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ABSTRACT

The objective of this study was to evaluate the effect
of rolled barley supplementation on microbial compo-
sition and omasal flows of bacterial, protozoal, and
nonmicrobial AA in cows fed fresh perennial ryegrass
(Lolium perenne L.; PRG). Ten ruminally cannulated
multiparous Holstein cows averaging (mean + standard
deviation) 49 4+ 23 d in milk and 513 £ 36 kg of body
weight were assigned to 1 of 2 treatments in a switch-
back design. The treatment diets were PRG only or
PRG plus 3.5 kg of dry matter rolled barley (G+RB).
The study consisted of three 29-d periods where each
period consisted of 21 d of diet adaptation and 8 d of
data and sample collection. A double-marker system
was used to quantify nutrient flow entering the omasal
canal along with "N-ammonium sulfate to label and
measure the microbial and nonmicrobial omasal flow
of AA. Overall, rolled barley supplementation had no
effect on the AA composition of the omasal liquid-
associated and particle-associated bacteria. Rolled
barley supplementation affected the AA concentrations
of omasal protozoa; however, the differences were nu-
tritionally minor. Particle-associated bacteria AA flow
was increased for all AA, except for Trp and Pro, in
cows fed the G+RB diet. Rolled barley supplementa-
tion had no effect on protozoal AA flow. On average,
protozoa accounted for 23% of the microbial essential
AA flow, which ranged from 17 to 28% for Trp and Lys,
respectively. The flow of all AA in omasal true digesta
increased in cows fed the G4+RB diet compared with
the PRG-only diet, resulting in a 228 g/d increase in
total AA flow in cows fed the G4+RB diet. This increase
in total AA flow in cows fed the G+RB diet was due to
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an increase in microbial AA flow. Rolled barley supple-
mentation had no effect on nonmicrobial AA flow. The
nonmicrobial AA flow modestly contributed to total
AA flow, accounting for 15.6% on average. These results
indicated that extensive ruminal degradation of PRG
AA occurred (83.5%), and we demonstrated that cows
consuming PRG-based diets exhibit a large dependence
on microbial AA to support metabolizable AA supply.
Rolled barley supplementation can increase the omasal
flow of microbial AA in cows consuming PRG-based
diets. However, further research is required to elucidate
if this increased AA supply can support higher milk
yield under such dietary conditions.
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INTRODUCTION

In many parts of the world, fresh temperate forage,
particularly perennial ryegrass (Lolium perenne L.;
PRG), contributes significantly to the diet of the lac-
tating dairy cow (Humphreys et al., 2010; van den Pol-
van Dasselaar et al., 2020). Although immature PRG
swards are energy dense (2.75-2.9 Mcal of ME per kilo-
gram of DM), the ME supply to cows consuming such
swards is typically cited as the primary limiting factor
for milk production (Kolver and Muller, 1998; Keim
and Anrique, 2011). This assumption is often justified
by the observation that the CP concentration of PRG
exceeds the CP requirements of the lactating dairy cow
(NRC, 2001; Pacheco and Waghorn, 2008). However,
PRG can contain high levels of nonprotein N, soluble
N, and rumen-degradable N, potentially limiting the
ability of the forage to meet the AA requirement of the
lactating dairy cow (Hoekstra et al., 2008; Dineen et
al., 2021).

Beever and Siddons (1986) concluded that PRG that
escapes ruminal fermentation had a limited contribu-
tion to MP supply (3-5% of MP), whereas a much
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larger contribution was identified when estimated using
in sacco techniques (20-44% of MP; Van Vuuren et al.,
1991; Valk et al., 1996). Few studies have quantified
the AA flow in lactating dairy cows that consume fresh
PRG (O’Mara et al., 1997; Kolver et al., 1999; Younge
et al., 2004). Furthermore, the existing AA flow data
were obtained using duodenal cannulas as sampling
sites, which are recognized to contain considerable en-
dogenous N contamination, and thus reduce the ability
to distinguish the source of AA flows (Orskov et al.,
1986; Ahvenjérvi et al., 2000). To our knowledge, no
study has previously quantified the omasal flow of AA
in lactating dairy cows that consume pasture-based
diets (i.e., fresh PRG cut twice daily).

Although many studies have investigated the effects
of supplementing cereal grains to lactating dairy cows
that consume pasture-based diets at a whole animal
level (Bargo et al., 2003), few studies have quantified
postruminal nutrient flows when compared with the
more extensive literature available for conserved forage-
based diets (Broderick et al., 2010; Huhtanen et al.,
2010). Nutrient flow data are particularly essential in the
development and evaluation of mechanistic nutritional
models, with the capability to predict postruminal N
and AA flows and first-limiting nutrients for milk yield.
In a companion paper (Dineen et al., 2020) utilizing the
omasal sampling technique developed by Huhtanen et
al. (1997), it was demonstrated that rolled barley (RB)
supplementation increased the flow of bacterial N (450
g/d) due to a greater amount of fermentable carbohy-
drate (CHO) being digested in the rumen and greater
efficiency of microbial protein synthesis when compared
with a PRG-only diet. Extensive ruminal degradation
of the PRG N also occurred, resulting in a negligible
contribution from nonmicrobial N to the total flow of
NAN. Altogether, these observations warranted further
investigation into the possible effects of RB supplemen-
tation on both the quantity and source of AA supply in
cows consuming PRG-based diets.

In a recent literature review, Sok et al. (2017) dem-
onstrated that there are considerable differences among
bacterial and protozoal AA composition. Hence, if the
differing AA compositions and estimates regarding the
flow of each microbial population could be integrated,
the accuracy and precision in predicting AA supply
by nutritional models could be improved (Sok et al.,
2017). However, the current lack of data describing the
relative contribution from microbial populations to the
total AA flow limits the ability for model evaluation
(Fessenden et al., 2019a). Previous experiments quan-
tifying microbial AA flows in cows consuming pasture-
based diets have not included isolation of protozoa,
which likely resulted in an underestimation of microbial
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AA flow (Broderick et al., 2010). Furthermore, there is
contrasting evidence in the literature as to the effect
of dietary characteristics on microbial AA concentra-
tions (Hvelplund, 1986; Korhonen et al., 2002). Thus,
to improve the estimation of AA flows, there is a need
to quantify the AA composition of both bacteria and
protozoa and assess their contribution, in combination
with nonmicrobial sources, to the total AA flow at the
omasal canal of lactating dairy cows.

The hypothesis of this experiment was that the
supplementation of RB would increase the ferment-
able CHO supply for ruminal microbes, and thereby
increase the microbial AA flow at the omasal canal
compared with a PRG-only diet. Thus, the objective
of the study was to evaluate omasal flows of bacterial,
protozoal, and nonmicrobial AA in cows consuming
fresh PRG not supplemented or supplemented with
RB. A secondary objective was to compare the effect of
diet on microbial AA concentrations in cows consuming
PRG-based diets. The effects of RB supplementation
on ruminal metabolism, omasal flow of nutrients, and
microbial dynamics have been previously described in
the companion paper (Dineen et al., 2020).

MATERIALS AND METHODS

The experiment was conducted from April to July of
2017 at the Teagasc, Animal and Grassland Research
and Innovation Centre, Moorepark, Fermoy, Co. Cork,
Ireland (52°16'N; 8°25'W; 49 m above sea level). All
procedures described in this experiment were approved
by the Teagasc Animal Ethics Committee and con-
ducted under experimental license (AE19132-P054)
from the Health Products Regulatory Authority under
European directive 2010/63/EU and S.I. no. 543 of
2012 (European Union, 2012).

Animals, Experimental Design,
and Treatment Administration

Ten ruminally cannulated multiparous Holstein cows
averaging (mean + SD) 49 4+ 23 DIM and 513 + 36 kg
of BW were enrolled in a 3-wk prestudy acclimation
period where all animals were managed and housed in
a freestall barn and fed a common diet. Cows were then
stratified by prestudy milk yield and randomly assigned
to 1 of 2 treatment sequences in a switchback design.
The study consisted of three 29-d experimental periods,
where each period contained 21 d for diet adaptation
and 8 d of data and sample collection. For the first 21
d of each period, the cows were housed in a freestall
barn. For each 8-d period of sample collection, the cows
were housed in individual tiestalls with free access to
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water. Treatment diets were (1) PRG only (G) or (2)
PRG plus 3.5 kg of DM RB (G+RB). In addition,
both treatments were fed 40 g/d of magnesium (120
g/d of Sweetened Cal-Mag; Nutribio Ltd., Tivoli, Cork,
Ireland) to reduce the risk of hypomagnesemia.

All cows received both diets throughout the 3 experi-
mental periods according to their randomly assigned
sequence of either G, G+RB, G or G+RB, G, G+RB.
The swards of PRG were mechanically harvested twice
daily (0800 and 1500 h) with a GrassTech Grazer GT80
(Future Grass Technology, Borris, Co. Carlow, Ireland).
During the 21-d adaptation period, the cows were of-
fered PRG twice daily at the time of harvesting. During
the 8 d of data and sample collection, the cows were
offered PRG 6 times daily at 0630, 0830, 1230, 1530,
1930, and 2130 h with the PRG refrigerated at 4°C

Table 1. Nutrient composition of supplement and diet’

Diet or supplement

Item® RB G G+RB
DM,* % 86.9 20.2 34.2
N,* % of DM 1.9 2.6 2.5
Soluble N,* % of N 17.1 35.3 31.7
NDIN,* % of N 8.0 14.9 13.5
ADIN® % of N 3.0 2.5 2.6
Starch,* % of DM 60.7 2.5 14.7
WSC,* % of DM 7.1 22.4 19.2
aNDFom,” % of DM 19.2 36.1 32.6
uNDFom,* % of aNDFom 32.9 9.8 14.7
Ether extract,® % of DM 1.7 3.1 2.8
Ash,* % of DM 2.6 7.0 6.1
EAA N, % of TN

Arg 9.4 11.1 —

His 3.3 3.0

Tle 2.3 3.0 —

Leu 4.2 5.4

Lys 3.5 5.5 —

Met 0.9 1.2

Phe 2.3 2.8 —

Thr 2.3 3.4

Trp 1.1 1.7 —

Val 3.3 4.0

Total EAA 32.6 41.2 —
NEAA N, % of TN

Ala 3.7 6.6 —

Asp 3.6 6.4

Cys 1.2 0.7 —

Glu 14.8 7.2

Gly 4.5 6.5 —

Pro 6.7 3.2

Ser 3.5 3.7 —

Tyr 1.4 1.6

Total NEAA 39.4 36.0 —

TAA N, % of TN 72.0 77.2

'RB = rolled barley; G = 100% (DM basis) perennial ryegrass; G+RB
= 79% perennial ryegrass and 21% hulled rolled barley.

’aNDFom = amylase- and sodium sulfite-treated NDF corrected for
ash residue; uNDFom = undigested amylase- and sodium sulfite-treat-
ed NDF corrected for ash residue; TN = total N; TAA = total AA.

*Previously reported in Dineen et al. (2020).
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between feedings to minimize respiration and nutrient
loss. The RB was offered to the respective cows at the
time of milking (0730 and 1530 h) as 2 equal meals. Full
details of the cow and sward management are described
in Dineen et al. (2020). The nutrient and AA composi-
tion of the RB supplement and experimental diets are
presented in Table 1.

Sample Collection and Processing

Spot samples of omasal digesta were obtained using
the omasal sampling technique developed by Huhtanen
et al. (1997) and adapted by Reynal and Broderick
(2005). The double-marker method utilizing CoEDTA
(Udén et al., 1980) and undigested amylase- and sodi-
um sulfite-treated NDF corrected for ash residue after
240 h of in vitro fermentation (Raffrenato et al., 2018)
were used to quantify liquid and particle flow entering
the omasal canal, respectively. To estimate microbial
flow at the omasal canal, 8.8 g/d of ammonium sulfate
(Cambridge Isotope Laboratories Inc., Andover, MA)
with a 10% enrichment of "N (187 mg/d of '°N) was
added to the CoEDTA infusate. Before starting the in-
fusion, samples of ruminal contents (liquid and solids)
were taken for later determination of "N background.
Omasal sampling began approximately 74 h after the
beginning of marker infusion to allow uniform marker
distribution. Further details on marker preparation and
infusion are reported in Dineen et al. (2020).

Samples of omasal contents were collected from the
omasal canal during three 8-h intervals as follows: at
1600, 1800, 2000, and 2200 h on d 24; at 0000, 0200,
0400, and 0600 h on d 26; and at 0800, 1000, 1200, and
1400 h on d 27. A 425-mL spot sample was obtained
during the first 3 sampling time points, and a 675-mL
spot sample was obtained during the last sampling time
points of each interval. Each spot sample was split into
subsamples of 50 mL (x2), 125 mL, and 200 mL, with
an additional 250-mL subsample at the last time point.
The 50-mL subsamples were used for a separate study
of nutrient flows (Dineen et al., 2020). The 125-mL
subsample was placed on ice and combined within the
interval, yielding a 500-mL sample for bacterial isola-
tion. The 200-mL subsamples were combined within the
period and stored at —20°C, generating a 2.4-L. com-
posite for digestion phase separation. The additional
250-mL subsample obtained on the final time point of
each interval was used to isolate omasal protozoa.

The 2.4-L pooled omasal composite was subsequently
thawed and separated into the omasal large-particle,
small particle, and liquid phases. The fractions were
separated as described by (Reynal and Broderick,
2005). Samples were squeezed through a single layer
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of large-pore polyethylene cheesecloth (Graytec, GD
Textile, Manchester, UK), and the retained solids were
defined as the omasal large-particle phase. The filtrate
was centrifuged at 1,000 x g for 5 min at 4°C, and the
supernatant was decanted from the pellet. The super-
natant was defined as the omasal liquid phase, and the
pellet was defined as the omasal small particle phase.
All omasal phase samples were lyophilized and either
ground through a 1-mm screen on a Cyclotec mill (large
particle; Foss, Hillergd, Denmark) or homogenized with
a mortar and pestle (small particle and liquid phase)
before analysis. As the digesta was fractionated into 3
phases, the small particle was considered to be part of
the particulate matter in the double-marker system.
Concentrations of Co and undigested amylase- and
sodium sulfite-treated NDF corrected for ash residue
were then used to calculate the concentration of each
nutrient in a sample, theoretically representing omasal
true digesta (OTD; France and Siddons, 1986).

Bacterial isolation was performed according to
Whitehouse et al. (1994) with modifications. Briefly,
omasal samples were squeezed through a single layer
cheesecloth, and the retained solids were washed once
with saline solution and squeezed again through single
layer cheesecloth. The resulting filtrate (A) was stored
at 4°C for further centrifugation. The solids retained
were placed in a shaking incubator for 1 h at 39°C
in a 0.1% methylcellulose solution to detach particle-
associated bacteria, and transferred to a 4°C cooler
for 24 h. After 24 h, the sample was blended for 1
min. The blended sample was squeezed through single
layer cheesecloth, and the retained solids were washed
once with saline solution and squeezed again through
cheesecloth. The resulting filtrate (B) was stored at
4°C for further centrifugation. Filtrates A and B were
centrifuged at 1,000 x g for 5 min at 4°C to remove
small feed particles and protozoa. The supernatant was
centrifuged at 15,000 x ¢ for 20 min at 4°C, and the
bacterial pellet was collected and stored at —20°C until
lyophilization and later analysis. The bacterial pel-
lets recovered from filtrates A and B represented the
omasal liquid-associated bacteria (LAB) and omasal
particle-associated bacteria (PAB), respectively. The
bacterial isolations from each 8-h interval were subse-
quently combined within period to generate a LAB and
a PAB sample per cow per period.

The 250-mL subsample obtained on the final time
point of each interval was immediately processed to
isolate omasal protozoa. The subsample was squeezed
through a single layer of polyethylene cheesecloth and
protozoa were subsequently isolated as described by
Denton et al. (2015) using flocculation and filtration
techniques. After isolation, protozoa were stored at —
20°C, followed by lyophilization and measurement of
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OM to calculate the yield of protozoal OM per liter of
omasal liquid (Ahvenjarvi et al., 2002).

Laboratory Analysis

Lyophilized samples of bacteria, protozoa, and oma-
sal phases were analyzed for DM at 105°C for 16 h and
ash according to AOAC International (2005). Total N
was determined using a combustion assay (Leco FP-
528 N Analyzer, Leco Corp., St. Joseph, MI). Samples
were analyzed for NAN and "N using a Carlo Erba
NC2500 elemental analyzer interfaced with an isotope
ratio mass spectrometer (Cornell University Stable Iso-
tope Laboratory, Ithaca, NY). Sample preparation and
ammonia volatilization were carried out as described
by Fessenden et al. (2019b). Ammonia N concentration
was determined in omasal fluid using an ABHoriba Pen-
tra 400 chemistry analyzer (Horiba-ABXDiagnostics,
Kyoto, Japan).

Amino acid concentrations in feed, omasal phases,
bacteria, and protozoa were analyzed by HPLC. For
all AA, except Trp, 2 mg of N with 50 pL of 125 mM
norleucine as an internal standard were hydrolyzed at
110°C for 21 h in a block heater (Gehrke et al., 1985)
with high-purity 6 M HCI1 (5 mL) after flushing with
N, gas. For Met and Cys, before acid hydrolysis (as
described above), 2 mg of N and internal standard
were preoxidized with 1 mL of performic acid (0.9 mL
of 88% formic acid, 0.1 mL of 30% H,O,, and 5 mg
of phenol) for 16 h at 4°C (Mason et al., 1980; Elkin
and Griffith, 1985). After hydrolysis, tube contents
were filtered through Whatman 541 filter paper (GE
Healthcare UK Ltd., Buckinghamshire, UK), and the
filtrate was diluted to 50 mL in a volumetric flask with
HPLC-grade H,0O. Aliquots (0.3 mL) were evaporated
at 65°C under constant N, flushing, with 3 rinses and
re-evaporations with HPLC-grade H,O to remove acid
residues. After final evaporation, the hydrolysate was
dissolved in 0.6 mL of Na diluent (Na220, Pickering
Laboratories, Mountain View, CA).

Individual AA hydrolysates were separated using
an Agilent 1100 series HPLC (Agilent Technologies,
Santa Clara, CA) fitted with a sodium cation exchange
column (cat. no 1154110T, Pickering Laboratories) us-
ing a 4-buffer step gradient and column temperature
gradient. Detection of separated AA was performed at
560 nm following post-column ninhydrin derivatization.
Standards (250 nmol/mL) for the individual AA were
prepared by diluting a pure standard in sample buffer.
The volume of sample and standards loaded onto the
column was 10 pL. To determine concentrations of Trp,
a separate aliquot of the sample containing 2 mg of N
was hydrolyzed with 1.2 g of Ba(OH), at 110°C for 16 h
on a block heater (Landry and Delhaye, 1992). Included
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in the hydrolysis was 125 pL of 5-methyl-Trp (5 mM)
as an internal standard. After cooling to precipitate
barium ions, an aliquot (3 L) of the hydrolysate was
added to 1 mL of acetate buffer (0.07 M sodium acetate)
and analyzed using fluorescence detection (excitation =
285 nm, emission = 345 nm) after HPLC separation.

Calculations

Total N omasal flow and the partitioning of total N
flow are described in the companion paper (Dineen et
al., 2020). Briefly, the concentration of ammonia N in
an omasal fluid sample, in combination with the flow
of liquid determined by the double-marker system,
were used to calculate the omasal flow of ammonia N.
This was subtracted from the total N flow to deter-
mine NAN flow. The NAN flow was partitioned into 4
fractions that consisted of PAB N, LAB N, protozoal
N, and nonmicrobial N. Non-ammonia nonmicrobial N
(NANMN) was assumed to contain primarily undi-
gested feed N and a smaller contribution of endogenous
N (Orskow et al., 1986; Lapierre et al., 2008). Micro-
bial NAN flow was determined from N atom percent
excess (APE) as described in Dineen et al. (2020).
Protozoal OM (g/L) was calculated using gravimetric
determinations in a known quantity of omasal liquid,
as described by Fessenden et al. (2019a), assuming that
protozoa only leave the rumen in the liquid phase (Ah-
venjarvi et al., 2002; Karnati et al., 2007). To calculate
protozoal OM flow (g/d), the quantity of protozoal OM
(g/L) was multiplied by the daily volume of liquid flow
(L/d) at the omasal canal. To calculate protozoal NAN
flow (g/d), the protozoal OM flow (g/d) was multiplied
by the protozoal NAN concentration (g/g of OM). Ac-
counting for ’N APE in protozoa, the LAB NAN (g/d)
flow was calculated as follows:

LAB NAN flow (g/d) = {[Liquid NAN flow (g/d)
x Liquid "N APE (g/g of NAN)]

— [Protozoal NAN flow (g/d) x Protozoal "N APE
(g/g of NAN)|}/LAB '"N APE (g/g of NAN).
Particle-associated bacterial NAN flow was calculated

as follows:
PAB NAN flow (g/d) = [Particle NAN flow (g/d)
x Particle "N APE (g/g of NAN)]/PAB "N APE
(g/g of NAN).

From this, total bacterial and total microbial N flow
were calculated as follows:
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Bacterial NAN flow (g/d) = LAB NAN flow (g/d)
+ PAB NAN flow (g/d);

Microbial NAN flow (g/d) = Protozoal NAN flow
(g/d) + Bacterial NAN flow (g/d).

The isolated LAB and PAB were assumed to be rep-
resentative of the bacterial biomass flowing with the
liquid and particulate phases, respectively (Reynal and
Broderick, 2005). The NAN concentration (g/g of OM)
of the LAB, PAB, and protozoal samples was used to
calculate the flow of total microbial biomass. The flow
of NANMN was calculated as the difference between
total NAN flow and microbial NAN flow.

The concentrations of AA in feed, omasal phases,
bacteria, and protozoa were corrected for incomplete
recovery of AA using correction factors published by
Lapierre et al. (2019). Data demonstrates that complete
recovery of AA is not accomplished by 21 to 24 h of acid
hydrolysis (Rutherfurd, 2009; Lapierre et al., 2019).
In the current study, the AA concentrations obtained
after 21 h of hydrolysis were multiplied by an average
correction factor specific to each AA, determined by
nonlinear regression (A,) as described by Lapierre et al.
(2019). The flows of individual AA in OTD were then
calculated using the corrected concentration of AA in
each omasal phase and the double-marker system de-
scribed in Dineen et al. (2020). Liquid-associated bacte-
rial, PAB, protozoal, total microbial, and nonmicrobial
AA flow were calculated as follows:

Liquid-associated bacterial AA flow (g/d) =
LAB N flow (g/d) x LAB AA (g/g of N);

Particle-associated bacterial AA flow (g/d) = PAB N
flow (g/d) x PAB AA (g/g of N);

Protozoal AA flow (g/d) = protozoal N flow (g/d)
x protozoal AA (g/g of N);

Microbial AA flow (g/d) = LAB AA flow (g/d)
+ PAB AA flow (g/d) + protozoal AA flow (g/d);

Nonmicrobial AA flow (g/d) = OTD AA flow (g/d)
— microbial AA flow (g/d).

Statistical Analysis

Data were analyzed using the MIXED procedure of
SAS version 9.4 (SAS Institute Inc. Cary, NC). The
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same model as described in Dineen et al. (2020) was
used as follows:

Yiu=p+ 8+ Cyu+ P+ T) + PTy + €y,

where Y, = dependent variable, u = overall mean,
S, = fixed effect of sequence i, Cj};, = random effect of
cow within sequence, P;, = fixed effect of period k, T,
= fixed effect of treatment 1, PT), = fixed interaction
effect of period k and treatment [, and ¢, = residual
error. Sequence effects and the interaction term includ-
ing period and treatment were removed from the model
when P > 0.1. Degrees of freedom were determined us-
ing the Kenward-Roger option. Means were determined
using the least squares means statement. Statistical
significance was considered at P < 0.05, and trends
were considered at 0.05 < P < 0.10.

RESULTS AND DISCUSSION
Microbial Composition

The N concentrations of omasal LAB, PAB, and pro-
tozoa were not affected by RB supplementation (Table
2). On average, the N concentration of PAB and proto-
zoa were similar (8.9% and 9.0% of OM, respectively)
and lower than that of LAB (10.2% of OM). Greater
N concentrations in LAB than in PAB and protozoa
were reported (Martin et al., 1994). Reports from the
literature on protozoal N concentrations are extremely
variable, which is likely due to differing levels of feed
particle contamination or washing procedures during
isolation (Ahvenjarvi et al., 2002; Reynal et al., 2005).
In the current study, "°’N enrichment was not affected by
diet and was similar among all 3 microbial populations.
Generally, the N enrichment of protozoa is reported to
be lower than that of bacteria (Hristov and Broderick,
1996; Fessenden et al., 2019a). Lower "N enrichment
of protozoa has been attributed to the engulfment of
unenriched dietary protein due to the limited capacity
of protozoa to utilize ammonia N for growth (Williams
and Coleman, 1997; Reynal et al., 2005). However,
when investigating ruminal N metabolism, Ahvenjarvi
et al. (2018) noted that the direct incorporation of free
AA or peptides by protozoa was negligible and that
protozoa selectively ingest bacterial N. Hence, similar
"N enrichment among protozoa and bacteria is plau-
sible because the predominant source of N for protozoa
is bacteria. In agreement with the current study, similar
enrichment levels among protozoa and bacteria were
observed when forage was the principal true protein
source in the diet (Brito et al., 2006, 2007). Further-
more, the length of "NH; infusion has been implicated
as a factor affecting the relative enrichment of protozoa
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(Brito et al., 2006). In the current study, ""NH; was
infused for 192 h, which might have contributed to the
greater relative enrichment of protozoa compared with
previous literature (Ahvenjarvi et al., 2002).

Total AA concentration of omasal LAB, PAB, and
protozoa were not affected by RB supplementation.
The total AA concentration of PAB and protozoa were
similar, averaging 72.1% and 72.8% of N, respectively,
and were higher than that of LAB (58.6% of N; Table
2); this relationship was previously reported (Volden et
al., 1999a). Both Isaacson et al. (1975) and Volden et
al. (1999b) suggest that differences in total AA concen-
tration between LAB and PAB could be attributed to
higher RNA content or higher nucleic acid concentra-
tion in LAB. The AA composition of omasal LAB and
PAB were unaffected by RB supplementation (Table 3).
Rolled barley supplementation had an effect on some,
but not all, protozoal AA concentrations (Table 3). Of
interest, the concentration of His was greater among
all 3 microbial populations when cows consumed the
G+RB diet. Dietary characteristics have been previ-
ously demonstrated to affect some AA concentrations
of microbes (Martin et al., 1996); however, although
some microbial AA concentrations were different in
the current study, the biological implications of the
differences were small. Currently, a lack of data and
ambiguous reporting of the AA composition of bacteria
limit our ability to evaluate the overall effect of dietary
characteristics on microbial AA concentrations (Sok et
al., 2017).

Table 2. Nitrogen concentration, N enrichment, and AA
concentration of omasal microbes in lactating dairy cows fed fresh
PRG' not supplemented or supplemented with rolled barley

Treatment®

Item® G G+RB SEM P-value
LAB

N, % of OM 10.26 10.16 0.09 0.44
BN atom % excess 0.038 0.039 0.002 0.73
Total AA, % of OM 44.9 44.4 0.6 0.51
Total AA N, % of N 58.6 58.5 0.7 0.90
PAB

N, % of OM 8.98 8.86 0.11 0.42
N atom % excess 0.040 0.041 0.002 0.78
Total AA, % of OM 49.5 47.7 0.8 0.13
Total AAN, % of N 72.7 71.5 1.2 0.47
Protozoa

N, % of OM 9.12 8.78 0.28 0.22
BN atom % excess 0.039 0.039 0.001 0.80
Total AA, % of OM 50.3 48.1 1.7 0.19
Total AA N, % of N 72.9 72.6 1.4 0.89

'"PRG = perennial ryegrass.
’G = 100% (DM basis) perennial ryegrass; G+RB = 79% perennial
ryegrass and 21% rolled barley.

SLAB = liquid-associated bacteria; PAB = particle-associated bacte-
ria.
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Table 3. Amino acid composition of omasal bacteria and protozoa in lactating dairy cows fed fresh PRG' not supplemented or supplemented

with rolled barley

LAB? AA, g/100 g of AA

PAB? AA, g/100 g of AA

Protozoal AA, g/100 g of AA

Treatment® Treatment Treatment
Item G G+RB SEM  P-value G G+RB SEM P-value G G+RB SEM  P-value
EAA
Arg 5.02 5.04 0.03 0.69 4.92 4.99 0.03 0.08 4.62 4.70 0.05 0.06
His 1.71 1.77 0.02 <0.05 1.68 1.72 0.01 <0.05 1.66 1.70 0.02 <0.05
Tle 5.61 5.54 0.04 0.26 5.84 5.84 0.03 0.93 6.50 6.38 0.07 <0.05
Leu 7.38 7.43 0.04 0.38 7.63 7.63 0.02 0.91 7.62 7.70 0.05 0.12
Lys 7.45 7.52 0.07 0.37 7.55 7.52 0.05 0.55 9.81 9.46 0.21 <0.05
Met 3.25 3.29 0.05 0.57 2.97 2.96 0.05 0.85 2.39 2.30 0.05 0.20
Phe 4.24 4.29 0.03 0.29 4.46 4.44 0.01 0.15 4.65 4.65 0.02 0.76
Thr 5.59 5.52 0.04 0.16 5.48 5.47 0.02 0.56 4.76 4.76 0.02 0.96
Trp 2.02 2.02 0.05 0.91 2.13 2.02 0.03 <0.05 1.39 1.46 0.05 0.34
Val 5.77 5.74 0.03 0.44 5.71 5.67 0.03 0.20 4.68 4.74 0.04 0.08
Total EAA 48.0 48.2 0.08 0.26 48.4 48.3 0.07 0.21 48.1 47.8 0.13 <0.05
NEAA
Ala 7.33 7.21 0.04 <0.05 6.86 6.81 0.04 0.22 4.49 4.58 0.08 0.08
Asp 11.63 11.55 0.08 0.50 11.62 11.60 0.05 0.68 13.03 12.72 0.15 <0.01
Cys 1.15 1.12 0.02 0.19 1.22 1.24 0.02 0.44 1.72 1.64 0.05 0.23
Glu 13.94 13.93 0.05 0.82 13.75 13.96 0.04 <0.01 15.97 16.16 0.07 0.07
Gly 5.31 5.27 0.02 0.29 5.32 5.29 0.02 0.28 4.34 4.43 0.05 <0.05
Pro 3.50 3.57 0.08 0.43 3.72 3.68 0.04 0.46 3.57 3.83 0.08 <0.01
Ser 4.45 4.47 0.02 0.33 4.53 4.54 0.02 0.57 4.29 4.34 0.03 0.06
Tyr 4.66 4.70 0.04 0.49 4.63 4.63 0.02 0.92 4.49 4.47 0.03 0.61
Total NEAA 52.0 51.8 0.08 0.26 51.6 51.7 0.07 0.21 51.9 52.2 0.13 <0.05

'PRG = perennial ryegrass.
’LAB = liquid-associated bacteria; PAB = particle-associated bacteria.

*G = 100% (DM basis) perennial ryegrass; G+RB = 79% perennial ryegrass and 21% rolled barley.

The omasal microbial AA composition in the cur-
rent study agrees with a recent review of the literature
(Sok et al., 2017). The Lys concentration of protozoa
was higher (+ 28%) compared with bacteria, which is
consistent with other findings (Volden et al., 1999b;
Korhonen et al., 2002; Sok et al., 2017). For other AA,
the concentration of Ala was 56% higher, Thr was 16%
higher, Val was 22% higher, and Tle was 13% lower in
bacteria compared with protozoa in the current study.
Furthermore, the concentration of Met was 33% higher
in bacteria compared with protozoa, in agreement with
Korhonen et al. (2002). When investigating AA flows
in lactating dairy cows, these results demonstrate the
importance of quantifying the contribution from both
bacteria and protozoa in prediction models.

Omasal Flows of OM, NAN, and AA in Bacteria
and Protozoa

Supplementation of PRG with RB increased the
flow of PAB OM and PAB NAN at the omasal ca-
nal compared with the G diet (Table 4). In addition,
supplementation of PRG with RB increased the flows
of PAB AA, with the exception of Trp and Pro (Table
5). The increased flow of PAB in cows supplemented
with RB was likely due to a greater amount of ferment-
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able CHO digested in the rumen and greater efficiency
of microbial protein synthesis when compared with the
G diet (Dineen et al., 2020). This would suggest that
nonstructural CHO-degrading bacteria were primarily
associated with the particle phase. This is in contrast
with Ahvenjarvi et al. (2002), who observed increased
flow of LAB when a grass silage based-diet was supple-
mented with barley. In the current study, PAB N was
considered to be all bacterial N flowing in the particle
phase, whereas Ahvenjarvi et al. (2002) considered only
bacterial N in the large-particle phase to be PAB N.

The flows of LAB OM, LAB NAN, and LAB AA
numerically increased with the supplementation of RB;
however, significant differences were not detected. This
might be related to the calculation method used in the
current study. The LAB flow was calculated by differ-
ence using N APE in the liquid phase after accounting
for "N APE in omasal protozoa. Previous investiga-
tions have observed large animal-to-animal variation in
the measurement of protozoa (Sylvester et al., 2005;
Yénez-Ruiz et al., 2006), which was also observed in
the current study. Due to the calculation methods used,
this variability likely increased the variation observed
in the measurement of LAB flow.

The contribution of LAB and PAB N to the to-
tal microbial N omasal flow were unaffected by RB
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Table 4. Omasal microbial OM and NAN flows in lactating dairy cows fed fresh PRG' not supplemented or

supplemented with rolled barley

Treatment®

Ttem G G+RB SEM P-value
DML, kg/d 16.1 17.1 0.4 <0.01
NAN flow,* g/d 373 422 18 <0.01
LAB" nutrient flow, g/d

OM flow 1,340 1,601 169 0.16

NAN flow 137 164 18 0.17

% of microbial NAN flow 42.5 44.0 4.0 0.70
PAB' nutrient flow, g/d

OM flow 1,264 1,523 57 <0.01

NAN flow 111 134 4 <0.01

% of microbial NAN flow 34.0 36.1 1.3 0.28
Protozoal nutrient flow, g/d

OM flow 847 814 103 0.75

NAN flow” 79 73 11 0.55

% of microbial NAN flow® 23.5 20.0 3.2 0.24

'PRG = perennial ryegrass.

’G = 100% (DM basis) perennial ryegrass; G+RB = 79% perennial ryegrass and 21% rolled barley.

*Previously reported in Dineen et al. (2020).

‘LAB = liquid-associated bacteria; PAB = particle-associated bacteria.

supplementation (Table 4). Liquid-associated bacteria Although previous investigations have reported that a
accounted for a higher proportion of the microbial N
flow than PAB, averaging 43% and 35%, respectively.

large proportion of the bacteria in the rumen are as-
sociated with particulate matter (Craig et al., 1987),

Table 5. Omasal flow of bacterial and protozoal AA in lactating dairy cows fed fresh PRG! not supplemented or supplemented with rolled

barley
LAB? AA flow, g/d PAB? AA flow, g/d Protozoal AA flow, g/d
Treatment® Treatment Treatment

Item G G+RB SEM  P-value G G+RB SEM  P-value G G+RB SEM  P-value

EAA
Arg 30.3 36.1 4.0 0.18 31.6 36.5 1.4 <0.05 19.5 18.7 2.8 0.78
His 10.3 12.7 14 0.11 10.8 12.5 0.5 <0.05 7.0 6.7 1.0 0.80
Tle 33.8 39.4 4.3 0.24 37.2 42.8 1.6 <0.05 27.5 25.8 4.3 0.67
Leu 44.5 52.9 5.7 0.18 48.8 55.6 2.1 <0.05 31.8 30.6 4.5 0.77
Lys 44.9 54.1 6.0 0.14 48.3 55.2 2.2 <0.05 42.2 38.6 7.0 0.58
Met 19.5 23.8 2.7 0.13 19.1 21.9 0.8 <0.05 9.9 9.3 1.4 0.67
Phe 25.5 30.6 3.3 0.17 28.5 32.5 1.2 <0.05 19.6 18.7 2.9 0.74
Thr 33.7 39.5 4.4 0.21 35.6 40.5 1.5 <0.05 20.0 18.9 2.9 0.71
Trp 12.1 14.4 1.6 0.21 13.6 14.7 0.5 0.11 5.7 5.7 0.8 0.98
Val 34.8 40.9 4.5 0.22 36.8 41.6 1.6 <0.05 19.7 18.9 2.8 0.77
Total EAA 289.4 344.4 37.6 0.18 310.3 353.9 13.2 <0.05 202.7 191.9 30.3 0.70

NEAA
Ala 44.1 51.4 5.6 0.23 44.3 50.3 1.9 <0.05 18.5 18.1 2.4 0.84
Asp 70.1 82.5 9.1 0.20 75.0 86.0 34 <0.05 54.7 51.3 8.3 0.66
Cys 6.9 8.1 0.9 0.23 8.0 9.2 0.3 <0.05 7.0 6.5 0.9 0.61
Glu 84.1 99.0 10.7 0.19 88.1 102.0 3.8 <0.05 66.5 64.2 9.6 0.80
Gly 31.9 37.7 4.1 0.19 34.3 38.9 1.5 <0.05 18.1 17.5 2.5 0.82
Pro 20.7 25.5 2.6 0.11 24.1 27.1 1.1 0.05 14.7 15.5 2.1 0.70
Ser 26.8 31.8 34 0.17 28.9 33.2 1.2 <0.05 17.9 17.3 2.6 0.79
Tyr 28.0 33.6 3.7 0.16 29.4 33.9 1.3 <0.01 19.0 17.9 2.8 0.68
Total NEAA 312.5 369.5 40.0 0.19 332.0 380.6 14.4 <0.05 216.7 208.0 31.3 0.76
Total AA 601.9 713.9 77.6 0.18 642.2 734.5 27.6 <0.05 419.4 399.9 61.5 0.73

'PRG = perennial ryegrass.
’LAB = liquid-associated bacteria; PAB = particle-associated bacteria.
3G = 100% (DM basis) perennial ryegrass; G+RB = 79% perennial ryegrass and 21% rolled barley.
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a higher rate of passage of the liquid phase compared
with particulate phase allows similar contribution from
LAB and PAB to total microbial N flow (Hristov and
Broderick, 1996). The fresh PRG-based diets in the cur-
rent study resulted in high liquid passage rates (Dineen
et al., 2020) due to the high water content of the forage,
which likely allowed the large contribution from LAB
to microbial N omasal flow.

Supplementation of PRG with RB did not affect
protozoal contribution to the microbial OM, NAN, and
AA omasal flows (Table 4 and Table 6). On average,
protozoa accounted for 21.7% of microbial NAN flow
and 23.3% of microbial AA flow. The contribution
of protozoa to microbial EAA flows ranged, on aver-
age, from 17.4 to 27.9% for Trp and Lys, respectively
(Table 6). Protozoal omasal flow has not previously
been quantified in pasture-fed cows. These measured
values are higher than previously reported when com-
pared with cows consuming diets based on corn silage
(Sylvester et al., 2005; Fessenden et al., 2019a) and
grass silage (Ahvenjarvi et al., 2002). The rapid liquid
passage rate in the current study (0.20/h; Dineen et
al., 2020), due to the fresh PRG-based diets, is a likely
reason for the large contribution of protozoa to total
microbial OM, NAN, and AA omasal flow. Sylvester et
al. (2009) demonstrated, in vitro, that a higher ruminal
passage rate can simultaneously increase the flow of
protozoa and decrease their generation time, allowing
more efficient protein synthesis to be achieved. In the
companion paper (Dineen et al., 2020), low ruminal
protozoal biomass relative to ruminal bacterial biomass
and extremely high efficiency of protozoal growth was
measured, which is in line with the predictions of Fir-
kins et al. (2007). Sok et al. (2017) recently challenged
the calculations of Firkins et al. (2007), arguing that
as passage rates are typically first-order fractional
rates, a decreased protozoal ruminal pool size would
consequently decrease protozoal ruminal outflow rate,
justifying their predictions that protozoa contribute
less to the total microbial flow (16.5%). However, in the
current study, direct measurement of protozoal ruminal
pool size and protozoal omasal flow were conducted si-
multaneously, negating the assumptions required when
using fractional outflow rates to describe protozoal pas-
sage (Karnati et al., 2007) and supporting the predic-
tions of Firkins et al. (2007). More in vivo studies are
required to further elucidate protozoal metabolism and
to evaluate the ability of current mechanistic models to
predict such behavior.

Broderick et al. (2010) demonstrated that if microbial
samples did not include protozoal isolations, microbial
N flow would be underestimated by approximately 5%
due to differences in "N enrichment. In the current
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study, "N enrichment was similar among bacteria and
protozoa (Table 2); therefore, accounting for protozoa
did not considerably alter microbial N flow. However,
as discussed above, the AA concentrations of the micro-
bial N did differ among bacteria and protozoa (Table
3). Therefore, if protozoa were not accounted for in the
current study, microbial AA flow would be under- (e.g.,
Lys) or overestimated (e.g., Met), depending on the
specific AA.

Omasal Flows of AA in OTD, Microbial,
and Nonmicrobial Fractions

Rolled barley supplementation to a PRG diet in-
creased the flow of all AA in OTD compared with the
G diet, resulting in a 228 g/d increase in total AA flow
in cows fed the G+RB diet (Table 7; 1,964 vs. 2,193 g/d
for G vs. G+RB, respectively; P < 0.01). Van Vuuren
et al. (1993) reported higher duodenal AA flows when
a starch-based supplement was provided to pasture-fed
cows, although supplementation level was much higher
(7 kg of DM/d). In contrast, both O’Mara et al. (1997)
and Younge et al. (2004) reported no difference in total
AA flows when cows fed PRG were supplemented with
a fiber-based concentrate; however, AA flows in both

Table 6. Protozoal proportion of omasal microbial AA flow in lactating
dairy cows fed fresh PRG' not supplemented or supplemented with
rolled barley

Treatment®

Protozoal AA flow,

% of microbial AA G G+RB SEM P-value

EAA
Arg 23.4 20.7 2.9 0.36
His 24.3 21.4 3.0 0.32
Ile 27.0 23.8 3.3 0.31
Leu 24.8 22.1 2.9 0.35
Lys 29.9 25.9 3.8 0.26
Met 20.2 17.5 2.8 0.30
Phe 25.8 22.9 3.1 0.33
Thr 22.0 19.6 2.9 0.38
Trp 18.1 16.7 2.2 0.54
Val 21.2 19.0 2.7 0.41
Total EAA 24.6 21.7 3.1 0.34

NEAA
Ala 17.3 15.6 2.3 0.45
Asp 26.7 23.5 3.3 0.31
Cys 31.3 27.6 3.1 0.22
Glu 27.2 24.3 3.2 0.35
Gly 21.2 19.0 2.6 0.41
Pro 24.2 22.7 2.7 0.60
Ser 23.8 21.2 2.9 0.35
Tyr 24.2 21.2 3.1 0.30
Total NEAA 24.6 22.0 3.0 0.36
Total AA 24.6 21.9 3.0 0.35

'"PRG = perennial ryegrass.
’G = 100% (DM basis) perennial ryegrass; G+RB = 79% perennial
ryegrass and 21% rolled barley.
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studies were numerically increased in supplemented
cows. In the current study, the increase in AA flow was
most likely due to the greater amount of fermentable
CHO digested in the rumen and the greater efficiency
of microbial protein synthesis in cows supplemented
with RB (Dineen et al. 2020). This increased total AA
omasal flow when cows consumed the G+RB diet can
help explain, at least in part, an increase in milk pro-
tein concentration (Dineen et al., 2020).

The effects of RB supplementation on total microbial
AA flow and nonmicrobial AA flow are presented in
Table 8. Microbial AA flow increased for all AA when
cows were supplemented with RB, and this was associ-
ated with the increase in PAB AA flow. Rolled barley
supplementation did not affect the nonmicrobial AA
flow (Table 8). The nonmicrobial AA portion of the to-
tal AA flow accounted for 16.5% and 14.7% in cows fed
the G and G+RB diets, respectively. For cows consum-
ing the G diet, this indicated that 83.5% of the PRG
AA were degraded in the rumen. This ruminal degrad-
ability is likely underestimated because endogenous AA
will contribute to a proportion of nonmicrobial AA;
however, the contribution of endogenous AA at the
omasal canal is small (Orskow et al., 1986; Lapierre
et al., 2008). To our knowledge, no other data set ex-
ists pertaining to the nonmicrobial AA contribution to

Table 7. Omasal true digesta flow of AA in lactating dairy cows fed
fresh PRG' not supplemented or supplemented with rolled barley

Treatment®

AA flow, g/d G G+RB SEM P-value

EAA
Arg 86.2 97.6 3.9 <0.01
His 32.9 37.6 1.5 <0.01
Ile 107.4 118.9 4.8 <0.01
Leu 155.2 173.5 7.0 <0.01
Lys 154.4 168.5 6.9 <0.01
Met 51.8 58.2 2.6 <0.01
Phe 92.8 103.5 4.2 <0.01
Thr 105.8 116.5 4.7 <0.01
Trp 36.7 40.2 1.6 <0.01
Val 109.4 121.3 5.0 <0.01
Total EAA 932.4 1,035.9 41.8 <0.01

NEAA
Ala 144.9 157.9 6.8 <0.01
Asp 220.2 243.8 9.9 <0.01
Cys 25.2 29.1 14 <0.01
Glu 276.7 317.7 12.2 <0.01
Gly 109.7 122.1 5.1 <0.01
Pro 76.2 86.0 3.8 <0.01
Ser 86.9 97.7 3.9 <0.01
Tyr 92.0 102.1 4.1 <0.01
Total NEAA 1,031.7 1,156.6 46.6 <0.01
Total AA 1,964.1 2,192.5 88.3 <0.01

'"PRG = perennial ryegrass.
’G = 100% (DM basis) perennial ryegrass; G+RB = 79% perennial
ryegrass and 21% rolled barley.
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total AA omasal flow in pasture-fed cows. However,
one other study previously reported the contribution
of NANMN to total NAN flow at the omasal canal in
pasture-fed cows (Sairanen et al., 2005), with several
others reporting the NANMN contribution to duodenal
NAN flow (Berzaghi et al., 1996; O’'Mara et al., 1997;
Peyraud et al., 1997; Kolver et al., 1999; Younge et
al., 2004). The ruminal degradation of pasture N {i.e.,
[1 — (NANMN flow/N intake)|} reported in the omasal
flow studies varied from 87.5 to 88.5%, whereas in the
duodenal flow studies, it varied from 53.5 to 79.0%.
In the duodenal flow studies, the lower estimates of
pasture N ruminal degradation is likely, at least in
part, due to larger endogenous N contributions com-
pared with omasal flow studies. Ruminal degradation
of pasture N, measured with in situ procedures, support
the omasal flow data (Beever et al., 1986; Van Vuuren
et al., 1991; Chaves et al., 2006) and reported rapid
ruminal degradation rates of PRG N, which exceeded
0.20/h. Using the data reported in Dineen et al. (2020),
the ruminal degradation rate of PRG N in vivo could
be calculated as both NANMN ruminal pool size and
NANMN omasal flow were reported. This calculation
indicates that the PRG N degraded in vivo at 0.16/h.
Altogether, these observations demonstrate the low
contribution from nonmicrobial AA to total AA flow in
cows fed fresh PRG-based diets.

Generally, AA supply is assumed to be in excess of
requirements of pasture-fed cows, as fertilized pastures
typically exhibit high CP content (Pacheco and Wag-
horn, 2008; Griffiths et al., 2020). However, several
studies have demonstrated increased milk production
when grazing dairy cows have been supplemented with
rumen-protected protein ingredients such as protected
casein (Stobbs et al., 1977; Rogers et al., 1980; Minson,
1981), formaldehyde-treated soybean meal (Delaby et
al., 1995; Delagarde et al., 1997; Astigarraga et al.,
2002), or fishmeal (O’Mara et al., 2000). Furthermore,
extensive ruminal protein degradation, as measured
in the current study, has previously been indicated to
limit the milk production of cows fed high-quality tem-
perate legume forages (Broderick, 1995). Therefore, the
currently held view that N-fertilized PRG provides an
excess of metabolizable AA requires further investiga-
tion. Although cows fed the G+RB diet in the current
study did not increase milk yield, there was an increase
in milk protein concentration, which might have been
supported via increased AA supply achieved through
increased microbial protein supply. The effect of in-
creasing postruminal AA supply or reducing ruminal
protein degradation of pasture-based diets should be
evaluated with feeding trials to determine the effects on
the productivity and efficiency of lactating dairy cows.
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Table 8. Omasal flow of microbial and nonmicrobial AA in lactating dairy cows fed fresh PRG' not supplemented or supplemented with rolled

barley
Microbial AA flow, g/d Nonmicrobial AA flow, g/d
Treatment’ Treatment

Item G G+RB SEM P-value G G+RB SEM P-value

EAA
Arg 80.0 92.6 4.1 <0.01 5.7 5.4 1.0 0.82
His 27.6 32.3 1.4 <0.01 5.3 5.2 0.5 0.87
Ile 97.0 109.6 4.8 <0.01 10.1 9.6 1.3 0.81
Leu 123.2 141.1 6.0 <0.01 31.9 32.5 1.8 0.82
Lys 136.3 146.9 6.5 <0.05 20.7 18.8 2.3 0.56
Met 47.9 55.6 2.3 <0.01 3.9 2.6 0.9 0.27
Phe 72.4 82.9 3.5 <0.01 20.3 20.6 1.3 0.83
Thr 88.1 100.1 4.1 <0.01 17.7 16.5 1.3 0.52
Trp 30.9 35.3 1.5 <0.01 5.8 4.9 0.4 0.13
Val 90.0 102.6 44 <0.01 19.3 18.8 1.3 0.80
Total EAA 790.1 902.5 38.1 <0.01 140.8 134.9 9.9 0.67

NEAA
Ala 105.9 120.8 5.3 <0.01 39.2 36.9 2.4 0.28
Asp 196.8 222.8 9.4 <0.01 23.0 21.4 2.9 0.70
Cys 21.4 24.2 1.0 <0.01 3.9 4.8 0.8 0.32
Glu 235.0 268.9 11.2 <0.01 41.3 49.3 3.4 0.11
Gly 83.1 95.3 4.1 <0.01 26.7 26.8 1.5 0.92
Pro 59.1 68.6 2.9 <0.01 17.4 17.1 1.9 0.90
Ser 72.5 83.3 3.4 <0.01 14.3 14.4 1.1 0.94
Tyr 75.3 86.5 3.6 <0.01 16.7 15.7 1.0 0.43
Total NEAA 849.0 970.4 40.1 <0.01 182.6 186.4 124 0.82
Total AA 1,639.0 1,872.9 78.1 <0.01 323.6 321.1 21.9 0.93

'"PRG = perennial ryegrass.

’G = 100% (DM basis) perennial ryegrass; G+RB = 79% perennial ryegrass and 21% rolled barley.

CONCLUSIONS

In this study, supplementation of PRG with RB ap-
peared to have a minimal effect on the microbial com-
position of cows that consumed fresh PRG-based diets.
However, differences in the AA composition among
bacteria and protozoa were pronounced, emphasizing
the importance of including these observations in mech-
anistic models designed to predict AA flows in lactating
dairy cows. Rolled barley supplementation increased
microbial AA flow, which is likely due to a greater
amount of fermentable CHO digested in the rumen
and greater efficiency of microbial protein synthesis, as
reported in Dineen et al. (2020). Overall, protozoal flow
was not affected by diet; however, protozoa contributed
23% of the microbial EAA flow. Rolled barley supple-
mentation had no effect on the nonmicrobial AA flow,
and the nonmicrobial AA flow modestly contributed to
total AA flow, accounting for 16.5% and 14.7% in cows
fed G and G+RB, respectively. These observations in-
dicate that extensive ruminal degradation of PRG AA
occurs (83.5%) and that cows consuming PRG-based
diets exhibit a large dependence on microbial AA to
support metabolizable AA supply. We found that RB
supplementation can increase the omasal flow of micro-
bial AA in cows consuming PRG-based diets. However,
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more research is required to investigate if this increased
AA supply can stimulate higher milk production per-
formance under such dietary conditions.

ACKNOWLEDGMENTS

The authors thank S. Fessenden, P. A. LaPierre,
and R. Molano for assisting with sample collection, A.
Ortega for his technical assistance in the laboratory,
and A. Benoit and H. Price for assisting with sample
analysis (Cornell University, Ithaca, NY). Thank you
to Michelle Liddane, Pat O’Connor, and Andy Mc-
Grath for assisting with sample processing, P. Cotter
for providing laboratory facilities, and all the farm staff
for their assistance (Teagasc, Moorepark, Fermoy, Co.
Cork, Ireland). Financial support from the Dairy Re-
search Ireland Dairy Levy Trust (Dublin, Ireland) is ac-
knowledged. The authors declare no conflict of interest.

REFERENCES

Ahvenjarvi, S., M. Vaga, A. Vanhatalo, and P. Huhtanen. 2018. Rumi-
nal metabolism of grass silage soluble nitrogen fractions. J. Dairy
Sci. 101:279-294. https://doi.org/10.3168/jds.2016-12316.

Ahvenjarvi, S., A. Vanhatalo, and P. Huhtanen. 2002. Supplement-
ing barley or rapeseed meal to dairy cows fed grass-red clover


https://doi.org/10.3168/jds.2016-12316

Dineen et al.: MICROBIAL COMPOSITION AND AMINO ACID FLOW

silage: I. Rumen degradability and microbial flow. J. Anim. Sci.
80:2176-2187.

Ahvenjarvi, S.; A. Vanhatalo, P. Huhtanen, and T. Varvikko. 2000.
Determination of reticulo-rumen and whole-stomach digestion in
lactating cows by omasal canal or duodenal sampling. Br. J. Nutr.
83:67-77. https://doi.org/10.1017/S0007114500000106.

AOAC International. 2005. Official Methods of Analysis. 18th ed.
AOAC International, Gaithersburg, MD.

Astigarraga, L., J. L. Peyraud, and L. Delaby. 2002. Effect of ni-
trogen fertiliser rate and protein supplementation on the herbage
intake and the nitrogen balance of grazing dairy cows. Anim. Res.
51:279-293. https://doi.org/10.1051 /animres:2002022.

Bargo, F., L. D. Muller, E. S. Kolver, and J. E. Delahoy. 2003. Invited
review: Production and digestion of supplemented dairy cows on
pasture. J. Dairy Sci. 86:1-42. https://doi.org/10.3168/jds.S0022
-0302(03)73581-4.

Beever, D. E., M. Dhanoa, H. Losada, R. Evans, S. Cammell, and J.
France. 1986. The effect of forage species and stage of harvest on
the processes of digestion occurring in the rumen of cattle. Br. J.
Nutr. 56:439-454. https://doi.org/10.1079/BJN19860124.

Beever, D. E., and R. C. Siddons. 1986. Digestion and metabolism
in the grazing ruminant. Pages 479-497 in Control of Digestion
and Metabolism in Ruminants. Milligan, L.P.;, Grovum, W.L., and
Dobson, A., ed. Prentice Hall, Englewood Cliffs, NJ.

Berzaghi, P., J. H. Herbein, and C. E. Polan. 1996. Intake, site, and
extent of nutrient digestion of lactating cows grazing pasture.
J. Dairy Sci. 79:1581-1589. https://doi.org/10.3168/jds.S0022
-0302(96)76520-7.

Brito, A. F., G. A. Broderick, and S. M. Reynal. 2006. Effect of vary-
ing dietary ratios of alfalfa silage to corn silage on omasal flow and
microbial protein synthesis in dairy cows. J. Dairy Sci. 89:3939—
3953. https://doi.org/10.3168/jds.S0022-0302(06)72436-5.

Brito, A. F., G. A. Broderick, and S. M. Reynal. 2007. Effects of dif-
ferent protein supplements on omasal nutrient flow and microbial
protein synthesis in lactating dairy cows. J. Dairy Sci. 90:1828-
1841. https://doi.org/10.3168/jds.2006-559.

Broderick, G. A. 1995. Desirable characteristics of forage legume for
improving protein utilization in ruminants. J. Anim. Sci. 73:2760—
2773. https://doi.org/10.2527/1995.7392760x.

Broderick, G. A., P. Huhtanen, S. Ahvenjarvi, S. M. Reynal, and K.
J. Shingfield. 2010. Quantifying ruminal nitrogen metabolism us-
ing the omasal sampling technique in cattle - A meta-analysis. J.
Dairy Sci. 93:3216-3230. https://doi.org/10.3168/jds.2009-2989.

Chaves, A. V., G. C. Waghorn, I. M. Brookes, and D. R. Woodfield.
2006. Effect of maturation and initial harvest dates on the nutri-
tive characteristics of ryegrass (Lolium perenne L.). Anim. Feed
Sci. Technol. 127:293-318. https://doi.org/10.1016/j.anifeedsci
.2005.08.015.

Craig, W. M., G. A. Broderick, and D. B. Ricker. 1987. Quantita-
tion of microorganisms associated with the particulate phase of
ruminal ingesta. J. Nutr. 117:56-62. https://doi.org/10.1093/jn/
117.1.56.

Delaby, L., J. Peyraud, R. Vérité, and B. Marquis. 1995. Effet de
la complémentation protéique sur les performances des vaches
laitiéres au paturage conduit & 2 niveaux de fertilisation. Ann.
Zootech. 44:173-188. https://doi.org/10.1051 /animres:19950208
https://hal.archives-ouvertes.fr/hal-00889176.

Delagarde, R., J. Peyraud, and L. Delaby. 1997. The effect of nitro-
gen fertilization level and protein supplementation on herbage in-
take, feeding behaviour and digestion in grazing dairy cows. Anim.
Feed Sci. Technol. 66:165-180. https://doi.org/10.1016/S0377
-8401(96)01098-X.

Denton, B. L., L. E. Diese, J. L. Firkins, and T. J. Hackmann. 2015.
Accumulation of reserve carbohydrate by rumen protozoa and
bacteria in competition for glucose. Appl. Environ. Microbiol.
81:1832-1838. https://doi.org/10.1128/ AEM.03736-14.

Dineen, M., B. McCarthy, P. Dillon, P. A. LaPierre, S. Fessenden,
C. Mattews, N. Galvin, and M. E. Van Amburgh. 2020. Rumen
metabolism, omasal flow of nutrients, and microbial dynamics in
lactating dairy cows fed fresh perennial ryegrass (Lolium perenne
L.) not supplemented or supplemented with rolled barley grain.

Journal of Dairy Science Vol. 104 No. 4, 2021

J. Dairy Sci. 103:11332-11348. https://doi.org/10.3168/jds.2020
-18437.

Dineen, M., B. McCarthy, D. Ross, A. Ortega, P. Dillon, and M. E.
Van Amburgh. 2021. Characterization of the nutritive value of
perennial ryegrass (Lolium perenne L.) dominated pastures using
updated chemical methods with application for the Cornell Net
Carbohydrate and Protein System. Anim. Feed Sci. Technol. In
press. https://doi.org/10.1016/j.anifeedsci.2020.114752.

Elkin, R. G., and J. Griffith. 1985. Hydrolysate preparation for analy-
sis of amino acids in sorghum grains: Effect of oxidative pretreat-
ment. J. Assoc. Off. Anal. Chem. 68:1117-1121. https://doi.org/
10.1093 /jaoac/68.6.1117.

European Union. 2012. Directive 2010/63/EU of the European Parlia-
ment and of the Council of 22 September 2010 on the Protection of
Animals Used for Scientific Purposes. Off. J. Eur. Union L276/33.

Fessenden, S. W.,; A. Foskolos, T. J. Hackmann, D. A. Ross, E. Block,
and M. E. Van Amburgh. 2019b. Effects of a commercial fermen-
tation byproduct or urea on milk production, rumen metabolism,
and omasal flow of nutrients in lactating dairy cattle. J. Dairy Sci.
102:3023-3035. https://doi.org/10.3168/jds.2018-15447.

Fessenden, S. W., T. J. Hackmann, D. A. Ross, E. Block, A. Fosko-
los, and M. E. Van Amburgh. 2019a. Rumen digestion kinetics,
microbial yield, and omasal flows of nonmicrobial, bacterial, and
protozoal amino acids in lactating dairy cattle fed fermentation
by-products or urea as a soluble nitrogen source. J. Dairy Sci.
102:3036-3052. https://doi.org/10.3168/jds.2018-15448.

Firkins, J. L., Z. Yu, and M. Morrison. 2007. Ruminal nitrogen me-
tabolism: perspectives for integration of microbiology and nutri-
tion for dairy. J. Dairy Sci. 90(Suppl. 1):E1-E16. https://doi.org/
10.3168/jds.2006-518.

France, J., and R. Siddons. 1986. Determination of digesta flow by
continuous market infusion. J. Theor. Biol. 121:105-119. https://
doi.org/10.1016,/S0022-5193(86)80031-5.

Gehrke, C. W., L. Wall Sr., J. Absheer, F. Kaiser, and R. Zumwalt.
1985. Sample preparation for chromatography of amino acids:
Acid hydrolysis of proteins. J. Assoc. Off. Anal. Chem. 68:811-821.
https://doi.org/10.1093/jaoac/68.5.811.

Griffiths, W. M., C. G. Roach, and D. F. Chapman. 2020. Should for-
age evaluation indices include a feeding value trait? Grass Forage
Sci. 75:242-252. https://doi.org/10.1111/gfs.12482.

Hoekstra, N., P. Struik, E. Lantinga, M. Van Amburgh, and R. Schul-
te. 2008. Can herbage nitrogen fractionation in Lolium perenne be
improved by herbage management? J. Life Sci. 55:167-180. https:
//doi.org/10.1016/S1573-5214(08)80035-8.

Hristov, A. N., and G. A. Broderick. 1996. Synthesis of microbial pro-
tein in ruminally cannulated cows fed alfalfa silage, alfalfa hay, or
corn silage. J. Dairy Sci. 79:1627-1637. https://doi.org/10.3168/
jds.50022-0302(96)76526-8.

Huhtanen, P., S. Ahvenjarvi, G. A. Broderick, S. M. Reynal, and K. J.
Shingfield. 2010. Quantifying ruminal digestion of organic matter
and neutral detergent fiber using the omasal sampling technique
in cattle—A meta-analysis. J. Dairy Sci. 93:3203-3215. https://doi
.org/10.3168 /jds.2009-2988.

Huhtanen, P., P. G. Brotz, and L. D. Satter. 1997. Omasal sampling
technique for assessing fermentative digestion in the forestomach
of dairy cows. J. Anim. Sci. 75:1380-1392. https://doi.org/10
.2527/1997.7551380x.

Humphreys, M., U. Feuerstein, M. Vandevalle, and J. Baert. 2010.
Ryegrasses. Pages 211-260 in Fodder crops and amenity grasses.
B. Boller, U. K. Posselt, and F. Veronesi, ed. Springer Science and
Business Media, New York, NY.

Hvelplund, T. 1986. The influence of diet on nitrogen and amino acid
content of mixed rumen bacteria. Acta Agric. Scand. A Anim. Sci.
36:325-331. https://doi.org/10.1080/00015128609436535.

Isaacson, H. R., F. C. Hinds, M. P. Bryant, and F. N. Owens. 1975. Ef-
ficiency of energy utilization by mixed rumen bacteria in continu-
ous culture. J. Dairy Sci. 58:1645-1659. https://doi.org/10.3168/
jds.50022-0302(75)84763-1.

Karnati, S. K. R., J. T. Sylvester, S. M. Noftsger, Z. Yu, N. R. St-
Pierre, and J. L. Firkins. 2007. Assessment of ruminal bacterial
populations and protozoal generation time in cows fed different


https://doi.org/10.1017/S0007114500000106
https://doi.org/10.1051/animres:2002022
https://doi.org/10.3168/jds.S0022-0302(03)73581-4
https://doi.org/10.3168/jds.S0022-0302(03)73581-4
https://doi.org/10.1079/BJN19860124
https://doi.org/10.3168/jds.S0022-0302(96)76520-7
https://doi.org/10.3168/jds.S0022-0302(96)76520-7
https://doi.org/10.3168/jds.S0022-0302(06)72436-5
https://doi.org/10.3168/jds.2006-559
https://doi.org/10.2527/1995.7392760x
https://doi.org/10.3168/jds.2009-2989
https://doi.org/10.1016/j.anifeedsci.2005.08.015
https://doi.org/10.1016/j.anifeedsci.2005.08.015
https://doi.org/10.1093/jn/117.1.56
https://doi.org/10.1093/jn/117.1.56
https://doi.org/10.1051/animres:19950208
https://hal.archives-ouvertes.fr/hal-00889176
https://doi.org/10.1016/S0377-8401(96)01098-X
https://doi.org/10.1016/S0377-8401(96)01098-X
https://doi.org/10.1128/AEM.03736-14
https://doi.org/10.3168/jds.2020-18437
https://doi.org/10.3168/jds.2020-18437
https://doi.org/10.1016/j.anifeedsci.2020.114752
https://doi.org/10.1093/jaoac/68.6.1117
https://doi.org/10.1093/jaoac/68.6.1117
https://doi.org/10.3168/jds.2018-15447
https://doi.org/10.3168/jds.2018-15448
https://doi.org/10.3168/jds.2006-518
https://doi.org/10.3168/jds.2006-518
https://doi.org/10.1016/S0022-5193(86)80031-5
https://doi.org/10.1016/S0022-5193(86)80031-5
https://doi.org/10.1093/jaoac/68.5.811
https://doi.org/10.1111/gfs.12482
https://doi.org/10.1016/S1573-5214(08)80035-8
https://doi.org/10.1016/S1573-5214(08)80035-8
https://doi.org/10.3168/jds.S0022-0302(96)76526-8
https://doi.org/10.3168/jds.S0022-0302(96)76526-8
https://doi.org/10.3168/jds.2009-2988
https://doi.org/10.3168/jds.2009-2988
https://doi.org/10.2527/1997.7551380x
https://doi.org/10.2527/1997.7551380x
https://doi.org/10.1080/00015128609436535
https://doi.org/10.3168/jds.S0022-0302(75)84763-1
https://doi.org/10.3168/jds.S0022-0302(75)84763-1

Dineen et al.: MICROBIAL COMPOSITION AND AMINO ACID FLOW

methionine sources. J. Dairy Sci. 90:798-809. https://doi.org/10
.3168/jds.S0022-0302(07)71564-3.

Keim, J. P., and R. Anrique. 2011. Nutritional strategies to improve
nitrogen use efficiency by grazing dairy cows. Chil. J. Agric. Res.
71:623-633. https://doi.org/10.4067/S0718-58392011000400019.

Kolver, E. S., V. R. Carruthers, P. G. Neil, M. J. De Veth, E. B. L.
Jansen, and D. E. Phipps. 1999. Amino acid supply to the small
intestine of dairy cows fed pasture. Proc. N.Z. Soc. Anim. Prod.
59:180-183.

Kolver, E. S.; and L. D. Muller. 1998. Performance and nutrient in-
take of high producing Holstein cows consuming pasture or total
mixed ration. J. Dairy Sci. 81:1403-1411. https://doi.org/10.3168/
jds.S0022-0302(98)75704-2.

Korhonen, M., S. Ahvenjarvi, A. Vanhatalo, and P. Huhtanen. 2002.
Supplementing barley or rapeseed meal to dairy cows fed grass-red
clover silage: II. Amino acid profile of microbial fractions. J. Anim.
Sci. 80:2188-2196.

Landry, J., and S. Delhaye. 1992. Simplified procedure for the de-
termination of tryptophan of foods and feedstuffs from barytic
hydrolysis. J. Agric. Food Chem. 40:776-779. https://doi.org/10
.1021/j£00017a014.

Lapierre, H., S. Binggeli, M. Sok, D. Pellerin, and D. Ouellet. 2019.
Estimation of correction factors to determine the true amino acid
concentration of protein after a 24-hour hydrolysis. J. Dairy Sci.
102:1205-1212. https://doi.org/10.3168/jds.2018-15392.

Lapierre, H., D. R. Ouellet, R. Berthiaume, R. Martineau, G. Holtrop,
and G. E. Lobley. 2008. Distribution of "N in amino acids dur-
ing N-Leucine infusion: Impact on the estimation of endogenous
flows in dairy cows. J. Dairy Sci. 91:2702-2714. https://doi.org/10
.3168/jds.2007-0871.

Martin, C., L. Bernard, and B. Michalet-Doreau. 1996. Influence of
sampling time and diet on amino acid composition of protozoal
and bacterial fractions from bovine ruminal contents. J. Anim. Sci.
74:1157-1163. https://doi.org/10.2527/1996.7451157x.

Martin, C., A. G. Williams, and B. Michalet-Doreau. 1994. Isolation
and characteristics of the protozoal and bacterial fractions from
bovine ruminal contents. J. Anim. Sci. 72:2962-2968. https://doi
.org/10.2527/1994.72112962x.

Mason, V. C., M. Rudemo, and S. Bech-Andersen. 1980. Hydrolysate
preparation for amino acid determinations in feed constituents.
Z. Tierphysiol. Tierernahr. Futtermittelkd. 43:35-48. https://doi
.org/10.1111/3.1439-0396.1980.tb00604.x.

Minson, D. 1981. The effects of feeding protected and unprotected ca-
sein on the milk production of cows grazing ryegrass. J. Agric. Sci.
96:239—-241. https://doi.org/10.1017,/S0021859600032056.

National Research Council. 2001. Nutrient Requirements of Dairy
Cattle. 7th rev. ed. Natl. Acad. Press, Washington, DC.

O’Mara, F. P., J. J. Murphy, and M. Rath. 2000. The effect of con-
centrate supplements differing in ruminal protein degradability on
milk production and blood metabolite concentrations of dairy cows
grazing perennial ryegrass pasture. Livest. Prod. Sci. 64:183-191.
https://doi.org/10.1016 /S0301-6226(99)00150-5.

O’Mara, F. P., G. K. Stakelum, P. Dillon, J. J. Murphy, and M.
Rath. 1997. Rumen fermentation and nutrient flows for cows fed
grass and grass supplemented with molassed beet pulp pellets.
J. Dairy Sci. 80:2466-2474. https://doi.org/10.3168/jds.S0022
-0302(97)76199-X.

Orskov, E. R., N. A. Macleod, and D. J. Kyle. 1986. Flow of nitrogen
from the rumen and abomasum in cattle and sheep given protein
free nutrients by intragastric infusion. Br. J. Nutr. 56:241-248.
https://doi.org/10.1079/BIN19860103.

Pacheco, D., and G. C. Waghorn. 2008. Dietary nitrogen — Defini-
tions, digestion, excretion and consequences of excess for grazing
ruminants. Proc. N. Z. Grassl. Assoc. 70:107-116.

Peyraud, J., L. Astigarraga, and P. Faverdin. 1997. Digestion of fresh
perennial ryegrass fertilized at two levels of nitrogen by lactating
dairy cows. Anim. Feed Sci. Technol. 64:155-171. https://doi.org/
10.1016/S0377-8401(96)01056-5.

Raffrenato, E., D. A. Ross, and M. E. Van Amburgh. 2018. Develop-
ment of an in vitro method to determine rumen undigested aND-

Journal of Dairy Science Vol. 104 No. 4, 2021

Fom for use in feed evaluation. J. Dairy Sci. 101:9888-9900. https:
//doi.org/10.3168 /jds.2018-15101.

Reynal, S. M., and G. A. Broderick. 2005. Effect of dietary level of
rumen-degraded protein on production and nitrogen metabolism
in lactating dairy cows. J. Dairy Sci. 88:4045-4064. https://doi
.org/10.3168/jds.S0022-0302(05)73090-3.

Reynal, S. M., G. A. Broderick, and C. Bearzi. 2005. Comparison of
four markers for quantifying microbial protein flow from the ru-
men of lactating dairy cows. J. Dairy Sci. 88:4065-4082. https://
doi.org/10.3168/jds.S0022-0302(05)73091-5.

Rogers, G., R. Porter, T. Clarke, and J. Stewart. 1980. Effect of pro-
tected casein supplements on pasture intake, milk yield and com-
position of cows in early lactation. Aust. J. Agric. Res. 31:1147—
1152. https://doi.org/10.1071/AR9801147.

Rutherfurd, S. M. 2009. Accurate determination of the amino acid
content of selected feedstuffs. Int. J. Food Sci. Nutr. 60(sup7):53—
62. https://doi.org/10.1080/09637480802269957.

Sairanen, A., H. Khalili, J. I. Nousiainen, S. Ahvenjarvi, and P.
Huhtanen. 2005. The effect of concentrate supplementation on
nutrient flow to the omasum in dairy cows receiving freshly cut
grass. J. Dairy Sci. 88:1443-1453. https://doi.org/10.3168/jds
.50022-0302(05)72812-5.

Sok, M., D. R. Ouellet, J. L. Firkins, D. Pellerin, and H. Lapierre.
2017. Amino acid composition of rumen bacteria and protozoa
in cattle. J. Dairy Sci. 100:5241-5249. https://doi.org/10.3168/
jds.2016-12447.

Stobbs, T., D. Minson, and M. Mcleod. 1977. The response of dairy
cows grazing a nitrogen fertilized grass pasture to a supplement
of protected casein. J. Agric. Sci. 89:137-141. https://doi.org/10
.1017/50021859600027295.

Sylvester, J. T., S. K. R. Karnati, B. A. Dehority, M. Morrison, G.
L. Smith, N. R. St-Pierre, and J. L. Firkins. 2009. Rumen cili-
ated protozoa decrease generation time and adjust 18S ribosomal
DNA copies to adapt to decreased transfer interval, starvation,
and monensin. J. Dairy Sci. 92:256-269. https://doi.org/10.3168/
jds.2008-1417.

Sylvester, J. T., S. K. R. Karnati, Z. Yu, C. J. Newbold, and J. L.
Firkins. 2005. Evaluation of a real-time PCR assay quantifying
the ruminal pool size and duodenal flow of protozoal nitrogen.
J. Dairy Sci. 88:2083-2095. https://doi.org/10.3168/jds.S0022
-0302(05)72885-X.

Udén, P., P. E. Colucci, and P. J. Van Soest. 1980. Investigation of
chromium, cerium and cobalt as markers in digesta. Rate of pas-
sage studies. J. Sci. Food Agric. 31:625-632. https://doi.org/10
.1002/jsfa.2740310702.

Valk, H., I. E. Kappers, and S. Tamminga. 1996. In sacco degradation
characteristics of organic matter, neutral detergent fibre and crude
protein of fresh grass fertilized with different amounts of nitrogen.
Anim. Feed Sci. Technol. 63:63-87. https://doi.org/10.1016/S0377
-8401(96)01024-3.

Van den Pol-van Dasselaar, A., D. Hennessy, and J. Isselstein. 2020.
Grazing of Dairy Cows in Europe - An in-depth analysis based on
the perception of grassland experts. Sustain. 12:1098-1116. https:
//doi.org/10.3390/su12031098.

Van Vuuren, A. M., C. Van Der Koelen, and J. Vroons-De Bruin.
1993. Ryegrass versus corn starch or beet pulp fiber diet effects on
digestion and intestinal amino acids in dairy cows. J. Dairy Sci.
76:2692-2700.  https://doi.org/10.3168/jds.S0022-0302(93) 77605
-5.

Van Vuuren, A. M., S. Tamminga, and R. S. Ketelaar. 1991. In sacco
degradation of organic matter and crude protein of fresh grass
(Lolium perenne) in the rumen of grazing dairy cows. J. Agric. Sci.
116:429-436. https://doi.org/10.1017/S0021859600078242.

Volden, H., O. M. Harstad, and L. T. Mydland. 1999b. Amino acid
content and profile of protozoal and bacterial fractions isolated
from ruminal contents of lactating dairy cows fed diets differing
in nitrogen supplementation. Acta Agric. Scand. A Anim. Sci.
49:245-250. https://doi.org/10.1080/090647099424006.

Volden, H., L. T. Mydland, and O. M. Harstad. 1999a. Chemical com-
position of protozoa and bacteria isolated from ruminal contents of


https://doi.org/10.3168/jds.S0022-0302(07)71564-3
https://doi.org/10.3168/jds.S0022-0302(07)71564-3
https://doi.org/10.4067/S0718-58392011000400019
https://doi.org/10.3168/jds.S0022-0302(98)75704-2
https://doi.org/10.3168/jds.S0022-0302(98)75704-2
https://doi.org/10.1021/jf00017a014
https://doi.org/10.1021/jf00017a014
https://doi.org/10.3168/jds.2018-15392
https://doi.org/10.3168/jds.2007-0871
https://doi.org/10.3168/jds.2007-0871
https://doi.org/10.2527/1996.7451157x
https://doi.org/10.2527/1994.72112962x
https://doi.org/10.2527/1994.72112962x
https://doi.org/10.1111/j.1439-0396.1980.tb00604.x
https://doi.org/10.1111/j.1439-0396.1980.tb00604.x
https://doi.org/10.1017/S0021859600032056
https://doi.org/10.1016/S0301-6226(99)00150-5
https://doi.org/10.3168/jds.S0022-0302(97)76199-X
https://doi.org/10.3168/jds.S0022-0302(97)76199-X
https://doi.org/10.1079/BJN19860103
https://doi.org/10.1016/S0377-8401(96)01056-5
https://doi.org/10.1016/S0377-8401(96)01056-5
https://doi.org/10.3168/jds.2018-15101
https://doi.org/10.3168/jds.2018-15101
https://doi.org/10.3168/jds.S0022-0302(05)73090-3
https://doi.org/10.3168/jds.S0022-0302(05)73090-3
https://doi.org/10.3168/jds.S0022-0302(05)73091-5
https://doi.org/10.3168/jds.S0022-0302(05)73091-5
https://doi.org/10.1071/AR9801147
https://doi.org/10.1080/09637480802269957
https://doi.org/10.3168/jds.S0022-0302(05)72812-5
https://doi.org/10.3168/jds.S0022-0302(05)72812-5
https://doi.org/10.3168/jds.2016-12447
https://doi.org/10.3168/jds.2016-12447
https://doi.org/10.1017/S0021859600027295
https://doi.org/10.1017/S0021859600027295
https://doi.org/10.3168/jds.2008-1417
https://doi.org/10.3168/jds.2008-1417
https://doi.org/10.3168/jds.S0022-0302(05)72885-X
https://doi.org/10.3168/jds.S0022-0302(05)72885-X
https://doi.org/10.1002/jsfa.2740310702
https://doi.org/10.1002/jsfa.2740310702
https://doi.org/10.1016/S0377-8401(96)01024-3
https://doi.org/10.1016/S0377-8401(96)01024-3
https://doi.org/10.3390/su12031098
https://doi.org/10.3390/su12031098
https://doi.org/10.3168/jds.S0022-0302(93)77605-5
https://doi.org/10.3168/jds.S0022-0302(93)77605-5
https://doi.org/10.1017/S0021859600078242
https://doi.org/10.1080/090647099424006

ARTICLE IN PRESS

Dineen et al.: MICROBIAL COMPOSITION AND AMINO ACID FLOW

dairy cows fed diets differing in dietary nitrogen supplementation.
Acta Agric. Scand., Sect. Anim. Sci. 49:235-244. https://doi.org/
10.1080,/090647099423999.

‘Whitehouse, N. L., V. Olson, C. Schwab, W. Chesbro, K. Cunning-
ham, and T. Lykos. 1994. Improved techniques for dissociating
particle-associated mixed ruminal microorganisms from ruminal
digesta solids. J. Anim. Sci. 72:1335-1343. https://doi.org/10
.2527/1994.7251335x.

Williams, A. G., and G. S. Coleman. 1997. The rumen protozoa. Pages
73-139 in The Rumen Microbial Ecosystem. P. N. Hobson and C.
S. Stewart, ed. Elsevier Science Publishers Ltd., London, UK.

Yéanez-Ruiz, D. R., N. D. Scollan, R. J. Merry, and C. J. Newbold.
2006. Contribution of rumen protozoa to duodenal flow of nitro-
gen, conjugated linoleic acid and vaccenic acid in steers fed silages
differing in their water-soluble carbohydrate content. Br. J. Nutr.
96:861-869. https://doi.org/10.1017/BJN20061927.

Journal of Dairy Science Vol. 104 No. 4, 2021

Younge, B., J. Murphy, and M. Rath. 2004. Nutrient metabolism in
the rumen and milk production in cows fed on grass-silage and
fresh grass based diets. Livest. Prod. Sci. 88:43-54. https://doi
.org/10.1016/j.livprodsci.2003.11.003.

ORCIDS

M. Dineen ® https://orcid.org/0000-0003-4585-2680

B. McCarthy ® https://orcid.org/0000-0001-8072-9325

P. Dillon ® https://orcid.org/0000-0002-2511-8625

C. Matthews ® https://orcid.org/0000-0001-6133-0474

D. Ross ® https://orcid.org/0000-0002-6692-4674

M. E. Van Amburgh ® https://orcid.org/0000-0003-3728-6092


https://doi.org/10.1080/090647099423999
https://doi.org/10.1080/090647099423999
https://doi.org/10.2527/1994.7251335x
https://doi.org/10.2527/1994.7251335x
https://doi.org/10.1017/BJN20061927
https://doi.org/10.1016/j.livprodsci.2003.11.003
https://doi.org/10.1016/j.livprodsci.2003.11.003
https://orcid.org/0000-0003-4585-2680
https://orcid.org/0000-0001-8072-9325
https://orcid.org/0000-0002-2511-8625
https://orcid.org/0000-0001-6133-0474
https://orcid.org/0000-0002-6692-4674
https://orcid.org/0000-0003-3728-6092

	Microbial composition and omasal flows of bacterial, protozoal,
and nonmicrobial amino acids in lactating dairy cows fed fresh
perennial ryegrass (Lolium perenne L.) not supplemented
or supplemented with rolled barley
	INTRODUCTION
	MATERIALS AND METHODS
	Animals, Experimental Design, and Treatment Administration
	Sample Collection and Processing
	Laboratory Analysis
	Calculations
	Statistical Analysis

	RESULTS AND DISCUSSION
	Microbial Composition
	Omasal Flows of OM, NAN, and AA in Bacteria and Protozoa
	Omasal Flows of AA in OTD, Microbial, and Nonmicrobial Fractions

	CONCLUSIONS
	ACKNOWLEDGMENTS
	REFERENCES


