs. 34.4 to 
38.7% of DM for BP) were affected by starch and fiber 
source, respectively. Analysis of VFA molar proportions 
showed a shift from propionate to acetate, and valerate 
to isovalerate on TH diets compared with BP. Corn 
diets favored propionate over butyrate in comparison 

to BAR diets. Corn diets also had higher molar pro-
portions of valerate. Expression of 1 gene (SLC9A3) 
were increased in BP diets and 2 genes (BDH1 and 
SLC16A4) tended to be increased in TH diets. Plasma 
acetate demonstrated a tendency for a starch by fi-
ber interaction with BAR-BP diets having the highest 
plasma acetate, but other metabolites measured were 
not significant. These results suggest that TH has the 
greatest effect on shifts in VFA molar proportions and 
epithelial transporters, but does not demonstrate shifts 
in blood metabolite concentrations.
Key words: rumen epithelium, blood metabolite, 
volatile fatty acid dynamics

INTRODUCTION

Volatile fatty acids are an energy source for rumi-
nants that contribute approximately 70 to 80% of 
energy requirements (Bergman, 1990). Ration changes 
cause adaptations within the rumen microbial commu-
nity that alter fermentation patterns and contribute to 
changes in rumen VFA. Dietary ingredients can be used 
to manipulate VFA because they can alter the type of 
substrate provided for fermentation (France and Dijk-
stra, 2005). Although there is considerable information 
available about how specific starch and fiber sources 
affect VFA concentrations, Hall et al. (2015) noted that 
VFA concentrations can be inaccurate representations 
of treatment effects on fermentation because they do 
not account for differences among treatments in rumi-
nal liquid volume and passage rate. Liquid passage rate, 
in particular, has been shown to change with dietary 
composition and particle size, among other factors 
(Kuoppala et al., 2009). Although some studies have 
concurrently evaluated shifts in VFA concentration and 
fluid passage (e.g., Dijkstra et al., 1993), there has been 
less focus on how diets with different predicted ruminal 
carbohydrate disappearance profiles influence VFA and 
fluid dynamics.
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Rumen liquid volume and passage can be quanti-
fied by measuring the exponential decay of a marker 
concentration (e.g., polyethylene glycol, Cr-EDTA, 
Co-EDTA) using a time course of rumen fluid samples 
after dosing (Krämer et al., 2013). Rumen fluid passage 
is then used to estimate the amount of VFA exiting the 
rumen with rumen fluid (fluid-mediated flux) and indi-
vidual VFA pool size. Fluid dynamics also contribute 
to changing carbohydrate disappearance rates. Krämer 
et al. (2013) did not see a difference in ruminal reten-
tion time due to fiber type or forage ratio but did see 
changes in total mean retention time, suggesting rumen 
liquid outflow could alter nutrient retention times in 
other portions of the gastrointestinal tract. Increased or 
decreased nutrient retention times could therefore alter 
VFA profiles and should be considered when evaluating 
dietary effects on ruminal and postruminal outcomes.

Previous modeling work demonstrated that ruminal 
starch and fiber disappearances are good predictors of 
key ruminal factors such as microbial N production, 
efficiency of microbial protein synthesis (Roman Garcia 
et al., 2016), and ruminal pH (White et al., 2017a). 
Most studies reporting relationships between ruminal 
VFA and ruminal carbohydrate disappearance focus 
exclusively on these aspects of fermentation and do not 
test the downstream responses of the rumen epithelia 
or blood metabolites. A more holistic analysis of animal 
responses to ruminal carbohydrate disappearance may 
help better inform how rations differing in nutrient ru-
minal disappearances should be formulated to optimize 
ruminal health and whole-system efficiency.

The objective of this work was to characterize how 
rumen VFA molar proportions, rumen fluid dynamics, 
rumen epithelial gene expression, and blood metabolite 
concentrations respond to diets containing different 
starch and fiber sources. We hypothesized that corn 
grain will have a slower rate of starch disappearance 
than barley grain, thus contributing to more balanced 
fermentation (moderate pH, lower proportion of pro-
pionate). We hypothesized that timothy hay will have 
lower ruminal fiber disappearance than beet pulp re-
sulting in lower VFA concentrations and higher propor-
tions of acetate. We also expected to detect changes in 
ruminal VFA transporter gene expression that mirrored 
VFA molar proportions and shifts in genes associated 
with epithelial acetate and butyrate metabolism would 
mirror acetate and butyrate pool sizes. Because blood 
metabolite concentrations are subject to similar fluid 
kinetic issues as rumen VFA concentrations (e.g., Hall 
et al., 2015), blood metabolite concentrations are 
incomplete representations of metabolite flux (e.g., 
Bedford et al., 2018). Therefore, we did not expect to 
detect changes in blood metabolite concentrations that 
mirror expected shifts in VFA supplies.

MATERIALS AND METHODS

Animals and Treatments

All animal use and procedures were in accordance 
with the guidelines provided by the Virginia Tech 
Institutional Animal Care and Use Committee. Six 
ruminally cannulated yearling Holstein heifers (BW: 
330 ± 11.3 kg) were used in a partially replicated 4 × 
4 Latin square experiment. The square was partially 
replicated because 6 animals were randomly assigned 
to 4 treatments, meaning that 2 treatments were dupli-
cated in each period, and the other 2 treatments were 
not. Treatments were arranged to ensure a different 
treatment always preceded and followed another treat-
ment. Treatment diets were arranged factorially (2 × 
2) and were designed to include feedstuffs expected to 
result in proportionally different supplies of ruminally 
degradable starch and fiber but have the same dietary 
percentage of NDF and starch (Table 1). Ground barley 
(BAR) and ground corn (CRN) were used as starch 
sources, with BAR expected to undergo faster ruminal 
starch degradation because it is known to be the third 
most degradable starch source behind oats and wheat, 
respectively (Nikkhah, 2012). Pelleted timothy hay 
(TH) and pelleted beet pulp (BP), ranging from 1.9 to 
2.54 cm in length and 0.635 cm in diameter, were used 
as fiber sources. Timothy hay was expected to have 
lower rate and extent of ruminal fiber degradability 
than BP because of the pelleted nature of the timothy 
hay. Corn silage was the diet base, and a mixture of 
soybean meal, blood meal, and corn gluten feed were 
added to meet protein requirements and to ensure the 
diets were isonitrogenous (Table 1). Diets were not de-
signed to be isoenergetic.

Each animal cycled through the 4 diets over a 4-pe-
riod time frame. Periods consisted of 18 d. The first 3 
d were for gradual diet adaptation to prevent rumen 
upset. Heifers consumed 100% of the treatment diet 
from d 3 to 18.

Animal Feeding and Sample Collection

Initially, 8 heifers were to be trained on the Calan 
gate system (American Calan Inc.) to have a complete 
replicated Latin square design, but 2 heifers were re-
moved before the start of the acclimation period due 
to the inability to learn and use the system. The 6 
remaining heifers were trained on the Calan gate sys-
tem gradually over a 2-wk period before the start of 
the treatment period. During the acclimation period 
(Calan gate training period) and treatment period, 
animals were checked daily at feeding to ensure Calan 
gate transponders were securely placed. Heifers were 
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fed once daily via the Calan gate system at approxi-
mately 1000 h from d 1 to 13 of each period while being 
housed in a freestall barn. From d 14 to 18, heifers were 
moved to metabolism stalls and fed every 2 h starting 
at 1030 h in an attempt to achieve metabolic steady 
state. Diets were hand-weighed per animal and mixed 
daily before feeding. During 2-h feeding periods, a full 
24-h ration was mixed and evenly divided by weight 
into 12 aliquots of feed. Amounts of feed offered and 
refused were weighed daily throughout the experiment 
including the Calan gate acclimation period. Fresh 
diet and refusal feed samples were collected on d 6, 
12, and 18 of each period by animal; feed refusals were 
collected before each feeding. Samples were dried in 
a 55°C forced-air oven (Thermo Scientific Heratherm 
Advanced Protocol Ovens Model 51028115, Fisher 
Scientific) for 48 h to obtain DM content of each ra-
tion. Daily DMI per heifer was calculated by multiply-
ing daily as-fed intake by average DM content of each 
treatment ration. Body weight was measured at the 
beginning of the experiment and once between each 
period (every 18 d). In situ degradability of diets was 
assessed with a 96-h incubation occurring from d 10 to 
14 of each period. Further details regarding assessment 
of in situ degradability will be discussed later. Rumen 
fluid samples were collected hourly from 0500 to 2300 
h on d 15 through 18 of each period. Blood samples 
were collected by coccygeal venipuncture at 0900 h on 
d 18 of each period. Papillae biopsies were collected im-
mediately following blood sampling as described later.

Feed Analysis

Dried feed and refusal samples were ground with a 
Model 4 Wiley mill (A. H. Thomas Scientific) to pass 
through a 1-mm screen. Ash was determined after 
heating ground feed samples for 8 h in a muffle fur-
nace (500°C). An Ankom200 fiber analyzer (Ankom 
Technology) with the addition of neutral detergent, 
heat-stable α-amylase, and sodium sulfite was used 
to determine NDF of feed samples using Ankom fiber 
filter bags (pore size = 25 μm; Van Soest, et al., 1991). 
Feed ADF content was assessed using the Ankom200 
fiber analyzer and the same Ankom fiber filter bags 
previously described (Ankom Technology; Van Soest et 
al., 1991). Both NDF and ADF analysis included ash in 
the sample. Crude protein was calculated as N × 6.25 
after quantification of total N by combustion analysis 
(Vario El Cube CN analyzer, Elementar Americas Inc.). 
Starch concentrations were determined using the ac-
etate buffer method of Hall (2009) with α-amylase from 
Bacillus licheniformis (FAA, Ankom Technology) and 
amyloglucosidase from Aspergillus niger (E-AMGDF, 
Megazyme International).

In Situ Degradability

Diets were prepared according to the formulations in 
Table 1, dried in a forced-air oven for 48 h at 55°C, and 
ground through a 2-mm screen of a Wiley mill (Thomas 
Scientific). A total of 40 Dacron bags per heifer (An-
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Table 1. Diet ingredient and nutrient inclusion for each treatment diet that were designed to provide different 
sources of ruminal starch and fiber to yearling Holstein heifers

Item

Diet1

BAR-TH BAR-BP CRN-TH CRN-BP

Ingredient, % of DM
 Timothy hay 19.9 0.02 25.0 1.43
 Beet pulp 6.05 30.2 3.55 32.9
 Ground corn 0.38 0.00 10.5 12.3
 Ground barley 14.1 14.8 0.67 0.31
 Corn silage 34.4 35.6 35.2 29.4
 Corn gluten feed 3.26 0.00 1.65 7.22
 Soybean meal 9.30 17.1 9.95 15.3
 Blood meal 3.78 0.00 4.37 0.04
Nutrient,2 % of DM     
 DM 64.8 73.4 63.9 74.7
 NDF 35.0 35.0 35.0 35.0
 Starch 20.0 20.0 20.0 20.0
 CP 15.9 16.0 15.9 16.0
Estimated ME, Mcal/kg 2.63 2.74 2.62 2.75
1BAR-TH = ground barley and timothy hay pellets. BAR-BP = ground barley and beet pulp pellets. CRN-TH 
= ground corn and timothy hay pellets. CRN-BP = ground corn and beet pulp pellets.
2Diets were formulated to have similar nutrient inclusion (% of DM), but were not formulated to be isoener-
getic.
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kom R1020, 10 × 20 cm and 50 ± 10 μm porosity, 
Ankom Technology) were filled with 5 g of ground diet 
samples (DM basis) and heat-sealed. An empty bag 
was also included for each diet to serve as a blank. In 
situ bags were placed in mesh laundry bags (20 Dacron 
bags per mesh bag) and incubated in the rumen at: 
−96, −48, −24, −12, −6, −3, −1.5, −1, −0.5, and 0 h. 
Heifers were only incubated with the diet they were fed 
during that period. At time 0, all bags were removed 
and washed 5 times with a portable washing machine 
(SKY2767, Best Choice Products). Each wash cycle 
consisted of 1 min of cool water agitation, drainage, 
and a 2-min spin. After washing, bags were dried in 
a forced-air oven for 48 h at 55°C. Bags were imme-
diately weighed postdrying and weighed again after 3 
h of air equilibration. Bag contents were then pooled 
by animal/time point and subjected to the previously 
described NDF and starch analyses.

Residual amount of each nutrient (NDF and starch) 
was calculated as the nutrient percentage in each bag 
multiplied by the DM content in each bag to yield re-
sidual grams of nutrient. An exponential decay curve 
was fitted to the calculated nutrient disappearance (% 
of total disappeared). The slope of this exponential 
function was multiplied by 100 to yield the fractional 
nutrient disappearance rate (%/h). A maximal extent 
of disappearance was calculated as the nutrient con-
centration at 0 h minus the nutrient concentration at 
96 h divided by the nutrient concentration at time 0 h, 
multiplied by 100%.

Rumen Fluid Volume, Passage Rate,  
and VFA Concentrations

A 250-mL polyethylene glycol (PEG; average MW 
8000; FisherScientific) intraruminal bolus (38.5 g 
PEG/250 mL of water) was administered at 0500 h on 
d 15. The bolus was administered by funneling solution 
directly into the rumen through the cannula. Ruminal 
contents were mixed by hand for 1 min after the bo-
lus was delivered. Immediately before administration 
of this bolus, 2 initial (0 h) rumen fluid samples (12 
mL/sample) were collected. An additional 0 h sample 
(12 mL) was collected immediately following the bolus, 
despite recognizing that markers do not equilibrate in 
rumen fluid until ~2 h after dosing (Owens and Han-
son, 1992). Rumen fluid samples (12 mL) were then 
collected hourly until 2300 h. Sampling on d 16 and 
17 also occurred hourly between 0500 and 2300 h, as 
described above. Rumen fluid samples (12 mL) were 
collected via polyethylene sampling lines terminating in 
weighted pot scrubbers, threaded through holes drilled 
in the rumen cannula cap, and attached to 60 mL sy-
ringes. Samples (12 mL) were taken from 2 locations 

within the ventral lateral portion of the rumen, pooled 
in the sampling syringe, and split equally into three 
5-mL glass vials for storage at −20°C.

Samples from 0500 to 1700 h of d 15 were analyzed 
for concentrations of PEG using a protocol modifica-
tion (M. B. Hall, unpublished protocol) of Smith (1959) 
with samples handled by centrifugation and careful 
volumetric additions of reagents rather than by filtra-
tion and use of volumetric flasks. Rumen fluid PEG 
concentrations were fitted to an exponential decay 
curve over time. The slope of this curve was used to 
calculate the fractional fluid passage rate (%/h; 100 × 
slope). The quantity of PEG dosed to each animal was 
divided by the 0 h postdosing intercept of the curve 
to yield an estimate of fluid volume. Fluid volume is 
more appropriately measured by other techniques (e.g., 
bailing the rumen) but these approaches were not used 
in this study because microbial RNA samples were also 
collected (data not presented here), and there was con-
cern that repeated bailing of the rumen would disrupt 
microbial populations and functionality.

At 0700 and 1900 h, rumen fluid (4 mL) was spot 
sampled for pH before storage. No diurnal patterns 
were observed in raw rumen pH data obtained from 
spot sampling and therefore rumen pH data were aver-
aged within day (3 d of measurements per period). All 
pH measurements were collected on-farm within 1 min 
of sample collection using a calibrated benchtop pH 
meter (Fisherbrand Accumet AE150, Fisher Scientific).

Rumen fluid samples were also used to measure 
rumen VFA concentrations by gas chromatography 
(Firkins et al., 1990). A total of 500 μL from each 
hourly sample obtained within an animal-period was 
composited to create 1 sample/animal per period that 
was used for analysis. The rumen VFA pool sizes were 
estimated as the VFA concentration (mM) multiplied 
by the rumen fluid pool size (L). Fluid-mediated flux 
of VFA (mmol/h) from the rumen was estimated as the 
rumen VFA pool size (mmol/L) multiplied by the fluid 
passage rate (%/h), and divided by the rumen fluid 
pool size (L). It was assumed that VFA production is 
equated to VFA exit from the rumen and rumen fluid 
volume is constant over time. It is acknowledged that 
VFA removal from the rumen is a function of both 
rumen fluid passage and rumen epithelial absorption, 
which will be discussed later.

Blood Metabolite Sample Collection and Analysis

Blood samples were collected from the coccygeal ves-
sel at 0900 h on d 18 of each period into 10 mL sodium 
heparin vacutainer vials (Becton Dickinson). Samples 
were kept on ice until plasma isolation. Plasma was 
isolated by centrifuging blood tubes at 1,500 × g for 10 
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min at −4°C. Samples were stored at −20°C until VFA 
derivatization and BHB, glucose, and insulin analysis. 
Plasma acetate and propionate concentrations were 
derivatized following Kristensen’s (2000) method for 
GC-MS analysis. In short, plasma was combined with 
acetonitrile and 2-chloroethanol before centrifuging at 
1,500 × g for 30 min at −4°C. After centrifuging, the 
supernatant, NaOH, and heptane were combined to al-
low phase separation. The bottom phase was removed 
and transferred to a new vial for the addition of HCl, 
pyridine, chloroethyl chloroformate, and water. Lastly, 
chloroform was added to complete derivatization. 
Samples (0.80 μL) were analyzed on a Thermo Electron 
Focus gas chromatograph (Thermo Scientific) working 
with a Thermo Electron Polaris Q mass spectrometer 
(Thermo Scientific) and XCalibur software (version 
1.4; Thermo Scientific). Plasma BHB concentrations 
were measured using a BHB (ketone body) colorimetric 
assay kit (Cayman Chemical Item No. 700190, Cay-
man Chemical). Plasma glucose concentrations were 
measured using Stanbio Glucose Liquid Reagent for 
Diagnostic Set (Fisher Scientific SB-1070–125). Plasma 
insulin concentrations were measured using a chemi-
luminescence assay (Siemens Immulite 2000 XPi Im-
munoassay System).

Papillae Biopsy Sample Collection and Analysis

Rumen papillae samples were collected on d 18 im-
mediately following blood collection. During papillae 
biopsies, heifers were restrained in a head gate and 
working chute. Biopsies were collected by cutting 60 to 
80 papillae from the ventral surface of the epithelium 
using cuticle scissors. The rumen was not emptied be-
fore sampling. To access rumen papillae, an assistant 
firmly grasped the ventral sac of the rumen and in-
verted the epithelium through the cannula, exposing it 
for sampling. Before removal, papillae were rinsed with 
phosphate buffered saline (potassium phosphate mono-
basic 210 mg/L; sodium chloride 9,000 mg/L; sodium 
phosphate dibasic, 726 mg/L, Gibco Life Technologies, 
pH 7.0) from a squeeze bottle. Upon excision, papil-
lae were immediately immersed in an RNA preserva-
tive solution (RNALater; Qiagen). Papillae and RNA 
preservative were transferred into cryovials and stored 
at −80°C until total RNA isolation. Total RNA was 
extracted using the Qiagen RNeasy Mini Kit (Qiagen). 
Briefly, approximately 30 mg of rumen papillae were 
removed from storage and placed into 600 μL of lysis 
buffer (10 μL of β-mercaptoethanol in every 1 mL of 
buffer RLT). Tissue was disrupted via homogenization 
at top speed for 30 s and the homogenate was placed on 
ice until centrifugation. After centrifugation at >20,000 
× g for 3 min at 23°C, supernatant was removed and 

combined with one volume of 70% ethanol. Up to 700 
μL of sample from each original tissue preparation were 
transferred to a new RNeasy Mini spin column placed 
in a 2-mL collection tube. Tubes and column inserts 
were centrifuged for 15 s at >8,000 × g at 23°C. The 
flow-through was discarded. The DNase was not used. 
Next, 700 μL of buffer RW1 were added to each spin 
column; samples were centrifuged for 15 s at >8,000 × 
g at 23°C; the flow-through was discarded. Then, 500 
μL of buffer RPE were added to each spin column; 
samples were centrifuged for 15 s at >8,000 × g at 
23°C; the flow-through was discarded. Then, 500 μL of 
buffer RPE were added to each spin column; samples 
were centrifuged for 2 min at >8,000 × g at 23°C; the 
flow-through was discarded. To elute total RNA, each 
spin column was placed in a new collection tube and 
30 μL of nuclease-free water were added to each spin 
column membrane; samples were centrifuged for 1 min 
at >8,000 × g at 23°C. Total RNA quantity was de-
termined using 2 μL of sample deposited on a μDrop 
Plate and read on a spectrophotometer (ThermoFisher 
Scientific). Total RNA quality was assessed using a 
spectrophotometer and evaluated by the 260:280 ratio 
of ≥2 ± 0.10. Samples outside of the range were re-read 
another time and removed from further analysis if not 
within the previously described range. Three samples 
were removed from further analysis based on these pa-
rameters. Single-stranded cDNA was synthesized from 
each RNA sample using the Applied Biosystems High-
Capacity cDNA reverse transcription kit (catalog # 
4368814; ThermoFisher Scientific) and a thermocycler.

Fourteen genes were chosen for analysis because of 
their roles in rumen epithelial transport, epithelial in-
tegrity, or VFA metabolism. Genes of interest included: 
monocarboxylate transporters 1, 2, and 4 (SLC16A1, 
SLC16A7, SLC16A4), sodium hydrogen exchanger 
isoforms 1, 2, and 3 (SLC9A1, SLC9A2, SLC9A3), 
claudin-1 (CLDN1), gap junction protein α 1 (GJA1), 
acetoacetyl-CoA synthetase (AACS), 3-hydroxybutyr-
ate dehydrogenase type 1 (BDH1), 3-hydroxymethyl-
3-methylglutaryl-CoA lyase (HMGCL), 3-hydroxy-
3-methylglutaryl-CoA synthase 2 (HMGCS2), and 
serine-threonine protein kinase (AKT1). Several endog-
enous control genes were considered; of these, ribosomal 
protein S15 (RPS15) was the most stable across samples 
and was therefore selected as the sole endogenous con-
trol gene. Primers were designed with Primer3 (v. 0.4.0; 
http: / / bioinfo .ut .ee/ primer3 -0 .4 .0/ ; Rozen and Ska-
letsky, 2000). Validation of primers consisted of melting 
curve analyses performed after each assay to determine 
whether primer dimers or genomic DNA contamination 
were present during the assay. Primer information is 
presented in Supplemental Table S1 (https: / / github 
.com/ lbecket/ rumenresponsestodegradablenutrients).
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Each real-time reverse-transcription quantitative 
PCR assay was performed on all samples in triplicate, 
with each reaction mixture (10 μL) containing: 0.5 μL 
each forward and reverse primer, 5 μL of SYBR Fast 
Green Master Mix (Fisher 43–856–12, Fisher Scien-
tific), 3 μL of RNase-DNase–free water, and 1 μL of 
cDNA (1:1 stock). Assays were performed using an 
Applied Biosystems 7500 Real-Time PCR system 
(ThermoFisher Scientific). Cycling conditions were as 
reported by Lu et al. (2017). Each assay included a 
no-template control and a no-reverse-transcriptase 
control, with the no-template control receiving 1 μL of 
RNase-DNase–free water instead of cDNA, whereas the 
no-reverse-transcriptase control received a 1-μL sample 
of the reverse transcription product to which no reverse 
transcriptase was added.

Efficiency of each run was calculated and evaluated. 
Target genes of interest were normalized to the mean 
of RPS15 in the following manner: target gene cycle 
threshold (Ct) – reference gene Ct = ΔCt. Relative 
mRNA abundance expressed as 2−ΔCt values and higher 
values equated to more mRNA.

Calculations and Statistical Analysis

All statistical analyses were conducted using the 
nlme package of R version 3.1.0. (https: / / ww .r -project 
.org). Dry matter intake (kg/d), ADG (kg/d), VFA 
concentrations (mM), VFA molar proportions (% of 
total VFA), fluid volume (L), fluid passage rate (%/h), 
calculated VFA pool sizes (mmol), calculated VFA fluid 
exit rates (mmol), epithelial gene expression as 2−ΔCt 
values, and blood metabolite concentrations (mM, mg/
dL, or μIU/mL) were considered as response variables. 
The following linear mixed effect model was used for 
analysis of all response variables:

 Yijkl = μ + αi + βj + αβij + ck + dl + eijkl,  

where μ is the overall mean, αi is the effect of the ith 
starch source, βj is the effect of the jth fiber source, αβij 
is the interaction of starch source i and fiber source j, ck 
is the random effect of animal k, dl is the random effect 
of period l, and eijkl is the residual error associated with 
starch source i, fiber source j, animal k, and period l.

For each response variable, different residual error 
variance structures (unstructured, compound symme-
try, and first-order autoregressive) were compared and 
the model with the lowest Akaike information crite-
rion (first-order autoregressive in all cases) was used 
to test significance. ANOVA and least squares means 
were computed for each model. Despite a prevailing 
lack of significant interactions, least squares means for 

each treatment combination are presented to enable 
future model-based work, which may benefit from these 
treatment-specific values. Treatment effects were con-
sidered significant at P < 0.05, a tendency at P < 0.10 
for main effects, and a tendency at 0.05 < P < 0.15 for 
an interaction.

RESULTS AND DISCUSSION

Dry Matter Intake

Average DMI for all treatments throughout all pe-
riods is shown in Table 2. Dry matter intake was af-
fected by fiber source (P = 0.009) but was unaffected 
by starch source (P = 0.29) or the interaction between 
fiber and starch sources (P = 0.46). Heifers fed BP 
diets consumed less than heifers on TH diets. There 
are several reasons why DMI may have differed among 
treatments. It is possible that heifers found BP to be 
less palatable than TH. We believe palatability may 
have been an issue because the BP had to be soaked 
in water before ration mixing to entice animals to con-
sume it. Alternatively, it is possible that the higher 
expected energy concentration of BP diets (estimated 
ME, Mcal/kg 2.74 and 2.75; Table 1) caused lower 
DMI. Allen (2000) discussed highly fermentable starch 
diets decreased DMI most likely due to increased pro-
pionate production providing satiety feedback to the 
brain (Allen et al., 2009). Discussed later in detail, the 
BP diets tended to have increased molar proportions 
of propionate (Table 3), which may support hepatic 
oxidation and subsequent activation of satiety feedback 
mechanisms in the brain (Allen et al., 2009). However, 
starch source also significantly affected molar propor-
tions of propionate and did not significantly influence 
DMI, suggesting additional mechanisms are responsible 
for influencing DMI on these diets. Additionally, it is 
possible that the lack of starch source effect on DMI 
was because the extent of starch disappearance did not 
differ among diets, only the rate of starch disappear-
ance.

Nutrient Degradability

Starch and fiber rate and extent of disappearance 
results for each diet are shown in Table 2. Starch source 
affected the rate of starch disappearance (P = 0.05) but 
not the extent of disappearance by 96 h (P = 0.25). 
There was a tendency for an interaction on extent of 
starch disappearance rate (P = 0.12). Timothy hay 
tended to affect starch disappearance rate by 96 h (P 
= 0.09), but did not affect extent of disappearance 
(P = 0.42). These results were expected because the 
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rumen is the primary location for starch degradation, 
regardless of the ingredient being described as highly 
or lowly degradable in the rumen. Starch from barley 
and corn has been thought to have differing ruminal 
extents of disappearance using in situ ruminal disap-
pearance as a method over a 48-h period and the same 
starch analytical method described in the present study 
(Ferreira et al., 2018). The lack of statistical difference 
in extent of disappearance could be explained by the 
nearly 100% disappearance of starch from both sources 
by 96 h, which could be a function of grinding methods 
accompanied with ruminal incubation time, similar 
proline content of the endosperm (Kung et al., 2014) 
or lack of variation in endosperm vitreousness between 
these sources of cereal grain (Ferreira et al., 2018).

Starch in CRN diets disappeared faster (7.61 to 
10.5%/h) than in BAR diets (7.30 to 8.52%/h; Table 2), 
which was not expected despite both ground corn and 
ground barley having observationally similar particle 
sizes (not confirmed with a Penn State shaker box or 
other particle-size sieves). The difference in starch dis-
appearance rate contradicts Ferreira et al. (2018), who 
used in situ ruminal disappearance as a method over a 
48-h period and the same starch method described in the 
present study. Ferreira et al. (2018) showed corn grain 
to have a slower disappearance rate than hulled barley. 
However, it is possible the additional 48 h in the rumen 
during the present study aided in further disappearance 
of the corn. The corn fed to heifers was not pelleted and 
did not go through any high-heat processing. It is pos-
sible that this lack of processing contributed to faster 
degradation. The differences between these studies may 
be due to testing dietary starch disappearance versus 
testing individual ingredient starch disappearance. Ad-
ditional work is needed to explain why corn-based diets 
in the present study had faster starch disappearance 
rates than corresponding barley diets.

Calculated fiber disappearance rate was not influ-
enced by starch source (P = 0.98), fiber source (P = 
0.21), or the interaction of starch and fiber sources (P 
= 0.47). Extent of fiber disappearance was affected by 
fiber source (P < 0.001; Table 2) and starch source (P 
< 0.001; Table 2). The interaction of starch and fiber 
sources tended to (P = 0.11) influence extent of fiber 
disappearance. Beet pulp diets had a higher extent of 
fiber disappearance than TH diets. This was expected 
because BP is a more rapidly degradable fiber source 
compared with other by-product feedstuffs (DePeters 
et al., 1997; Fadel et al., 2000), and TH is known to 
have a thicker, denser cell wall than BP (Van Soest et 
al., 1991). Varga and Hoover (1983) reported different 
extents of degradation for BP (68.9% total NDF) and 
timothy (47.1% total NDF), which are similar to the 
values in the present study.
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Rumen pH

Rumen pH was affected by fiber source (starch P = 
0.14; fiber P = 0.02; starch × fiber P = 0.18; Table 2). 
Timothy hay diets caused higher ruminal pH in com-
parison to BP diets. This result was expected because 
the role of forage NDF in maintaining rumen health has 
been well-characterized (White et al., 2017a,b) despite 
the TH in the present study being pelleted. The more 
soluble fiber present in BP is not expected to have the 
same buffering potential as forage NDF (Firkins, 1997). 
There was no significant starch effect on rumen pH. By 
feeding every 2 h, diurnal pH fluctuations associated 
with different rates of starch disappearance could have 
been minimized.

Volatile Fatty Acid Molar Proportions  
and Concentrations

Treatment means and P-values for rumen VFA molar 
proportions are shown in Table 3. Total VFA concentra-
tion is reported in Table 3 for coherence with the previ-
ous literature only. Hall et al. (2015) demonstrated that 
concentrations are unreliable representations of treat-
ment effects because they fail to account for fluid pool 
size, absorption, and passage rate. As such, only molar 
proportions, calculated total VFA pool size, and fluid-
mediated fluxes are discussed. Isovalerate (% mol) was 
the only rumen VFA to be influenced by a starch by 
fiber interaction (P = 0.05). Heifers consuming the TH 
diets had the highest molar proportion of isovalerate 
(Fiber P = 0.01) in comparison to BP. Catabolism of 
amino acids is a primary source of branched chain VFA 
production (El-Shazly, 1952), but their net amount in 
the rumen will also be influenced by microbial utili-

zation of amino and fatty acids (Allison and Bryant, 
1963; Allison et al., 1962). The inconsistent averages 
of isovalerate molar percentage could be explained by 
changes in the molar proportions of other VFA, vary-
ing degrees of isovalerate use by ruminal microbes, 
or varying ruminal protein degradability among diets 
(CRN vs. BAR, TH vs. BP) even though diets were 
formulated to be isonitrogenous. Molar proportions of 
ruminal acetate (P = 0.02) was greater when animals 
were fed TH diets in comparison to BP diets. Ruminal 
propionate (P = 0.06) and valerate (P = 0.10) molar 
proportions also tended to increase when animals were 
fed BP diets compared with TH diets. This shift in VFA 
molar proportions from an acetate-based fermentation 
toward increased proportions of propionate and valer-
ate is likely due to the increased ruminal degradability 
of NDF of the BP diets (Sutton et al., 2003; Naderi et 
al., 2016). Ruminal propionate (P = 0.02) and valer-
ate (P = 0.05) molar proportions were decreased on 
BAR diets, but butyrate molar proportion increased (P 
= 0.04) in comparison to CRN diet counterparts. The 
shift from propionate and valerate to increased butyr-
ate may have been due to the slower apparent starch 
degradation rate of barley- versus corn-based diets 
(Deckardt et al., 2013), which is contrary to Chibisa et 
al. (2015) ruminal VFA and rumen pH results.

Rumen Fluid Volume

Estimated rumen fluid pool size (rumen fluid vol-
ume) and rumen fluid passage rate are shown in Table 
4. Estimated rumen fluid volume (L) was unaffected by 
treatment (starch P = 0.32; fiber P = 0.89; starch × 
fiber P = 0.54), but estimated rate of passage (%/h) 
demonstrated a significant fiber effect with TH diets 
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Table 3. Calculated VFA molar proportions (% mol) presented as LSM for yearling Holstein heifers receiving diets differing in expected starch 
and fiber ruminal disappearance

VFA concentration

Diet1

SEM

P-value2

BAR-TH BAR-BP CRN-TH CRN-BP Fiber Starch Starch × fiber

Total VFA, mM 129a 126b 136a 114c 9.18 0.02 0.49 0.06
Molar percentage, % mol         
 Acetate 64.1 63.4 63.8 62.6 0.65 0.02 0.12 0.50
 Propionate 17.3 17.5 17.6 18.9 0.73 0.06 0.02 0.17
 Butyrate 15.0 15.4 14.7 15.0 0.29 0.15 0.04 0.85
 Isobutyrate 0.86 0.85 0.87 0.77 0.05 0.13 0.22 0.25
 Isovalerate 0.55ab 0.53b 0.58a 0.45c 0.06 0.01 0.27 0.05
 2-Methylbutyrate 0.98 0.96 0.93 0.91 0.03 0.89 0.69 0.99
 Valerate 1.30 1.39 1.38 1.44 0.06 0.10 0.05 0.77
a–cDifferent superscript letters in the same row indicate mean values that differ due to a tendency for a starch by fiber interaction (0.05 < P < 
0.15).
1BAR-TH = ground barley and timothy hay pellets. BAR-BP = ground barley and beet pulp pellets. CRN-TH = ground corn and timothy hay 
pellets. CRN-BP = ground corn and beet pulp pellets.
2Significance was determined with P < 0.05, a tendency P < 0.10 for main effects, and a tendency 0.05 < P < 0.15 for an interaction.
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having a fluid passage rate of 13.1%/h compared with 
BP at 5.76%/h (starch P = 0.27; fiber P < 0.001; starch 
× fiber P = 0.38). A potential explanation to the differ-
ences demonstrated could be due to not measuring PEG 
concentration present in a digesta sample. It is possible 
for PEG to be present in the fiber fraction due to not 
evacuating the rumen before blousing, thus, potentially 
underestimating the PEG concentration. Given that 
BP diets had to be prehydrated before consumption, 
there could be a possibility that ruminal hydration of 
the TH could dilute the PEG concentration. However, 
this is unlikely because TH diets had lower DM in com-
parison to BP diets. Fluid volume and passage rate are 
dependent upon water intake and osmolality. Water in-
take can be influenced by DMI (Little and Shaw, 1978); 
and the significant fiber effect on DMI observed in this 
study could translate to significant differences in fluid 
volume or passage rate. Osmolality of rumen fluid was 
not measured in this study, but it is possible that shifts 
in osmolality offset any potential shifts in water intake 
associated with varying DMI among diets. Conversely, 
potential differences in water intake and osmolality 
among diets may have been sufficient to drive changes 
in fluid volume and passage rate. Due to the differences 
in rumen fluid passage among diets, we believe the lat-
ter is more likely.

Estimated total rumen fluid passage (L/h) was cal-
culated by multiplying estimated rumen fluid volume 

by estimated rate of passage (%/h). Estimated rate of 
passage (L/h) was also unaffected by treatment (starch 
P = 0.31; fiber P = 0.52; starch × fiber P = 0.23; 
not shown). Although not significant, the fluid passage 
(L/h) data followed a similar pattern to the extent of 
fiber degradation data suggesting a possible relation-
ship between the extent of fiber degradation and the 
fluid movement from the rumen.

Individual VFA Pool Size and Calculated  
Fluid-Mediated Flux

Individual VFA pool size and calculated fluid-medi-
ated flux are shown in Table 4. None of the estimated 
VFA pool sizes were affected by diet (P > 0.15). This 
lack of significance further highlights the need to evalu-
ate fermentation in the context of fluid dynamics. If 
we had evaluated differences based on concentration or 
molar proportion alone, the results may have suggested 
greater differences among diets than are implied based 
on this pool-size analysis.

Corresponding to the significant effect of fluid pas-
sage rate given the assumptions made, TH diets signifi-
cantly increased all VFA passage from the rumen with 
the fluid fraction (P < 0.001). There was not a signifi-
cant effect of starch source (P > 0.15). Interpreting the 
biological significance of fluid-mediated VFA flux from 
the rumen is difficult because most of this VFA is likely 
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Table 4. Rumen fluid characteristics, fluid-mediated VFA flux, and ruminal VFA pool size, as well as significance values for fiber and starch 
effects and their interaction for yearling Holstein heifers receiving diets differing in expected starch and fiber ruminal disappearance

Item

Diet1

SEM

P-value2

BAR-TH BAR-BP CRN-TH CRN-BP Fiber Starch Starch × fiber

Rumen fluid
 Fluid pool size, L 50.1 43.6 36.0 40.2 8.18 0.89 0.32 0.54
 Fluid passage rate, %/h 13.0 4.71 13.2 6.80 1.57 <0.001 0.27 0.38
Fluid-mediated VFA flux,3 mmol/h
 Acetate 11.1 3.77 11.1 4.70 1.47 <0.001 0.64 0.62
 Propionate 2.92 1.05 3.13 1.44 0.43 <0.001 0.25 0.72
 Butyrate 2.55 0.94 2.53 1.08 0.34 <0.001 0.81 0.75
 Valerate 0.220 0.080 0.250 0.098 0.032 <0.001 0.38 0.92
 Isobutyrate 0.151 0.048 0.158 0.056 0.021 <0.001 0.64 0.96
 Isovalerate 0.098 0.029 0.107 0.032 0.016 <0.001 0.69 0.83
 2-Methylbutyrate 0.162 0.055 0.166 0.059 0.030 <0.001 0.90 0.99
VFA pool size,4 mmol/L   
 Acetate 4,215 3,443 3,026 2,870 789 0.54 0.24 0.68
 Propionate 1,109 939 903 875 233 0.65 0.53 0.74
 Butyrate 978 964 740 705 218 0.72 0.34 0.85
 Valerate 84.9 73.5 76.3 66.6 21.2 0.58 0.68 0.96
 Isobutyrate 55.7 45.8 45.1 32.6 11.6 0.32 0.29 0.91
 Isovalerate 36.2 28.3 30.8 18.7 7.86 0.19 0.32 0.78
 2-Methylbutyrate 59.9 54.3 59.5 45.6 21.2 0.63 0.82 0.84
1BAR-TH = ground barley and timothy hay pellets. BAR-BP = ground barley and beet pulp pellets. CRN-TH = ground corn and timothy hay 
pellets. CRN-BP = ground corn and beet pulp pellets.
2Significance was determined with P < 0.05, a tendency P < 0.10 for main effects, and a tendency 0.05 < P < 0.15 for an interaction.
3VFA flux (mmol/h) = VFA escaping the rumen with fluid passage.
4VFA pool size (mmol) = amount present as a function of rumen liquid volume.
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absorbed in the omasum (Rupp et al., 1994). Thus, the 
difference from VFA absorbed directly from the rumen 
is likely minimal. Future work quantifying postruminal 
VFA absorption may help clarify the biological im-
portance of this flux. Although VFA pool size gives a 
better understanding of potential VFA available to the 
animal, measured fluxes of VFA available from isotope 
studies are needed to fully characterize absorption, 
interconversion, and other biologically-relevant fluxes.

Gene Expression

Gene expression data expressed as 2−ΔCt is shown in 
Table 5. The TH diet tended to promote expression of 
the BDH1 gene (P = 0.08). Butyrate availability likely 
drives metabolism of butyrate in the rumen epithelium, 
resulting in increased expression of genes involved in 
that metabolic pathway. The genes investigated in the 
present study involved in butyrate metabolism were 
not differentially expressed on TH diets, however. This 
inconsistency may reflect insufficient variation among 
responses to reliably detect differences between treat-
ments or could indicate that BDH1 is more rate limit-
ing than other steps in this pathway.

Sodium hydrogen exchanger isoform 3 expression was 
higher in BP diets than TH diets (P = 0.05). The sug-
gested role of SLC9A3 in the rumen is to help maintain 
epithelial homeostasis by transporting sodium into the 
cell and transporting protons into the rumen (Connor 
et al., 2010). Interestingly, BP diets demonstrated a 
lower pH than TH diets suggesting greater protons are 
in the rumen of animals that consumed BP diets, which 
appears to correlate with the apparent role of SLC9A3. 
The activation of this gene may reflect increased pres-
sure to maintain both ruminal and epithelial homeo-
stasis on diets that result in differing rumen pH, as 
has been suggested by Steele et al. (2011). However, 
the changes in SLC9A3 expression due to BP could 
be explained by an improved mechanism of expelling 
protons back into the ruminal lumen to maintain epi-
thelial homeostasis. Intraepithelial pH homeostasis can 
be driven by greater VFA transport, but BP diets did 
not demonstrate greater VFA, except for propionate, in 
comparison to TH diets.

Monocarboxylate transporter isoform 4 tended to be 
affected by fiber source, with increased relative expres-
sion on TH diets (P = 0.06; Table 6). Monocarboxyl-
ate transporter isoform 1 also tended to be affected by 
fiber source, with increased relative expression on BP 
diets (P = 0.09; Table 5). Monocarboxylate transporter 
isoform 1 and 4 are responsible for specifically lactate, 
BHB (Halestrap and Meredith, 2004), and VFA (Alu-
wong et al., 2010) transport across the rumen epithe-
lium and maintenance of epithelium ion homeostasis. 
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It was expected that the apical-most transporters 
[MCT4 (monocarboxylate transporter isoform 4) and 
NHE3 (sodium hydrogen exchanger isoform 3)] would 
be affected by diet because they would have the great-
est and most prolonged contact with rumen fluid, but 
apical uptake is also the rate-limiting step. However, 
it was also expected that SLC9A1 in conjunction with 
SLC16A1 would be affected by treatment because the 
2 types of transporters tend to work in tandem with 
different isoforms (Graham et al., 2007). The lack of 
change in SLC9A1 does support the theory that strata 
position of the transporter is a driving force in regula-
tion of expression.

It is recognized that the gene expression data may 
appear to diverge from the balanced approach taken 
with the rumen fluid collection and subsequent analy-
sis. It is also recognized that mRNA does not equate 
to changes in protein expression, which would be more 
indicative of transporter expression and activity due 
to changes in VFA. Multiple other factors can influ-
ence overall epithelial gene expression such as number 
of cells per papilla and potential contaminating tissue 
and cell types due to using whole papillae tissue. These 
limitations highlight the need for more research that in-
vestigates ruminal transporter expression and activity.

Blood Metabolites

Table 6 includes plasma concentrations of acetate, 
propionate, BHB, glucose, and insulin of the differ-
ent treatments. Acetate was the only metabolite that 
tended to be affected by treatment (starch × fiber P 
= 0.07). It was unexpected that acetate concentrations 
would be changed due to treatment because we expect-
ed blood acetate to be utilized by peripheral tissues and 
reach some degree of homeostasis before samples were 
taken at the tail vein. The direction and magnitude of 
blood acetate differences does not map to VFA pool 

size data, VFA concentration data, or VFA molar pro-
portions. This discrepancy is expected due to hepatic 
and peripheral tissue metabolism of acetate occurring 
before sample collection. Future work is needed to 
more thoroughly understand the relationships between 
postabsorptive VFA supply and blood VFA dynamics.

Plasma propionate, BHB, glucose, and insulin con-
centrations were unaffected by starch or fiber source 
(P > 0.15). It was expected that blood propionate 
concentrations would not change because propionate 
is most likely metabolized by the liver before sample 
collection. Previous work measuring blood propionate 
concentrations during a jugular propionate infusion 
also found that shifts in propionate concentration were 
not sustained, indicating homeostatic mechanisms were 
maintaining blood propionate concentration (Bedford 
et al., 2018). Similarly to ruminal VFA concentrations, 
blood VFA concentrations only provide a snapshot of 
biological responses (Hall et al., 2015). Therefore, ad-
ditional flux-based work is needed to understand blood 
VFA metabolism more completely.

Summary of Responses to Diet Changes

The TH diets demonstrated increased rumen pH, 
acetate and isovalerate molar proportions, total VFA 
concentrations, VFA fluid-mediated flux from the 
rumen, and tended to increase relative expression of 
BDH1 and SLC16A4. The BP diets significantly de-
creased rumen pH, tended to increase propionate molar 
proportions, had the significantly lowest fluid passage 
rate and fluid-mediated flux for all VFA, and increased 
the expression of SLC9A3 relative to TH diets. Corn 
diets demonstrated significant increases in valerate and 
propionate, but a significant decrease in butyrate molar 
proportions. These results suggest that higher rumen 
degradable NDF diets (BP diets) may not foster a ru-
men environment to support optimal VFA retention 
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Table 6. Blood plasma metabolite concentrations for yearling Holstein heifers receiving diets differing in expected starch and fiber ruminal 
disappearance

Metabolite

Diet1

SEM

P-value2

BAR-TH BAR-BP CRN-TH CRN-BP Fiber Starch Starch × fiber

Acetate, mM 0.73b 1.04a 0.87b 0.49c 0.21 0.71 0.16 0.07
Propionate, mM 0.076 0.079 0.078 0.074 0.005 0.99 0.77 0.46
BHB, mM 0.25 0.33 0.35 0.34 0.10 0.33 0.24 0.31
Glucose, mg/dL 86.0 85.9 79.4 62.7 13.5 0.22 0.18 0.47
Insulin, μIU/mL 15.7 14.7 12.2 16.5 2.91 0.47 0.80 0.28
a–cDifferent superscript letters in the same row indicate mean values that differ due to a tendency for a starch by fiber interaction (0.05 < P < 
0.15).
1BAR-TH = ground barley and timothy hay pellets. BAR-BP = ground barley and beet pulp pellets. CRN-TH = ground corn and timothy hay 
pellets. CRN-BP = ground corn and beet pulp pellets.
2Significance was determined with P < 0.05, a tendency P < 0.10 for main effects, and a tendency 0.05 < P < 0.15 for an interaction.
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in the rumen and minimize VFA interaction with the 
epithelium.

CONCLUSIONS

This study demonstrated that dietary starch and 
fiber sources, but primarily fiber sources, generated 
more measurable shifts in fermentation and contribute 
to shifts in VFA dynamics and epithelial responses. We 
acknowledge that the starch source data differs from 
previously reported data from other studies, and ad-
ditional work on starch sources differing in extent of 
disappearance is needed to understand whether this 
relative importance is simply reflecting the extent of 
ruminal disappearance versus rate of disappearance. 
The work also provides further evidence for the need 
for more systemic evaluation of how diets influence the 
fermentation environment of the rumen, including the 
epithelium.
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