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ABSTRACT

The aims of this pilot study were (1) to evaluate the 
effect of an ileal and duodenal cannulation surgery on 
body weight and dry matter intake, (2) to estimate 
endogenous losses of crude protein (CP) and AA in 
the small intestine, and (3) to describe duodenal and 
ileal flows of nutrients in weaned dairy calves. Three 
Holstein male calves were fitted at 7 wk of life with a 
T-cannula at the terminal ileum and another cannula 
at the proximal duodenum. On wk 14 of life, calves 
were randomly assigned to a single 3 × 3 Latin square 
with 10-d periods. The 3 diets were fed ad libitum 
and consisted of a control calf starter (CS) with con-
ventional soybean meal (SBM) as the main source of 
protein (CTRL), an isonitrogenous (20% CP) CS with 
an enzyme-treated SBM as the main source of protein 
(ENZT), and a CS with low content of CP (10%) and 
no soy protein (LOCP). Flows and digestibilities of 
nutrients were compared between the soy-based high-
protein diets (HICP) and LOCP, and between CTRL 
and ENZT. Final data were only available from 2 calves 
per diet (n = 2) because cannulas from 1 calf became 
inoperative after the first collection period. Duodenal 
flows of CP, total AA, nonprotein nitrogen, microbial 
N, and fatty acids, as well as apparent duodenal di-
gestibility of starch, were greater for HICP than for 
LOCP, indicating a greater foregut microbial activity 
and digestion. The apparent ileal digestibility (AID) 
of organic matter, CP, and total AA were greater for 
HICP than for LOCP. Duodenal net flow of CP was 
greater for ENZT than for CTRL, but flow of AA was 
not different. On the other hand, duodenal flow of mi-
crobial N was greater, and flows of nonprotein N and 
starch were lower for the ENZT diet, suggesting a more 
efficient microbial activity in the rumen. Even though 
CTRL had a greater AID when compared with ENZT, 

the AID of CP and AA were greater for enzyme-treated 
SBM than for SBM. Endogenous losses in the small 
intestine per kilogram of duodenal dry matter flow were 
47 ± 15 and 37 ± 12 g/d, and the true ileal digestibili-
ties for the HICP diets were 86 ± 0.1 and 87 ± 0.1% 
for CP and AA, respectively. An optimal supply of CP 
and the inclusion of an enzyme-treated SBM improved 
the efficiency of microbial digestion and increased AA 
absorption. Although further research with greater bio-
logical replication is needed, our results indicate that 
there is potential to improve digestion and absorption 
of proteins through dietary strategies in young weaned 
calves.
Key words: weaned calves, digestibility, endogenous 
protein, digesta flows

Short Communication

Digestibility of dietary nutrients is the most common 
method to estimate nutrient bioavailability, especially 
for dietary AA. Ileal digestibility is a more accurate 
estimation of AA and N bioavailability than total-tract 
digestibility because AA are only absorbed in the small 
intestine, and fermentation in the large intestine alters 
AA profile and N content in feces (Stein et al., 2007). In 
ruminants, microbial N accounts for most of the total 
duodenal N (Marini et al., 2008), and therefore duode-
nal N supply must be studied to accurately determine 
dietary N digestibilities. Moreover, N recycling in the 
rumen should also be considered because it is a key 
mechanism to supply N to the ruminal microorganisms 
when degradable protein is deficient or if there is an 
asynchrony of carbohydrate and N supply (Reynolds 
and Kristensen, 2008). To our knowledge, only a few 
experiments have determined the small intestine di-
gestibility of solid feed and digestive tract function in 
young postweaned calves (Khorasani et al., 1990; Lallès 
and Poncet, 1990).

Antinutritional factors in soybeans impart a signifi-
cant negative effect on the digestive tract function, and 
therefore on calf performance (Huisman and Jansman, 
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1991). Modern value-added feed ingredients for calves 
such as microbially-treated or fermented soy protein 
not only reduce the activity of antinutritional factors in 
soy proteins, but also decrease peptide size and release 
bioactive components that promote gastrointestinal 
and overall health (Kim et al., 2010, 2012; Kwon et al., 
2011; Chatterjee et al., 2018).

There is a need for more data about duodenal flows 
and ileal absorption of nutrients in young postweaned 
calves under modern feeding conditions. Our objectives 
were (1) to evaluate the effect of an ileal and duodenal 
cannulation surgery on BW and DMI using a broken-
line model in weaned dairy calves, (2) to estimate en-
dogenous losses of CP and AA in the small intestine, 
and (3) to describe duodenal and ileal flows of nutrients 
with different diets in weaned dairy calves.

The Institutional Animal Care and Use Committee 
at the University of Illinois at Urbana-Champaign 
approved all procedures described here (protocol 
#18087). Three Holstein male calves were transported 
at approximately 19 d of age from the Dairy Cattle 
Research Unit to the Nutrition Field Laboratory at the 
University of Illinois. Calves were housed individually 
in outdoor polyvinyl chloride hutches placed on crushed 
limestone and bedded with straw. Twice daily (0630 
and 1830 h), calves were fed a commercial milk replacer 
(28.5% CP, 15% fat; Excelerate, Milk Specialties Global 
Animal Nutrition, Eden Prairie, MN) reconstituted to 
15% solids and fed at a rate of 2% (DM) of BW until 
wk 4 of life, 1.5% in wk 5, and 1% in wk 6 and 7. Milk 
replacer was gradually reduced over 1 wk and calves 
were weaned at wk 8 of age. Calves had ad libitum 
access to water and to a commercial calf starter (CS; 
22% CP; AmpliCalf Grower, Purina Animal Nutrition 
LLC, Shoreview, MN). At wk 10, the CS was substi-
tuted with an experimental CS that was later used as 
the control diet. The CS was multitextured and offered 
in a bucket mixed with 5% (as-fed basis) chopped grass 
hay until the end of the experiment.

At 7 wk of life, calves were surgically fitted with a 
T-cannula in the terminal ileum and another T-cannula 
in the proximal duodenum during the same surgical 
procedure. Pre-surgery care and surgical procedures 
were as described by Ansia et al. (2019). The surgical 
methodology was similar for inserting both cannulas, 
with the exception that the duodenal cannula was in-
serted at the proximal duodenum 15 to 20 cm caudal 
to the pylorus (i.e., just caudal to the pancreatic and 
biliary ducts).

At wk 14 of life, calves were randomly assigned to a 
single 3 × 3 Latin square with 10-d periods. The 3 diets 
(Table 1) were offered ad libitum and consisted of: a 
control CS with conventional soybean meal (SBM) as 
the main source of protein (CTRL), an isonitrogenous 

CS (20% CP) with an enzyme-treated soybean meal 
(ESBM; HP-RumenStart, Hamlet Protein A/S, Hors-
ens, Denmark) instead (ENZT), and a CS with 10% 
CP and no soy (LOCP) that was used as basal diet 
for estimating ingredient digestibility and endogenous 
losses. Titanium dioxide (0.4% DM basis) and acid in-
soluble ash were used as indigestible markers.

On d 7 and 8 of each period, a 250-mL plastic bag 
(Nurser standard liners, Playtex, North Bergen, NJ) was 
attached to the cannula in the ileum with an autolock-
ing cable tie after removing the cap of the cannula. 
Bags were continuously removed when full or approxi-
mately every 30 min from 0630 until 1830 h. The same 
procedure was performed on d 9 and d 10 in the duode-
num, with the exception that collection was restricted 
to intervals of 2 h with 2-h periods of no collection in 
between to avoid excessive loss of nutrients and fluids. 
Starting time of duodenal collection alternated between 
days to cover the whole timeframe within a day. For 
each bag, digesta pH was measured immediately with a 
portable pH meter (Accumet AP110, Fisher Scientific, 
Atlanta, GA), and the content was frozen thereafter. 
Samples were pooled by calf and period. Calf starter 
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Table 1. Ingredient and chemical composition of diets

Item

Diet1

CTRL ENZT LOCP

Ingredient, %      
  Cracked corn 22.50 22.50 22.50
  Whole oats 16.50 16.50 16.50
  Molasses 5.20 5.20 5.20
  Pellet 55.85 55.85 55.80
    Beet pulp shreds 9.28 20.08 45.04
    Wheat middlings 12.13 13.99 37.54
    Soybean meal, 48% CP 51.54 — —
    HP-RumenStart2 — 39.90 —
    Ground corn 18.44 17.33 8.80
    Vitamin-mineral premix3 7.98 7.97 7.98
    Titanium dioxide 0.72 0.72 0.72
Chemical composition, g/kg of DM      
  CP 199 206 104
  Total AA  181 177 86
  NPN 1.72 1.73 2.07
  Starch 332 316 322
  Fatty acids 37.0 34.8 35.8
  NDF 196 241 280
  Ash 88.6 90.4 87.3
  Ca 14.9 15.0 14.9
  P 5.71 5.49 5.49
1Calves were fed ad libitum a control calf starter (CS) with convention-
al soybean meal as the main source of protein (CTRL), an isonitrog-
enous CS with an enzyme-treated soybean meal as the main source of 
protein (ENZT), or a CS with low content of CP (LOCP).
2Enzyme-treated soybean meal (Hamlet Protein, Horsens, Denmark).
3Calcium carbonate: 5.4%; monocalcium phosphate: 1.4%; magnesium 
oxide: 0.12%; sodium chloride: 0.7%; trace mineral and vitamin mix: 
0.3% (ADM Animal Nutrition, Decatur, IL). Twenty-six kIU of vita-
min A/kg of DM, 6 kIU of vitamin D/kg of DM, 30 IU of vitamin E/
kg of DM.
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samples were collected every second day starting on d 4 
of each period, and composited by period before analy-
sis. Dry matter and ash were determined for all CS and 
freeze-dried digesta by drying in a forced-air oven at 
135°C for 2 h and 600°C for 3 h, respectively. Complete 
AA profile, CP, acid insoluble ash, NDF, NPN, starch, 
fatty acids, minerals, and Ti concentrations were deter-
mined in feed and digesta samples at the Agricultural 
Experimental Station Laboratory of the University of 
Missouri-Columbia using official or validated methods.

As a marker of microbial N, total DNA was extracted 
from freeze-dried digesta using a QIAamp PowerFe-
cal DNA kit (Catalog No. 12830–50; Qiagen, Hilden, 
Germany). Sample DNA concentration was quantified 
using a Nanodrop spectrophotometer (Nyxor Biotech, 
Paris, France). Crude mucin and microbial cells were 
extracted by digesta fractionation (Montoya et al., 
2015). Freeze-dried digesta was first reconstituted (1:20, 
wt:​vol at room temperature) in saline solution (0.15 
mol/L) and centrifuged at 250 × g for 15 min at 4°C. 
Supernatant was then centrifuged at 14,500 × g for 30 
min at 4°C. This second precipitate contained microbial 
cells and CP, and DNA concentrations were measured 
on it to use the coefficient DNA/total N to estimate 
total microbial N per kilogram of digesta DM in duo-
denal samples. The supernatant contained soluble N 
components and was mixed with ethanol (1:1.5, vol:​
vol at 0°C), kept overnight at −20°C, and centrifuged 
at 1,400 × g for 10 min at 4°C. This precipitate con-
stituted the total crude mucin and was recovered in 
15 mL of saline solution and precipitated again with 
ethanol in the same conditions, recovered, freeze-dried, 
and weighed. Body weight was recorded weekly since 
arrival and then between experimental periods. Body 
weight averaged 95 ± 13 (SD) kg at the beginning of 
the experiment (wk 14). Water and DM intake were 
measured twice daily.

The flow of any nutrient expressed in grams per 
kilogram of DMI was calculated by multiplying their 
concentration (g/kg of DM) in digesta (duodenal or 
ileal) by the flow of DM at that location. Duodenal 
and ileal digesta DM flow was calculated by dividing 
the concentration of each marker (Ti and acid insoluble 
ash) in diet or duodenal digesta (g/kg of DMI) by their 
concentration in duodenal or ileal digesta, respectively 
(Montagne et al., 2000). The DM flows obtained with 
each marker were averaged for each site. The apparent 
duodenal (ADD) and ileal (AID) digestibility of any 
given nutrient was estimated by the percentage disap-
pearance between its concentration in the diet and its 
flow at the duodenum, and between its duodenal and 
ileal flow, respectively. The apparently true duodenal 
digestibilities (ATDD) of CP, AA, and OM were esti-

mated by correcting the total duodenal N concentration 
by the concentration of microbial N. Digestibility of CP 
and AA in the test ingredients (SBM and ESBM) was 
determined by the difference method using the LOCP 
diet as a basal diet (Kong and Adeola, 2014). The lin-
ear relationship between the CP or AA absorbed in 
the small intestine (digestible CPileo) and the respective 
contents of duodenal flow (CPduo) can be expressed ac-
cording to the following equation:

	 Digestible CPileo = CPendo + a × CPduo,	

where the intercept of the regression (CPendo) is the 
flow of basal intestinal endogenous CP losses (flow of 
CP at zero duodenal CP flow), and the slope (a) is an 
estimate of the true digestibility of CP (Mariz et al., 
2018). Endogenous proteins originate in the form of 
mucus, saliva, shredded cells, bile, digestive enzymes, 
and hair across the digestive tract. Endogenous pro-
teins do not represent a large percentage (~13%) of 
the total N leaving the abomasum in adult cows, but 
account for approximately 60% of the total N reaching 
the end of the ileum (Ouellet et al., 2002; Marini et 
al., 2008). Therefore, endogenous protein losses should 
be considered to accurately estimate small intestinal 
digestibilities of dietary protein.

Digesta pH, ADG, DM and water intakes, ADD, 
AID, and flow of nutrients among diets were analyzed 
as mixed-effect models with diet, period, day (only for 
intakes), and time (only for digesta pH) as fixed effects, 
calf as a random effect, and DMI as a percentage of BW 
as a covariate within the PROC GLIMMIX procedure 
in SAS version 9.4 (Cary, NC). The CONTRAST state-
ment was used to compare the 2 soy-based high-protein 
diets (HICP; n = 4) with the LOCP (n = 2) diet, 
and the CTRL with the ENZT diet. The covariance 
structure that resulted in the smallest Bayesian and 
Akaike information criteria was chosen for all analyses. 
A 1-sample t- test was performed on the ADD and AID 
means for each treatment to determine if a net outflow 
or inflow exists (i.e., means by treatment different than 
zero) using the TTEST procedure in SAS with a 95% 
confidence interval. Assumptions about the normal-
ity and homogeneity of residuals derived from all the 
ANOVA were checked using the PROC UNIVARIATE 
procedure in SAS.

To evaluate the effect of surgery on growth and 
DMI, the mean weekly BW of the 3 calves from arrival 
(wk 3) until the beginning of the experiment (wk 14) 
were fitted to the best broken-line model as described 
previously (Ansia et al., 2019). The parameters of the 
selected model {BW = a + [b1 × min (wk-x1)] + [b2 
× max (0, wk-x2)]} (P < 0.001, adjusted R2 = 0.99) 
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represented a plateau (a) on BW gain of almost 2 wk 
from 6.6 wk (x1) until 8.5 wk (x2), which corresponded 
with the time of the surgery (wk 7). The model identi-
fied different slopes of growth before (b1 = 6.5 kg/wk) 
and after the plateau (b2 = 5.7 kg/wk), which may 
point out a detrimental effect on growth due to surgery 
and body tissue adaptation to the cannulas, or due to 
reduced solid food intake. Milk replacer intake was not 
affected by surgery, but starter intake {starter intake 
= a + [b1 × max (0, d-x1)] − [b2 × max (0, d-x2)]} (P 
< 0.001, adjusted R2 = 0.92) plateaued (a) at 340 g/d 
from the surgery until 7 (x1) days later. After that, 
starter intake increased at a pace of 237 g/d (b1) until d 
18 postsurgery (x2) when the rate of increase slowed to 
46 g/d (b2), which is closer to the slope observed before 
surgery (33 g/d). The difference in growth slopes (0.8 
kg/wk) agreed with the difference between calves with 
or without ileal cannulas (0.86 kg/wk) found in our 
previous work with younger calves (Ansia et al., 2019).

Ileal and duodenal cannulas in 1 of the calves became 
inoperative after the first collection period from the 
ileum. Therefore, the duodenal flows and digestibility 
data are only from 2 calves per diet (n = 2) and ileal 
flows are from all calves (n = 3) during 1 period only. 
Due to the low sample size, comparisons must be con-
sidered cautiously; however, this data set can serve as 
an exploratory picture of the digestive metabolism in 
young weaned calves. Despite lower (P < 0.01) starter 
and water intakes for ENZT than CTRL (Table 2), we 
found no differences in ADG between diets. Two of the 
diet characteristics, ad libitum intake and the multi-
textured form of the starter, were chosen to promote 
the greatest DMI possible and ensure an optimal calf 
growth and digestive health. A different approach, such 
as pair-feeding and use of a pelleted diet, could have 
been interesting to eliminate the possible consequences 
of the DMI variability on digestion.

Flow of OM per kilogram of DMI at the duodenum 
was lower (P < 0.001) with LOCP than HICP. Flows 
of NPN and net flows of CP and total AA were greater 
(P < 0.01) with HICP than LOCP (Table 2). Microbial 
N flow, microbial efficiency, and the proportion of mi-
crobial N relative to total duodenal N were greater (P 
< 0.001) with HICP than LOCP. Flows of starch, fatty 
acids, and NDF were lower (P < 0.001) with HICP 
than LOCP. The ATDD of CP, total AA, and ADD of 
starch were greater (P < 0.001) with HICP than LOCP 
(Table 3). The duodenal flows of OM, starch, ash, and 
the net flow of CP were lower (P < 0.01) with ENZT 
than CTRL. However, duodenal net flows of total 
AA tended (P = 0.06) to be greater with ENZT than 
CTRL. Duodenal flows of NPN were lower (P < 0.001), 
but those of microbial N (P < 0.001) were greater with 
ENZT in comparison with CTRL. Efficiency of micro-

bial protein synthesis and the proportion of microbial 
to total N were greater (P < 0.001) with ENZT than 
with CTRL. Comparing only the test ingredients, we 
observed a greater ATDD of CP (P < 0.001) and total 
AA (P < 0.01) with ESBM than with SBM.

Ileal flows with LOCP of OM (P = 0.01), starch (P 
< 0.001), and NDF (P < 0.001) were greater, and those 
of fatty acids (P = 0.04), CP (P < 0.001), total AA (P 
< 0.001) and NPN (P < 0.001) were lower than with 
HICP (Table 2). The ENZT diet resulted in greater (P 
< 0.001) flows of fatty acids, ash, CP, total AA, and 
NPN than CTRL at the ileum. However, ileal flows 
of OM (P < 0.001), starch (P < 0.01), and NDF (P 
< 0.001) were lower with ENZT than CTRL. Mucin 
protein flow at the ileum was greater (P = 0.02) for 
HICP than for LOCP, and greater (P < 0.001) with 
ENZT than with CTRL.

Despite the small biological replication of this pilot ex-
periment, differences in foregut digestion and intestinal 
digestibility were observed between diets with different 
CP contents. We found a reduced duodenal outflow of 
microbial N and NPN with the LOCP diet that indi-
cated a decreased ruminal microbial fermentation, and 
likely a reduced postruminal digestion (Klusmeyer et al., 
1990; Meissner and Du Preez, 2009), which may have 
been a result of the lack of degradable protein entering 
the rumen (Reynal and Broderick, 2003). In addition, 
the lower duodenal outflow of fatty acids is indicative of 
reduced microbial activity because microbial synthesis 
of fatty acids (mainly odd- and branched-chain fatty 
acids) in the rumen can substantially contribute to the 
total duodenal fatty acids outflow (Prado et al., 2019). 
This reduced microbial activity also may result in a 
decline in starch utilization by microbes as reflected by 
the lower ADD of starch with the LOCP diet (Khan 
et al., 2008; Seo et al., 2013). A diet between 11 and 
12% CP (DM) is required to maintain the minimum 
ammonia concentration in the rumen to maximize mi-
crobial protein synthesis efficiency (Klusmeyer et al., 
1990; Clark et al., 1992). The LOCP diet of 10% CP 
probably did not supply a constant level of ruminal 
ammonia and may have diminished microbial efficiency 
when compared with a 20% CP diet (Valkeners et al., 
2004). In addition, microbial uptake of recycled urea-N 
is limited (Marini et al., 2008; Reynolds and Kristensen, 
2008), and microbial growth using it is not as efficient 
as with peptide-N or AA-N (Bach et al., 2005).

The inefficient rumen fermentation and postruminal 
digestion may have contributed to the lower AID of CP 
(P < 0.01) and AA (P < 0.01) observed with LOCP 
compared with the soy-based high-protein diets (Hvel-
plund and Hesselholt, 1987; van Bruchem et al., 1989). 
Even though a decrease in NDF ruminal disappearance 
was expected with the LOCP diet, we observed no in-
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fluence of dietary CP level and, overall, values across 
the 3 diets were close to those reported in adult cows 
(Ipharraguerre et al., 2002). Negative NDF digestibil-
ity in the small intestine is also found in adult cattle 
(Panah et al., 2020) and has been attributed to a defi-
cient representation of the particle flow by the markers 
(Olijhoek et al., 2016). Moreover, other components of 
the ileal digesta such as glycoproteins, microbes, and 
sloughed epithelial cells share some of the same sugar 
residues as dietary fiber and are analyzed as dietary 
fiber using the NDF method (Montoya et al., 2016). 
In our study, the greater mucin content in LOCP may 
have contributed to the larger NDF pool compared 

with the HICP diets. Also, the small sample size of this 
experiment may have limited our ability to accurately 
determine AID of nutrients that are in a low concentra-
tion in ileal digesta due to a relatively high ADD, such 
as OM, NDF, or starch.

Enzymatic treatment of feed ingredients can promote 
microbial protein synthesis by increasing its ruminal 
degradability, even without modifying its chemical 
composition (Seo et al., 2013). The greater duodenal 
flow of microbial N with ENZT was accompanied by a 
greater ADD of starch and a reduction in NPN flow in 
comparison with CTRL, indicating a greater microbial 
efficiency of carbohydrate digestion and ammonia in-
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Table 2. Least squares means for ADG, DM and water intake, digesta pH, and digesta flows of nutrients at the duodenum and ileum of 3-mo-
old weaned calves

Item

Diet1  

SEM

P-value

CTRL ENZT LOCP   CRTL vs. ENZT2 HICP vs. LOCP3

ADG4, g/d 545 548 370 245 0.62 0.58
Intake, kg/d            
  Starter 2.91 2.37 2.83 0.48 <0.01 0.21
  Water 10.50 9.24 8.22 2.01 0.06 0.33
Digesta pH            
  Duodenal 2.53 2.71 2.63 0.12 0.13 0.98
  Ileal 7.45 7.47 7.55 0.06 0.78 0.09
Digesta flow, g per kg DMI            
  Duodenal            
    OM 490 454 397 2 <0.001 <0.001
    Starch 53.7 33.5 113.1 2.4 <0.01 <0.001
    Fatty acids 38.8 38.9 29.2 0.4 0.87 <0.001
    NDF 119 115 148 2 0.22 <0.001
    Ash 94.0 79.9 92.2 0.6 <0.001 <0.01
    CP 192 195 78 1 0.08 <0.001
    Net CP5 887 934 855 9 <0.01 <0.01
    Total AA 171 170 63 1 0.62 <0.001
    Net total AA5 900 926 874 9 0.06 <0.001
    NPN 8.55 6.36 2.58 0.35 <0.001 <0.001
    Microbial N 10.6 13.9 2.11 0.34 <0.001 <0.001
    Microbial N efficiency6 21.9 26.9 2.6 0.6 <0.001 <0.001
    Microbial N, % PN7 37.1 49.6 22.9 1.4 <0.001 <0.001
    OM digested8, kg/d 2.15 1.50 1.15 0.01 <0.001 <0.001
  Ileal            
    OM 352 328 420 8 <0.001 0.01
    Starch 43.7 30.5 72.0 1.7 <0.01 <0.001
    Fatty acids 25.3 28.6 15.4 2.1 <0.001 0.04
    NDF 145 129 207 3 <0.01 <0.001
    Ash 59.2 70.3 75.7 4.5 <0.001 0.11
    CP 73.1 81.0 52.8 2.7 <0.001 <0.001
    Total AA 57.2 64.6 42.6 2.2 <0.001 <0.001
    NPN 4.88 6.14 2.71 0.60 <0.001 <0.001
    Mucin 19.0 19.4 22.4 1.4 <0.001 <0.001
    Mucin protein 2.09 2.94 2.15 0.05 <0.001 0.02
1Calves were fed ad libitum a control calf starter (CS) with conventional soybean meal as the main source of protein (CTRL), an isonitrogenous 
CS with an enzyme-treated soybean meal as the main source of protein (ENZT), or a CS with low content of CP (LOCP).
2P-value of the orthogonal contrast between CTRL and ENZT diets.
3P-value of the orthogonal contrast of CTRL and ENZT (HICP) against LOCP.
4ADG of each 10-d period.
5Duodenal flow of a nutrient relative to the dietary intake of that specific nutrient.
6Grams of microbial N per kilogram of OM truly digested before reaching the duodenum.
7Grams of microbial N as a percentage of the total duodenal flow of protein N.
8Amount in kilograms per day of OM disappeared before reaching the duodenum.
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corporation into microbial protein (Hoover and Stokes, 
1991; Seo et al., 2013). Enzymatic hydrolysis of soy pro-
tein increases the proportion of small sized molecules 
and reduces the presence of antinutritional factors, 
which promotes ruminal microbial activity (Reynal and 
Broderick, 2003; D’Mello, 2006) and may improve small 
intestinal digestion (Feng et al., 2007). Even though 
AID for CP (P < 0.01) and AA (P < 0.01) was re-
duced for ENZT diet compared with CTRL, the AID 
of the ESBM itself was greater relative to SBM for both 
CP and AA. It needs to be noted that the difference 
method assumes an equal digestibility of the basal diet 
ingredients in diets with different CP content, which 
may be true for nonruminants, but it can have an effect 
in ruminants due to the different profile of nutrients 
available for microbial fermentation as we observed in 
this study. Nevertheless, it could still be a valid method 
of comparison for diets differing only in the protein 
source because the same basal diet digestibility is used 
to determine ingredient digestibility values in the other 
diets. However, this is only an estimation approach 
and other methods (e.g., duodenal infusions, isotope 

labeling) may be more appropriate to measure small 
intestinal digestibilities of feed ingredients.

Basal endogenous losses in the small intestine per 
kilogram of duodenal DM flow were 47 ± 15 and 37 ± 
12 g of CP (adjusted R2 = 0.90, P < 0.001, root mean 
square error = 16.26) and AA (adjusted R2 = 0.90, P 
< 0.001, root mean square error = 13.77), respectively. 
These losses (5.60 g ± 2.72 N/kg of duodenal OM) 
coincide with those in adult dairy cows (5.60 ± 0.53 g 
N/ kg of duodenal OM) as reviewed by Marini et al., 
(2008) and represent 61% of the total flow of CP and 
AA at the ileum. Assuming that true digestibility of N 
is not different between ENZT and CTRL diets, the 
true ileal digestibility was 86 ± 8.6% and 87 ± 8.6% for 
CP and AA, respectively, which is greater than in adult 
cows (75%; Marini et al., 2008). The greater DM and 
forage intake and the lower nutrient concentration in 
the diet of adult cows may reduce digestibility of N in 
the small intestine due to a greater rate of passage and 
the larger presence of nonnitrogen components in the 
digesta, reducing the surface of contact between digesta 
and the absorptive tissue.
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Table 3. Least squares means of apparent (ADD) and apparently true (ATDD) duodenal and ileal digestibilities (AID) of nutrients of 3-mo-old 
weaned calves1

Item

Diet1

  SEM

P-value

CTRL ENZT LOCP CTRL vs. ENZT2 HICP vs. LOCP3

ADD, % of intake            
  Starch 83.3 89.6 64.6 0.7 <0.01 <0.001
  Fatty acids −2.6* −8.7* 15.6 0.9 <0.01 <0.001
  NDF 39.2 52.8 47.3 0.7 <0.001 0.14
  Ash −7.0* 10.0* −5.4* 0.7 <0.001 <0.01
  NPN −471 −278 18 9.6 <0.001 <0.001
ATDD, % of intake            
  OM 58.9 60.9 57.2 0.4 <0.001 <0.01
  CP 45.8 52.1 30.6 0.6 <0.001 <0.001
  Test ingredient4 24.5 53.4 — 1.6 <0.001 —
  Total AA 41.4 48.8 28.9 1.7 <0.001 <0.001
  Test ingredient4 29.7 53.7 — 1.7 <0.01  
AID, % of duodenal flow            
  OM 23.9* 23.0 −7.4* 0.4 0.15 <0.01
  Starch  −11.8* 32.2* −17.3* 6.1 <0.01 <0.01
  Fatty acids 29.4* 27.6 49.2 0.8 0.18 <0.01
  NDF −24.8 −18.7* −51.7 3.4 0.32 <0.01
  Ash 30.7* 6.9 12.9* 0.5 <0.01 <0.001
  CP 60.2 57.3 40.8 0.4 <0.01 <0.01
  Test ingredient4 63.3 72.7 — 0.5 <0.001 —
  Total AA 63.9 60.8 45.0 0.3 <0.01 <0.01
  Test ingredient4 66.4 72.1 — 0.5 <0.01  
  NPN 32.4* 10.5* −18.1* 5.2 <0.01 0.64
1Calves were fed ad libitum whether a control calf starter (CS) with conventional soybean meal as the main source of protein (CTRL), an isoni-
trogenous CS with an enzyme-treated soybean meal as the main source of protein (ENZT), and a CS with low content in CP (LOCP).
2P-value of the orthogonal contrast between CTRL and ENZT diets (n = 2).
3P-value of the orthogonal contrast of CTRL and ENZT (HICP) against LOCP (n = 2).
4ADD and AID of the components (CP and total AA) of the test ingredient (conventional or enzyme-treated soybean meal in the CTRL and 
ENZT diet, respectively) as estimated by the difference method (Kong and Adeola, 2014). 
*Means were not different from zero with a 95% confidence interval.
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In conclusion, as long as the supply of dietary CP is 
sufficient, microbial protein contributes greatly to the 
flow of absorbed duodenal protein, and ruminal and 
abomasal digestion of starch and NDF is substantial 
in weaned calves at 3 mo of age. Endogenous protein 
losses are close to those in adult cows and account for 
more than half of the total N reaching the ileum. The 
use of an ESBM in CS increased its ruminal degrad-
ability, enhanced microbial efficiency and microbial 
N duodenal flow, and may be more digestible in the 
small intestine in comparison with conventional SBM. 
Nevertheless, these comparisons must be interpreted 
cautiously and further research is needed to verify these 
findings in a larger number of calves.
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