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Summary

will, under most circumstances, be lower in CP, thus,
accurate es mates of intes nal diges bility (ID) of
protein and amino acids are increasingly important to
ensure an adequate supply of those nutrients. Applica on of outdated feed library values to all feeding
condi ons can lead to under- and over-es ma ons of
MP and amino acid supply, resul ng in varia on from
expected produc on. This paper describes the redevelopment of an in-vitro intes nal diges on (IVID)
assay for protein containing feeds used in ruminant
nutri on, including intact commercially available
feeds designed to resist rumen degrada on. The
methods used were developed to provide adequate
sample size, minimize sample loss, and to allow for
standardiza on of enzyme ac vity and concentra on.
The assay contains posi ve and nega ve controls to
evaluate standardiza on among and within laboratories.

1. An up-dated method to es mate intes nal nitrogen indiges bility of feeds for ruminants was developed from a combina on of current methods
and then refined to reduce par cle and N loss.
2. The assay is comprised of a 16 hr in-vitro incubaon in rumen fluid and buﬀer and then a 24 hr
in-vitro incuba on in a specific intes nal enzyme
cocktail in a shaking water bath.
3. The assay was developed primarily for non-forage
feeds and represents a departure from the detergent system used to frac onate most feeds.
4. For most feeds the results from the assay diﬀer
significantly from acid detergent insoluble protein
demonstra ng diﬀerences between feed chemistry versus the bio-assay.
5. To inves gate the accuracy and precision of the
assay predic ons, a study was conducted with
high producing lacta ng ca le to evaluate the
sensi vity to diﬀerences in predicted indiges bility o two diﬀerent blood meal products.
6. In the ca le study milk yield and overall performance of lacta ng dairy ca le was reduced in
ca le fed the lower diges bility protein source
and the diﬀerence in the amount of available N
supplied was 32 grams, less than 5% of total N
intake.

The feed library of the Dairy NRC (Na onal Research
Council, 2001) and the Cornell Net Carbohydrate and
Protein System (CNCPS) (Tylutki et al., 2008; Higgs
et al., 2015) has sta c values for intes nal protein
diges bility values for various protein frac ons, and
acid detergent insoluble protein (ADIP) is used to
define the unavailable protein. The commi ee that
developed the 2001 Dairy NRC adjusted available
MP from feed by assigning a diges bility of 5% to
the ADIP frac on based on data indica ng that some
amino acids could be liberated and absorbed from
this frac on (NRC, 2001). The results from the assay described in this paper can be compared to both
the ADIP and the adjusted ADIP value from the NRC
calcula on as an unavailable protein frac on.

IntroducƟon
Current ca le diet formula on models rely on library
es mates of intes nal diges bility of proteins and
carbohydrates to predict metabolizable energy (ME)
and protein (MP) supply (NRC, 2001; Fox et al., 2004;
Tylutki et al., 2008). As models become more accurate and precise in the predic on of nutrient supply
and evalua on of requirements and nutrient balance,
greater scru ny will be placed on inputs currently
relegated to sta c library values. Although CP is not
a func onal dietary nutrient for ca le, many diets
are s ll formulated on this metric, crea ng confusion
due to inadequate informa on provided by the value,
especially with regard to MP supply and amino acid
availability. As diets are formulated to be closer to
MP requirements and rumen ammonia balance, they

Further, current ca le diet formula on models rely
on library es mates of intes nal diges bility of
proteins and carbohydrates to predict metabolizable
energy (ME) and protein (MP) supply (NRC, 2001; Fox
et al., 2004; Tylutki et al., 2008). As models become
more accurate and precise in the predic on of nutrient supply and nutrient balance, there is a greater
need to evaluate and be able to adapt the inputs
currently used as sta c library values. Although CP is
not a func onal dietary nutrient for ca le, many diets are s ll formulated on this metric, crea ng confu14

sion due to inadequate informa on provided by the
value, especially with regard to MP supply and amino
acid availability. As diets are formulated closer to the
MP requirements of ca le and subsequently lower in
CP, accurate es mates of intes nal diges bility (ID) or
indiges bility of protein and amino acids are increasingly important to ensure an adequate supply of
those nutrients. Use of outdated feed library values
to all feeding condi ons can lead to under- and overes ma ons of MP and amino acid supply, resul ng in
varia on from expected produc on.
Since the incep on of the Cornell Net Carbohydrate
and Protein System (Fox et al., 2004; Tylutki et al.,
2008), the detergent system of frac ona on has
been applied to both the carbohydrate and protein
components of feeds (Sniﬀen et al., 1992). More
recent work suggests this approach, especially for
feeds not containing NDF, might not be appropriate
to accurately characterize how protein is par oned
and digests in the rumen and post-ruminally. Several
approaches have been developed to predict the intes nal diges bility of protein in feeds and are a departure from the detergent system of feed chemical
composi on (Calsamiglia and Stern, 1995; Gargallo et
al., 2006; Ross et al., 2013). The N assay was developed to predict N indiges bility, and will be briefly
described in that manner throughout the paper. The
ca le study described in this paper was conducted
by formula ng two diﬀerent diets in high producing
ca le using two diﬀerent blood meals with diﬀerent
predicted intes nal protein indiges bility to test the
accuracy and precision of both the assay (Ross et
al., 2013) and our ability to apply those values in the
CNCPS for diet formula on.

•

Abomasal digesƟon:
•

•
•

•

•

Use of bags:
•
•

Created a microbial barrier to feed access and
microbial a achment which ar ficially prolongs
the lag phase of diges on.
Demonstrated loss of highly soluble components
of feeds from the bag prior to diges on and loss
of par cles as diges on progresses. Measured
losses of up to 30% of the ini al sample prior to
any analyses have been reported.

•

•
Use of enzymes:
•

Profiles and ac vi es are not properly described
and characterized.
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Pepsin, an endopep dase, hydrolyzes approximately 15-20 % of dietary protein to AA and small
pep des (Kutchai, 1998). Bovine pepsin has
approximately ~60-70 % of the ac vity of porcine
pepsin with hemoglobin as substrate (Lang and
Kassell, 1971). Porcine pepsin is generally used in
the first step of IV intes nal diges on assays to
measure ruminant intes nal diges on (Calsamiglia and Stern, 1995; Gargallo et al., 2006).
One mg of porcine pepsin contains 200 to 625
units with pH between 1.5 and 2.5, for op mum
pepsin ac vity.
Lysozymes which aid in diges on of microbes
are also secreted in the diges ve tract. Bovine
diges ve lysozyme has a lower op mum pH than
chicken lysozyme (7.65 vs. 10.7, respec vely) with
a pH op mum 5, not 7, making it resistant to pepsin hydrolysis. Furthermore, bovine lysozymes
lyse gram-nega ve and gram-posi ve bacteria,
while chicken lysozyme acts only on gram posi ve
bacteria (Dobson et al., 1984; Protec on of plants
against plant pathogens: h p://www.patentstorm.us/patents/5422108/descrip on.html; accessed Nov 1, 2010). However, bovine diges ve
lysozyme is commercially unavailable.

Small intesƟne digesƟon:

Assay Development ConsideraƟons
The following discussion points are provided to
highlight poten al problems or concerns with current
methods and to provide evidence for the need to
develop alterna ve approaches.

The diges ve process of the ruminant is a connuous flow of digesta with con nuous secre on
of enzymes and diges ve juices (Hill, 1965).

Species diﬀerences exist in the ac vi es of proteases in the pancreas. In rats, trypsin ac vity
represents ~80 % while in ruminants it represents
only 15 % and chymotrypsin makes up 43 %
(Keller et al., 1958).
The calculated ac vi es of trypsin and chymotrypsin in intes nal contents from 5 month old
calves (Gorrill et al., 1968) were 19.48 and 15.9
U/ml, respec vely using p-toluene-sulfonyl-L-arginine methyl ester (TAME) and benzoyl-L- tyrosineethyl ester (BTEE), as substrates.
In sheep, the ac vi es of trypsin, chymotrypsin and carboxypep dase A increased from the
pylorous to 7 m beyond with maximum specific
ac vi es of 24, 150, and 35 μM of respec ve
substrates (benzoyl-L-arginine-ethyl ester (BAEE),
acetyl- L- tyrosine-ethyl ester (ATEE), hippuryl-DLphenyl-lac c acid) per minute per ml digesta, and
then decreased (Ben-Ghedalia et al.,1974).
Sklan and Halevy (1985) found maximal ac vi es
of pancrea c enzymes in the proximal segments
of the ovine SI at 1 m distal to the pylorous and
then rela vely constant ra os of enzyme levels

•

•

•

•

•

(trypsin, chymotrypsin, elastase, carboxypepdases A & B) to cerium-141, an unabsorbed
reference, of 0.065, 0.053, 0.015, 0.05 and 0.045,
respec vely, 1.5 to 9 m distal to the pylorous.
No other in vivo ac vi es for bovine pancrea c
proteoly c enzymes were measured.
Units of enzyme ac vity are dependent upon
substrate (a protein or ester) hydrolyzed in addion to the wavelength used. Among the studies
reviewed, this data varies considerably and is not
standardized.
The current three step assays (Calsamiglia and
Stern, 1995; Gargallo et al., 2006; Borucki Castro
et al., 2007; Boucher et al., 2009a,b,c) use 3 g of
pancrea n per L a er an IV abomasal diges on
with 1 g L-1 of porcine pepsin in 0.1 N HCl N at pH
1.9 or 2. However, the pancrea n concentra on
in the assay of Calsamiglia and Stern (1995) was
1.69 mg ml-1 based on the condi ons described
for the assay as published.
Pancrea n always contains amylase and lipase but over me the proteoly c enzyme has
changed from trypsin to many enzymes, including
trypsin, ribonuclease and protease (specificaons for P7545; (www.sigmaaldrich.com/catalog/
product/sigma/p7545?lang=en. accessed, Nov 10,
2010) and specific units of enzyma c ac vity are
not provided.
Further, lipase ac vity is essen ally nonexistent in
bovine pancrea c juice (Keller, 1958) but is high
in saliva. Calsamiglia and Stern (1995) a ributed
the increase in diges on of their proteins over
those obtained using the mul -enzyme system of
Hsu et al. (1977) to the presence of amylase and
lipase in pancrea n.
Bovine bile salts were added to the enzyme
system to improve the emulsifica on of samples,
especially those containing fat.

•

Nitrogen (N) content of original feeds and residues was measured by block diges on and steam
dis lla on with automa c tra on (Applica on
Note, AN300; AOAC Oﬃcial method 2001.11;
Foss, 2003; Tecator Digestor 20 and Kjeltec 2300
Analyzer, Foss Analy cal AB, Höganäs, Sweden;
AOAC 2001.11).

Exposure to rumen microbes:
This step in the assay was evaluated in three stages
to evaluate varia on and sample loss.
• Three bag materials with diﬀerent pore sizes (15
μm, mesh; 25 μm, fiber (Ankom) and 50 μm, in
situ (Ankom)) were evaluated for in vitro intes nal diges on following in vitro vs. in situ fermenta on (Ross, et al., 2010). A er many a empts
at developing condi ons that minimized loss of
material prior to assay or during the assay, it was
diﬃcult to dis nguish diges on from bag loss,
thus the use of any bags was abandoned.
From this point forward 16-h fermenta on was performed via IV methods in Erlenmeyer flasks.
• Plas c centrifuge tubes were evaluated as a fermenta on vessel and found to be unfavorable for
rumen bacterial growth and sample size had to
be reduced to work appropriately in 50 mL tubes.
• Glass Erlenmeyer flasks provided the greatest
diges bility values, and had lower variability and
superior repeatability compared to plas c centrifuge tubes. For this reason, flasks were chosen as
the vessel for the fermenta on step. Commercial
protein sources (0.5 g) were included in their unground form, while forages, byproducts and noncommercial protein sources were ground through
a 2 mm screen in a Wiley Mill (Thomas Scien fic,
Swedesboro, NJ).

Thus, the enzymes used in the assay for the abomasal and intes nal diges on step and their respec ve
ac vi es were based on the data described and were
adopted and run in parallel with pancrea n.

EnzymaƟc hydrolysis

Assay Methods Evaluated

•

A descrip on of the assay development follows in a
sequen al manner with statements about sources of
varia on and decisions made to op mize the assay
while minimizing or elimina ng irrelevant sample
loss.
General procedures:
•
•

Unless specified otherwise, all analyses were conducted on duplicate samples.
Dry ma er was determined at 105ºC in a forcedair oven overnight.
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•

Pepsin: Porcine pepsin used but added at 60 %
of previous methods in pH 2 HCl (~0.013 M) to
contain ~282 U ml-1 in flask.
Intes nal (ID) enzymes: Ini ally, enzymes and
ac vi es described by Ben-Ghedalia et al. (1974)
were used in the enzyme mix un l carboxypepdase A became unavailable. Diﬀerent combina ons of elastase and carboxypep dase Y in
addi on to trypsin and chymotrypsin were then
evaluated for intes nal diges on. Amylase and
lipase were added along with trypsin and chymotrypsin (50 and 4; 24 and 20 U ml-1, respec vely)
which yielded diges on approximately similar to
levels observed with carboxypepe dases A & B.
Pancrea n at a level similar to Calsamiglia and
Stern (1995; 1.72 mg ml-1, diﬀerence due to ini-

•

al dilu on so maintained throughout) was also
analyzed concurrently with the mixture of individual enzymes. Bovine bile salts were also added to
ensure adequate emulsifica on of fat to provide
realis c diges bility of fat encapsulated proteins.
Assay termina on for both IV fermenta on and
enzyma c diges on was accomplished by quan ta ve filtra on under vacuum though 9 cm glass
microfiber filter (pore size of 1.5 μm; Whatman
934-AH; GE Healthcare Bio-Sciences Corp., Piscataway, NY) using hot (not boiling) water to transfer. Hot water was necessary to help dissolve
away viscous residues from the in vitro step.

the ADIN frac on is not completely unavailable to
the animal. Accordingly, the ID assay as outlined was
u lized to ascertain whether ADIN is indiges ble
(Table 2). The ADIN of solvent extracted soybean
meal and Soy1 were very similar to undigested feed
N following IV fermenta on, abomasal and intes nal
diges on with either the enzyme mix or pancrea n;
however, the ADIN of heat damaged blood meal was
roughly 2 % while undegraded N from both intes nal
diges on treatments was 95 %. Undegraded N of
corn silage following diges on and a er correc on
for microbial contamina on was roughly 3 mes
higher than ADIN content.

Discussion

This approach for determining the unavailable N
from feeds departs from the tradi onal detergent
par oning system established by Van Soest and
others, and implementa on within nutri on models
like the CNCPS will create a frac on that crosses the
frac ons described by detergent chemistry and has
a diﬀerent behavior. We believe this to be more appropriate approach for describing available protein
for ca le. For forages, a longer in vitro step might
be necessary to make the assay relevant for es mating protein availability since forage par cle reten on
is usually great than 16-18 hr and closer to 30 hr so
more work needs to be conducted to fully evaluate
the assay for those feeds.

Use of posiƟve and negaƟve controls to evaluate IV
and intesƟnal digesƟbility:
Posi ve and nega ve controls for both fermenta on
and intes nal diges bility steps were included. To
evaluate the fermenta on phase, NDF diges on of
corn silage ND residue sample was run concurrently.
A heat damaged blood meal with near zero ruminal
and intes nal diges bility was included throughout
as a nega ve control. A feed with similar diges bility
as samples, i.e., a soy product or blood meal, was
also included. A blood meal with known high intes nal diges bility was included as a posi ve control for
the ID assay.

Dairy CaƩle EvaluaƟon Study

Comparison of modified TSP with Cornell assay

Treatments, Animals and Experimental Design

Diges bility of two blood meals (from Boucher et al.,
2011) were evaluated using the new method with the
enzyme mix and pancrea n (Table 1) and compared
with the modified TSP. Rumen N diges bility of BM4
was 18 % higher using bags but 6 % lower for BM5.
The implica on from this comparison is that material
was solubilized or lost from the bag prior to being
analyzed which provided higher rumen degradability
in the TSP. Total N diges bility for BM5 was similar
between both procedures and the enzyme mix and
pancrea n. However pancrea n diges on of BM4
in the modified TSP was lower than either ID digeson using the Cornell procedure - using the Cornell
method, BM4 had higher intes nal diges on.

Treatments were established from a quan ty of two
blood meals secured through the marketplace that
would allow an inclusion level of approximately 1 kg
per head per day for the en re experimental period.
The two blood meals were analyzed for unavailable
N (uN) prior to the start of the study using the in-vitro assay described by Ross et al. (2013). Briefly, 0.5g
of sample are placed into a 125ml Erlenmeyer flask.
40ml of rumen buﬀer and 10ml of rumen fluid are
added to each flask. Flasks are incubated in a water
bath at 39°C for 16h under con nuous CO2. Samples
are then acidified with 3M HCL to bring the pH down
to 2. Samples are incubated on a shaking bath for
one hour a er the addi on of 2ml of pepsin and pH
2 HCl. Samples are then neutralized with 2ml of 2M
NaOH to stop the pepsin reac on. An enzyme mix
containing trypsin, chymotrypsin, lipase and amylase is added to the flask and incubated for 24h in
the shaking bath at 39°C. Samples are then filtered
with a 1.5 μm glass filter and boiling water. Nitrogen
content of the residue is determined by Kjeldahl
and expressed as a % of total N in the sample. The
blood meals are characterized by their predicted
intes nal N indiges bility (INID) since that is the

Comparison of intesƟnal digesƟon with the acid detergent insoluble protein
Within the current structure of many contemporary
nutri on models, acid detergent insoluble nitrogen
(ADIN) represents the unavailable N component of
feed (NRC, 2001; Tylutki et al., 2008) however, the
NRC for Dairy Ca le (2001) provides for 5% digestibility of the ADIN frac on. The implica on is that
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outcome of the assay. The predicted uN of the low
(LOW treatment) INID blood meal was 9%, whereas
that of the other treatment (HIGH) was 33.8%. Thus,
the two dietary treatments were established by inclusion of these blood meals in two diﬀerent diets on an
iso-N basis. The rest of the diets were formulated to
be iden cal. The low uN blood meal was 15.04% N
and the higher uN blood meal was 14.6% N, thus at
approximately 1 kg inclusion level, the maximum difference in intes nal N availability was 38.5g N. The
composi on of the two diets fed to ca le is in Table
1.

on of Tyrell and Reid (1965): ECM (kg) = (12.82 * kg
fat) + (7.13 * kg protein) + (0.0323 * kg milk).
Ca le were weighed once per week using a walk
scale XR3000 (Tru-test, TX) a er the morning milking. Further, BCS on a scale of 1 to 5 was determined
every two weeks by the same two evaluators. An
average of the two evaluators was used for calculaon of the mean BCS.

Results and Discussion
Animal Performance

Due to poten al changes in milk yield in both treatments due to stage of lacta on, the protein content
of both diets was adjusted down at approximately
5 weeks of treatment by reducing the canola meal
inclusion level by 50% to be more consistent with
the ME allowable milk and to maintain the N supply
to a level the ca le should remain sensi ve to the
treatment diﬀerences in N availability created by the
inclusion of the two diﬀerent blood meals.

Overall DMI and N intake for the treatments were
similar and milk yield was significantly diﬀerent for
ca le fed the two treatments (Table 4). Milk yield
was 1.6 kg/d lower for ca le fed the HIGH uN diet
and energy corrected milk (ECM) was 1.9 kg/d lower
on the same diet. Further, ca le fed the HIGH uN
diet had significantly lower MUN levels that ca le
fed the LOW uN diet (Table 2). From this informaon, it is apparent that the ca le fed the diﬀerent
blood meals had significantly diﬀerent MP supply,
consistent with the predicted values from the uN assay. The predicted diﬀerence described earlier (38.5
g N) is equal to approximately 240 g MP, about the
amount required to produce 5 kg of milk under the
condi ons of this study.

Ninety-six mul parous cows (726 ± 14.2 kg BW; 147
± 64 DIM) and thirty-two primiparous cows (607 kg
± 29.5kg BW; 97 ± 20 DIM) were distributed by DIM
and BW into 8 pens of 16 cows (12 mul parous and
4 primiparous). Pens were stra fied into four levels
of milk produc on, and each stratum randomly allocated to treatments. Diets were formulated using
Cornell Net Carbohydrate and Protein System (CNCPS
v6.1; Van Amburgh et al., 2013) using the chemical
composi on of the ingredients used in the experimental diets (Table 3).

However, the observed diﬀerence on an ECM basis
was 1.9 kg, thus the diﬀerence between the absolute
levels measured in the assay and the observed ECM
yield are either due to diﬀerences in diges bility
within the cow, the amount of the blood meal arriving at the small intes ne or the amount of nutrients
par oned to body reserves, or a combina on of
all of those factors. Although the change in BW and
BCS were not significant, the changes are s ll biologically relevant given the par oning of nutrients to
reserves and away from milk.

The lacta on trial consisted of a two week adapta on
period, one week covariate period and 9 week experimental period, between March 30 and June 21, 2014
at Cornell University Ruminant Center (Harford, NY).
All cows were fed the LOW uN diet during adapta on
and covariate periods. Cows were housed in pens
under a four row barn design with one bed and more
than one headlock per cow and free access to water.
All cows received rBST (Posilac, Elanco Animal Health,
Indianapolis, IN) on a 14 day schedule throughout the
length of the trial.

To evaluate the outcome of the study, CNCPS v6.55
(Van Amburgh et al., 2015) with the updated feed
library rates and pool sizes was used to evaluate the
predic ons. The chemical composi on of the feeds
used in the study was inpu ed into the model. To
evaluate the assay within the structure of the model
and against the study data, the blood meal values for
the uN and ADIN were the only values changed. For
the two blood meals, the uN values were inpu ed in
place of the ADIN value, and intes nal diges bility
le at zero. Further, the intes nal diges bility of the
NDIN value were set to 100% although a er being
analyzed for aNDFom, the blood meals do not contain any ND residue, so that pool is zero. With this

Ca le were fed once per day for approximately 5%
refusal and milked 3 mes per day at 6:00, 14:00
and 22:00 and data from all milkings was recorded
using Alpro herd management system (DeLaval
Interna onal AB, SG). Individual milk samples were
collected weekly during three consecu ve milkings,
and preserved with 2-bromo-2-nitropane-1, 3-diol at
4°C un l analyzed. Milk yield was expressed as 3.5%
energy corrected milk (ECM) according to the equa18

approach, all of the protein in blood meals is in the
A2, B1 and C frac ons.

and this frac on is important for accurate calculaons of the rate of diges on of the available protein.

The current intes nal diges bility of the NDIN fracon for all feeds is 80% and it appears that the assay
of Ross et al. captures that por on of the indigestible protein, therefore by diﬀerence; the remaining
frac ons should be set at 100% diges bility. Thus,
with con nued tes ng and implementa on of the
uN assay for all feeds, the NDIN frac on ID will be set
to 100% because it appears that in NDF containing
feeds, the uN assay spans both the ADIN and NDIN
frac ons.
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to a system that frac onates proteins based on solubility and indiges bility. This approach should allow
us to develop a predic on model to more eﬀec vely
es mate rates of protein degrada on because we
now have what appears to be a more robust method
to predict the indiges ble protein pool, consistent
with the approach for NDF (Raﬀrenato et al., 2009)
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Table 1. Comparison of the percent N digested in two blood meals using the modified three
step procedure (from Boucher et al., 2011) with Cornell procedure.

*Boucher

Table 2. Comparison of percent feed N and acid detergent insoluble N versus undigested feed N a er 16-h IV
ruminal fermenta on followed by 1-h abomasal diges on with pepsin in HCl and 24-h intes nal diges on using
either a mix of trypsin, chymotrypsin, amylase and lipase or pancrea n (n=2).
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Table 3. The ingredient content and chemical composi on of two diets containing blood meals with Low and
High indiges ble intes nal N diges bility.
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Table 5. The actual and energy corrected milk and the metabolizable energy (ME) and protein (MP) allowable
milk for both treatments predicted by the CNCPS using the assay data of Ross et al., (2013) to es mate intesnal diges bility of blood meal, or using the original frac ona on approach using acid detergent insoluble
nitrogen as the unavailable frac on
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