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Abstract
 
Our understanding of rumen development 

has evolved over the years with initial research 
targeting dietary stimuli to current research 
identifying relationships between the rumen 
epithelial transcriptome, rumen-specific 
microRNA, and rumen microbiome. While we 
have come a long way in our appreciation of 
how we can infl uence rumen development, there 
are still improvements to be made in regard 
to translating scientifi c data to help producers 
efficiently raise calves. Throughout this 
proceedings article, I will discuss both classic 
and modern research fi ndings on the topic of 
rumen development to showcase what still holds 
true and how new insights are directing future 
research. The main topics discussed include the 
general areas of dietary and microbial eff ects on 
rumen development, but also some lesser studied 
areas are examined including: weaning, rumen 
pH, and volatile fatty acid (VFA) absorption in 
calves. Ultimately, my goal is to leave the reader 
with a better understanding of the history and 
current understanding of rumen development 
with the hope that some practical knowledge 
surrounding diet and management (e.g., weaning 
strategy) may be of use when making on-farm 
decisions surrounding calf nutrition. 

Introduction

A quick distinction must be made 
before you read further to prevent any potential 
confusion; the term “rumen development” is 
used throughout even though in other works 
you may see a separation between rumen growth 
(i.e., physical growth of the tissue) and rumen 
development (i.e., maturation of metabolic 
processes). It becomes unnecessarily tedious 
to separate these terms out, especially when 
some results within the same study pertain to 
just growth or development, but in general, I 
have chosen to use rumen development as an 
all-encompassing term to make it easier on 
myself and you.

One of the earliest reports on rumen 
development dates back to 1897 when Davenport 
noted in a University of Illinois Agricultural 
Experiment Station bulletin the importance of 
fi ber compared to milk for developing the rumen 
(Davenport, 1897). Since then, we have learned 
a considerable amount on the topic of rumen 
development, branching out to multiple areas of 
focus including nutrient transporter regulation, 
microbial population shifts in response to diet, 
and measuring actual VFA absorption rates 
in preweaning calves. At the time of writing 
this, one of the most recent studies published 
that investigated rumen development (Guo et 
al., 2021) utilized rumen cannulated calves 
undergoing weaning and high-throughput 
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sequencing to take temporal rumen epithelial 
samples to assess rumen epimural (adhering to 
the epithelium) microbial populations over time 
and how these changes aff ected growth of the 
rumen tissue. New studies such as this not only 
showcase how advanced our techniques have 
become, but that our approach to studying rumen 
development is evolving as well where microbial 
populations are not just viewed in relation to 
substrates created, but also their direct infl uence 
on tissue growth and development. Overall, it is 
important to understand how the actual function 
of the rumen is developing, though, which is an 
area that recent research has addressed looking 
at VFA absorption in preweaning calves with 
either a developed or an undeveloped rumen 
(Yohe et al., 2019b) that will be discussed later. 
While there are still gaps in our knowledge 
regarding rumen development, we have come 
a long way and will continue to fi nd important 
areas of research that are both novel and may 
be of practical use to producers growing calves.

Dietary Factors Infl uencing Rumen 
Development

It is well established that calves fed a 
diet consisting of only milk/milk replacer (MR) 
will have an undeveloped rumen (e.g., smaller 
overall size, less musculature, smaller papillae 
size) compared to calves consuming dry feed 
(Tamate et al., 1962; Heinrichs, 2005; Yohe 
et al., 2019a). The 1950-60s brought a fl ood 
of research focusing on the eff ects of feeding 
forage compared to concentrate/starter, with 
both leading to increased muscle/overall size of 
the rumen and epithelial growth (i.e., papillae 
size), respectively (Conrad and Hibbs, 1956; 
Warner et al., 1956; Sutton et al., 1963b). Further 
evidence narrowed down the importance of 
the microbial fermentation end-products, VFA 
(mainly butyrate and propionate), on rumen 
papillae growth (Tamate et al., 1962; Sutton et 
al., 1963b). Thus, recommendations for the past 

few decades have focused on increasing dry feed 
consumption and subsequently VFA production 
in the rumen, which has demonstrated to be vital 
for development of the rumen and will ultimately 
lead the calf through a successful transition from 
a non-ruminant to a ruminant.

Recent research focusing on the eff ects of 
milk/MR fed to the calf on rumen development 
has been conducted, with Koch et al. (2019) 
comparing calves fed MR via automated feeder 
either ad libitum or restricted (6 L/day) and at 
80 days of age noting an increase in weight of 
the empty rumen and width of papillae in the 
atrium ruminis in restricted (2.30 ± 0.25 kg and 
1.35 ± 0.03 mm, respectively) compared to ad 
libitum (1.80 ± 0.25 kg and 1.29 ± 0.03 mm, 
respectively) fed calves. Schäff  et al. (2018) 
compared MR fed via automated feeder either 
ad libitum for 5 weeks and then reduced to 6 L/
day until day 60 or restricted (6 L/day the entire 
study) and then took rumen measurements on 
day 60 and found no diff erences in overall rumen 
size, papillae length, papillae width, or papillae 
surface, but did measure increased papillae 
density in 2 regions of the rumen in restricted 
(atrium ruminis: 88.9 ± 2.4 papillae/cm  and 
ventral sac: 104.8 ± 2.4 papillae/cm ) compared 
to ad libitum (atrium ruminis: 82.9 ± 2.4 
papillae/cm  and ventral sac: 98.8 ± 2.4 papillae/
cm ) fed calves. The diff erences between rumen 
results presented in these 2 studies is most likely 
due to concentrate intake where restricted and 
ad libitum fed calves in Schäff  et al. (2018) had 
no diff erences throughout the study compared 
to restricted having higher intakes than ad 
libitum fed calves from week 4 to 11 in Koch et 
al. (2019). Looking at how the diet infl uences 
the growth of the rumen at the cellular level, 
Yohe et al. (2019a) found a trending increase 
in number of proliferating cells (i.e. positively 
stained cells for Ki67 protein)  in the rumen 
epithelium (basale layer) of calves at 6 weeks 
of age fed MR and pelleted starter compared 
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to just MR (Figure 1). The results of Yohe et 
al. (2019a) demonstrated the importance of 
concentrate/starter on rumen epithelial growth 
and corroborated that of Goodlad (1981) who 
saw an increase in rumen epithelial cell turnover 
rate in sheep fed concentrate (10.9 ± 2.0 days) 
compared to forage (16.5 ± 0.7 days). Taken 
together, there is a body of evidence to support 
the importance of concentrate/starter intake 
on growth of the rumen, which is promoting 
hypertrophy of the tissue, but the mechanisms 
behind this proliferation are still being explored.

Some potential mechanisms behind 
rumen epithelial proliferation have been 
proposed in the past, with recent data shedding 
more light on the subject. Studies have suggested 
a role of insulin and insulin-like growth factor 
(IGF-1) in the proliferating rumen epithelium 
(Sakata et al., 1980; Baldwin, 1999). Novak et 
al. (2019) measured genes relevant to rumen 
epithelial growth in Jersey steers either fed a 
diet transitioning from forage to concentrate 
or concentrate to forage and found an increase 
in IGF-binding protein 5 (IGFBP5), which 
further supports a role for IGF-1 in proliferation 
of rumen epithelial cells in response to highly 
fermentable diets. Other potential mechanisms 
involved in rumen epithelial growth include 
transcription growth factor-1 (TGF1), 
which had increased levels of mRNA and 
protein in calves fed starter compared to just 
hay after weaning (Connor et al., 2014) and 
was upregulated in calves fed hay and starter 
compared to just starter after weaning (Kim et 
al., 2016), as well as estrogen-related receptor- 
(ESRRA), which had increased gene expression 
as calves aged and consumed dry feed with a 
link to increased hay intake at weaning (Connor 
et al., 2014). Taken together, these studies show 
that there are underlying mechanisms involved 
in promoting the growth of the rumen epithelium 
that responds to dietary stimuli, but further 
evidence is needed to elucidate these (and any 
other potential) pathways.

Staying at the molecular level, there 
have been recent studies exploring the impact of 
microRNAs (miRNA) on rumen development. 
MiRNAs are endogenous, non-coding, single-
stranded RNA molecules that act as post-
transcriptional regulators of mRNA molecules, 
which displays a unique relationship between 
mRNA and miRNAs that further convolutes our 
understanding of how gene expression relates 
to function. Xue et al. (2019) compared diets 
diff ering in the ratio of nonfi ber carbohydrate 
(NFC):NDF fed to calves up to 105 days of 
age and found an increase in expression of bta-
miR-128 (bos taurus miRNA-128) in the rumen 
of calves fed a lower ratio (0.80) compared to a 
higher ratio (1.35). After looking into functional 
pathway enrichment, it was found that bta-
miR-128 is associated with monocarboxylate 
transporter 1 (MCT1), which is a VFA transporter 
shown to have increased mRNA in calves fed 
MR, starter, and hay compared to MR and hay 
only (Laarman et al., 2012) and demonstrates 
that miRNAs may play a role in the relationship 
between gene expression and the function of 
VFA absorption in the developing rumen. Do 
et al. (2019) characterized miRNA levels in the 
rumen tissue of calves during the preweaning 
period (calves fed up to 9 L/day of MR with 
access to starter; rumen samples taken on day 
33) or during the postweaning period (calves 
underwent a gradual weaning process from 
days 43 to 53 and had access to starter and hay 
thereafter; rumen samples taken on day 96) 
and found multiple differentially expressed 
miRNAs between the groups. Bta-miR-493 
was upregulated in calves at 96 compared to 
33 days of age (and further confi rmed with 
quantitative real-time PCR (qPCR) analysis) 
and has been linked to the gene coding for IGF-
1 receptor (IGF1R), which further connects 
the potential importance of IGF-1 to rumen 
development. On a macro level, use of gene 
ontology analysis by Do et al. (2019) revealed 
miRNAs relevant for the biological processes 
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of digestive tract development, digestive tract 
morphogenesis, and digestive system processes 
to be enhanced in calves at 96 compared to 33 
days of age. It is worth noting that age and diet 
are both confounding factors in this study, but 
considering the lack of studies investigating 
miRNAs in rumen development, this is still good 
data to help guide future research into the role 
of this novel area on the eff ects of miRNA on 
rumen tissue development.

Another novel area of rumen epithelial 
homeostasis was investigated in Yohe et al. 
(2016) and Yohe et al. (2019a) where the 
concept of putative rumen epithelial stem and 
progenitor cells was explored in calves fed either 
MR only or MR and starter. Yohe et al. (2016) 
was able to detect expression of a few proposed 
stem cell markers from the intestine (leucine-
rich repeat containing G protein-coupled 
receptor 5 (LGR5) and musashi RNA-binding 
protein 1 (MSI1)) and skin (tumor protein 
p63 (TP63), keratin 14 (KRT14), integrin,  
1 (ITGB1), and notch 1 (NOTCH1)) in the 
rumen epithelium of post-weaned 62 day old 
calves. The topic was further investigated in 
Yohe et al. (2019a) where the thymidine analog 
5-bromo-2’-deoxyuridine (BrdU) was used to 
identify diff erences in putative rumen epithelial 
stem cell abundance in calves fed only MR 
or MR and starter. Interestingly, there was an 
increase in rumen epithelial basale cells that 
retained the BrdU label in MR only fed calves 
at 6 weeks of age (Figure 2), which suggests 
an increase in abundance of putative stem cells 
in the rumen of calves that have not started to 
increase proliferation in response to starter in 
the rumen (Yohe et al., 2019a). From the same 
rumen samples, we also attempted to colocalize 
BrdU presence with other potential stem cell 
markers (ITGB1, NOTCH1, and FK506-binding 
protein 51 (FKBP51)) in order to provide more 
support for the existence of rumen stem cells, 
but colocalization of the proteins did not occur. 

Future research into the area of rumen stem 
and progenitor cells should investigate: other 
potential markers to help identify stem cells 
in future research, diff erences in BrdU (and 
Ki67) stained cells between calves fed starter 
and forage, and the eff ects of weaning on any 
potential long-term eff ects on putative rumen 
stem and progenitor cell populations.

Other researchers have focused on 
less studied areas involving dietary impacts 
on rumen development, including utilizing 
microencapsulated sodium butyrate (MSB) 
with alternate protein sources used in starter, 
branched chain VFA (BCVFA), utilizing 
enzymes in feed, and length of fiber used 
when feeding forage. Burakowska et al. (2021) 
investigated the addition of MSB to diets either 
containing soybean meal (commonly used in 
starters) or canola meal (not commonly used in 
starters) as the main protein source and overall 
found no eff ect of protein source, but MSB 
addition decreased rumen epithelial surface 
area and dry rumen epithelial mass as well as 
a tendency to decrease papillae length. The 
use of BCVFA and fi brolytic enzyme eff ects 
(cellulase and xylanase) on rumen development 
was investigated by Liu et al. (2020) who 
found addition of both to the preweaning and 
postweaning diet (calves were weaned on day 
60 with rumen samples taken on day 90) led to 
improved feed conversion, increased rumen VFA 
concentration, increased rumen papillae length 
and width, increased mRNA of growth hormone 
receptor (GHR) and IGF1R, and increased GH 
and IGF-1 in the blood. The eff ect of BCVFA 
and fi brolytic enzymes on the GH/IGF-1 axis is 
another example of how dietary components can 
aff ect mechanisms involved in development of 
the rumen tissue. Yang et al. (2018) performed 
a study feeding lambs starter with or without 
available chopped alfalfa and found the genus 
Butyrivibrio, which is known primarily as a 
butyrate producer (Diez-Gonzalez et al., 1999), 
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was positively correlated with papillae length. 
This connection of butyrate to rumen epithelial 
proliferation is well known and adds further 
connection between diet, rumen microbes, and 
rumen development. 

Microbial Impacts on Rumen Development

While dietary impacts on rumen 
development are evident, the substrates that 
are absorbed and subsequently metabolized by 
the rumen are mainly derived from the rumen 
microbial population, which has also been an 
important area of study in recent years. Research 
performed in young ruminants (calves and 
lambs) by Anderson et al. (1987a) and Fonty et al. 
(1987) demonstrated the presence of amylolytic, 
cellulolytic, fi brolytic, and proteolytic bacterial 
populations within the fi rst week and as early as 
2 days of age. Earlier than the 1980s, Bryant et 
al. (1958) characterized some initial fi ndings on 
culturing bacteria able to survive anaerobically 
in specifi c media. It is safe to say that since 1958, 
methods of detection have improved immensely 
with current studies utilizing metagenomic and 
transcriptomic approaches to examine rumen 
microbial populations. 

One cogent study involving both rumen 
microbial and tissue development was completed 
by Malmuthuge et al. (2019) who investigated 
microbial populations in the rumen utilizing 
both RNA- and DNA-based quantification 
approaches, along with metagenomic analyses of 
both rumen contents and tissue. One interesting 
takeaway from the study by Malmuthuge 
et al. (2019) included the importance of 
butyrate (created by rumen microbes) in rumen 
development due its involvement in inhibiting 
epigenetic modifi cation of the rumen epithelial 
transcriptome (via histone deacetylase coding 
genes, HDAC), which subsequently upregulates 
peroxisome proliferator activated receptor 
gamma (PPARG) expression and has been 

shown to promote epithelial proliferation. 
Overall, Malmuthuge et al. (2019) explored the 
eff ect of the rumen microbiome on both the rumen 
transcriptome and microRNAome and found 
that 26.3% of genes and 46.4% miRNAs were 
associated with VFA (i.e. microbial fermentation 
end-products), respectively, which demonstrates 
the importance of microbial populations having 
an indirect eff ect on development of the rumen 
compared to just eff ects over time.

Both Dill-McFarland et al. (2017) 
and Guo et al. (2021) used high-throughput 
sequencing techniques to look at microbial 
populations present in the rumen over time 
and noted some interesting findings, not 
just regarding establishment of microbial 
populations, but how long these populations 
persist. Takeaways from Dill-McFarland et al. 
(2017) relevant to the rumen were that specifi c 
bacterial communities change from weaning 
to adulthood (e.g. even genomic sequences 
within the Prevotella spp. were different at 
these time points) and fungal communities 
were undetectable prior to weaning, but during 
and shortly after weaning, these communities 
start to become established and some genera 
even persist into adulthood (e.g. Caecomyces 
spp.); furthermore, fungal populations were 
only found to positively correlate with growth 
as these animals aged. Guo et al. (2021) did 
not follow calves into adulthood but compared 
rumen epimural bacterial populations between 
preweaning and postweaning and found genera 
that decreased (Bacteroides spp.) and increased 
(Prevotalla 9 spp.) in abundance, respectively. 
These diff erences (or lack thereof) found over 
time will help direct future research to elucidate 
the importance of these microbial communities, 
but the obvious next step is looking closer at 
these population diff erences and seeing how 
they aff ect both the gastrointestinal and gut-
associated tissues in the calf.
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Examining further the relationship 
between the rumen microbiome and other tissues 
in the calf, Guo et al. (2021) and Li et al. (2019) 
examined rumen epimural bacterial populations. 
Guo et al. (2021) assessed population changes 
throughout weaning and found interesting 
correlations between rumen tissue measurements 
over time and bacterial populations, such as a 
positive relationship between papillae surface 
area and the Pyramidobacter spp. (R ~ 0.64; P < 
0.05) or a negative relationship between rumen 
epithelial thickness and Bacteroides spp. (R = 
-0.59; P < 0.05). Li et al. (2019) went further 
than looking at just the rumen and examined 
how rumen epimural bacteria and the liver 
transcriptome is aff ected by lowering the rumen 
pH via starter diet. There were no diff erences 
mentioned between the control (texturized 
(DM-basis): starch = 35.3%, NDF = 25.3%) 
and treatment (pelleted (DM-basis): starch = 
42.7%, NDF = 15.1%) fed to calves in regards 
to correlations between liver transcriptome 
and rumen epimural bacteria, but it was 
found that calves fed the treatment diet had 
unique expression of high density lipoprotein 
(HDL)-encoding genes compared to control 
diet calves. This expression of HDL-encoding 
genes suggests an alteration in lipoprotein 
metabolism of the liver in response to low rumen 
pH and potential abnormalities in the liver (i.e., 
development of an ulcer, an abscess, or sepsis). 
While the results from Li et al. (2019) are not 
directly measuring rumen development, they are 
important in the context of rumen development 
via diet having unintended consequences on 
calf health. Further investigation into how 
epimural bacterial populations alter both rumen 
development, as well as whole animal health and 
development, are warranted to help get a holistic 
picture of the calf during this period.

Weaning and pH Eff ects on Rumen 
Development

While all areas involving rumen 
development are interconnected, there are some 
topics that we are able to isolate (i.e., dietary and 
microbial eff ects) due to their ubiquitous nature. 
Other areas, such as weaning and rumen pH, 
have become important areas of research that 
help fi ll in gaps surrounding our understanding 
of rumen development and thus are crucial to 
include in its discussion.

The preweaning diet of the calf mainly 
consists of liquid feed (i.e., MR/milk), but as 
the calf undergoes the weaning process, their 
consumption of solid feed will dramatically 
increase. This increase in solid feed intake, 
which typically is in the form of a small-particle 
sized feed (e.g., pellets or grains), is where the 
main issues arise from weaning, stemming 
from a large amount of readily fermentable feed 
now present in the rumen for rapid digestion. 
It should be noted, though, that solid feed 
consumption is low within the fi rst 3 weeks of 
lif, despite amount of liquid diet fed (Quigley et 
al., 2018) and that at 30 days of age for each 100 
g of milk/MR DMI, there is a decrease of 13 g/
day of starter DMI (this increases to ~93 g/day 
of starter DMI at 60 days of age) (Silva et al., 
2019). While altering feeding and management 
practices to help calves through this weaning 
period is useful, a major change that is not 
easily controlled is the drastic change in form 
and composition of diet. This transformation 
in diet will require a general change in feeding 
behavior by the calf (Overvest et al., 2018; Xiao 
et al., 2018), a shift in the overall metabolism in 
the gastrointestinal tract (Baldwin et al., 2004), 
and an alteration of the microbial population in 
the gut (Meale et al., 2016) in order to promote 
a positive transition postweaning.
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There are negative eff ects associated 
with weaning (e.g., impaired gut barrier function 
and body growth slump due to reduced intake; 
Wood et al., 2015; Steele et al., 2017), which 
may be related to rumen pH, but strategies such 
as a step-down weaning procedure (Steele et 
al., 2017; Klopp et al., 2019) or pair-housing of 
calves (Bolt et al., 2017; Overvest et al., 2018) 
have shown promising results via improvements 
in feed intake, weight gain, and behavioral 
observations. While rumen development was not 
assessed directly in these studies, Klopp et al. 
(2019) demonstrated the infl uence of the rumen 
on intake and growth by showing gradually 
weaned calves (2 step-down weaning protocol 
over 3 weeks) had increased starter intake and 
enhanced ADF digestibility compared to calves 
weaned only using a one week step-down. This 
is just one example of a successful weaning 
strategy amongst many that could be utilized. 
Another concept that promotes comparable 
growth via starter intake (and thus lower MR 
intake) is weaning based on individual solid feed 
intake, which has become much more realistic 
with the use of automated milk feeders (Benetton 
et al., 2019).

Despite the weaning protocol utilized, 
the increase in starter consumption will lead 
to the same result. As the feed enters the 
rumen and is exposed to the now proliferating 
microbial population (Anderson et al., 1987b), 
the resultant VFA and lactate (mainly) cause a 
decrease in ruminal pH (Bergman, 1990). Adult 
ruminants are often plagued by metabolic issues 
stemming from subacute rumen acidosis (pH < 
5.6; or even acute rumen acidosis), but calves 
do not seem to be adversely aff ected by this 
low rumen pH as evidenced by a lack of health 
responses in calves (Li et al., 2012; van Niekerk 
et al., 2021). Interestingly, it appears that diets 
containing highly fermentable substrates often 
stimulate development of the rumen epithelium 
(Tamate et al., 1962; Stobo et al., 1966). 

However, a low rumen pH has been identifi ed 
as a causative agent of ruminal parakeratosis/
lesions (Suárez et al., 2006; Gelsinger et al., 
2020), but no clear implications on the calf’s 
overall health have been observed. Wood et al. 
(2015) demonstrated a negative eff ect of rumen 
pH, where a longer duration of time for rumen 
pH below 5.5 in the weaning and postweaning 
periods led to an observed decrease in barrier 
function (i.e. increase in permeability) in the 
rumen. Also, Gelsinger et al. (2020) noted that 
calves fed a diet that induced ruminal acidosis 
experienced negative outcomes (e.g. decreased 
intake and growth), but there were no signs of 
systemic acidosis or impaired general overall 
health. That being said, rumen pH should always 
be considered, even if negative eff ects are not 
apparent in young ruminants, and future research 
should investigate the relationship of mucosal 
immunity and rumen pH in calves to further 
understand the immune cost.

Rumen Development and VFA Absorption

So far, I have not acknowledged (one of) 
the main reasons we study rumen development, 
which is to assess how well this organ will be 
able to perform its main function of absorbing 
VFA. Measuring VFA absorption is not an easy 
task, but too often research stops at the molecular 
level before measuring actual function in vivo, 
which is the actual reason why we perform this 
research; for practical, real life application. 
While there is a plethora of data on rumen VFA 
absorption in adult cows, the topic has been 
scarcely touched in calves, but a recent study 
of mine did attempt to add to our collective 
knowledge about rumen VFA absorption in 
young calves.

Previous studies performed by Khouri 
(1969) and Sutton et al. (1963a) had opposing 
results in regard to VFA absorption between 
calves fed only milk or milk and solid feed 



 118  

April 19-21, 2021            Tri-State Dairy Nutrition Conference

(starter and/or hay). Yohe et al. (2019b) 
supported the results of Khouri (1969) in that 
preweaning calves had similar absorption of VFA 
whether they consumed starter or not, which is 
showcased in Table 1 where VFA absorption 
rate and total VFA absorbed over the 6 hour 
experimental period were the same between 
treatments for acetate, propionate, and butyrate. 
This was an interesting fi nding considering we 
generally accept the concept of promoting rumen 
development via feeding solid feed (mainly 
starter) as correct, but if it is the case that a calf 
fed only MR can still absorb just as much VFA 
as a calf fed MR and starter, then how is that 
happening? We also looked at protein abundance 
of VFA transporters (MCT1 and MCT4) located 
in the rumen epithelium of these calves and 
found no diff erence (Figure 3), which led us to 
think of the possibility that passive diff usion was 
aiding in absorbing VFA that were not involved 
in any protein-mediated transport. It is known 
that a lower pH enhances passive diff usion of 
VFA (Penner et al., 2011). It should be noted 
that in our study, we utilized a washed rumen 
technique and provided a buff er that contained 
a fi xed amount of VFA at a supraphysiological 
concentration to test the ability of the rumen to 
absorb acetate, propionate, and butyrate. The 
calves that were fed MR and starter still had 
a larger rumen overall with increased surface 
area (i.e., larger papillae) compared to calves 
only fed MR so there is a possibility that under 
normal circumstances, calves consuming MR 
and starter would have an increase in total 
VFA absorbed due to larger capacity for starter 
consumption compared to calves fed only MR 
that have smaller rumens and thus a smaller 
capacity. Although both treatments would have 
similar rumen epithelial function considering the 
importance of age rather than diet on ketogenic 
development (Lane et al., 2000; Lane et al., 
2002; Yohe et al., 2019b). Another important 
aspect to consider is that age is believed to be 
a critical factor for development of ketogenesis 

in the rumen epithelium, which shows lack of 
dietary eff ect on rumen function as well. The 
experimental conditions used in Yohe et al. 
(2019b) were diff erent from a typical scenario 
(i.e., starter being eaten and subsequently 
fermented in the rumen and supplying the 
rumen environment with VFA), but important 
nonetheless to recognize that even a rumen that 
appears undeveloped is still able to absorb VFA 
eff ectively.

Conclusions

With shifts in dietary trends, diff erent 
feed ingredients becoming available, and 
the need to adjust on-farm management of 
calves, we can expect to see more data on 
rumen development in the coming years with 
the hope of more functional data (i.e., VFA 
absorption) being generated. Much of what was 
discussed in this proceedings article consisted 
of molecular biology and basic science, but 
some practical considerations can be taken 
away, such as utilizing a weaning protocol that 
allows both adequate growth preweaning while 
simultaneously allowing appropriate starter 
intake for rumen development (e.g., 2 step-
down weaning protocol). Also, it is important 
to understand the delicate balance between 
feeding starter with the goal of promoting 
rumen development but acknowledging the 
potential negative eff ects on barrier function 
and epithelial lesions in the rumen. Lastly, an 
important takeaway is even an undeveloped 
rumen has the ability to absorb VFA, but the 
important consideration is how much starter 
has been consumed to allow for VFA creation 
and subsequent absorption to meet the energy 
needs of the calf. 
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Table 1. Fluid exit, VFA absorption rate, and total 6 hour absorption of VFA after being exposed to a 
defi ned concentration of VFA in calves fed 2 diff ering forms of diet for 6 weeks of age.

     Treatment  Test of Fixed Eff ects, P-value
Item MRO MRS SEM Treatment

    Fluid exit (%/hour) 15.7 10.7 2.9 0.14
VFA absorption (%/hour)    
    Acetate 20.9 35.3 7.7 0.20
    Propionate 27.4 33.7 7.9 0.57
    Butyrate 41.1 42.0 10.5 0.95
Total 6 hour VFA fl ux (mmol)    
     Acetate 176.7 165.7 22.8 0.73
     Propionate 74.8 70.5 10.3 0.76
     Butyrate 78.8 75.9 11.8 0.83

Isocaloric and isonitrogenous dietary treatments: MRO = MR only, MRS = MR with starter.
Adapted from Yohe et al. (2019b).
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Figure 1. Immunohistochemistry measurements of Ki67 positive basale cells in the rumen 
epithelium of calves fed 2 dietary treatments (MRO: milk replacer only; MRS: milk replacer and 
starter) during the 6 week trial. There was a tendency for an increase in the proportion of Ki67-
labeled basale cells (i.e. actively proliferating cells) in MRS compared with MRO calves (P = 0.08). 
†Tendency between treatments, 0.10 ≥ P ≤ 0.05. Adapted from Yohe et al. (2019a).

Figure 2. Immunohistochemistry measurements of BrdU positive basale cells in the rumen 
epithelium of calves fed 2 dietary treatments (MRO: milk replacer only; MRS: milk replacer and 
starter) during the 6 week trial. There was an increase in proportion of BrdU-labeled basale cells in 
MRO compared with MRS calves (P = 0.001). *Signifi cant diff erence between treatments, P ≤ 0.05. 
Adapted from Yohe et al. (2019a).
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Figure 3. Immunohistochemistry measurements of intensity/epithelial area for VFA transporter 
proteins MCT1 (monocarboxylate transporter 1) and MCT4 (monocarboxylate transporter 4) protein 
in the rumen of MRO calves (milk replacer only) and MRS calves (milk replacer and starter) during 
the 6 week trial. There were no diff erences present for either MCT1 (P = 0.19) or MCT4 (P = 0.60) 
abundance. Adapted from Yohe et al. (2019b).




