
UC Davis
UC Davis Previously Published Works

Title
Impacts of substitution of canola meal with soybean meal, with and without ruminally 
protected methionine, on production, reproduction and health of early lactation multiparous 
Holstein cows through 160 days in milk

Permalink
https://escholarship.org/uc/item/5np1m3zv

Authors
Swanepoel, N
Robinson, PH
Conley, A

Publication Date
2020-06-01

DOI
10.1016/j.anifeedsci.2020.114494
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/5np1m3zv
https://escholarship.org
http://www.cdlib.org/


Rapid #: -16154042

CROSS REF ID: 13326

LENDER: BOS :: Main Library

BORROWER: CUV :: Carlson Health Sciences Library

TYPE: Article CC:CCG

JOURNAL TITLE: Animal feed science and technology

USER JOURNAL TITLE: Animal feed science and technology

ARTICLE TITLE: Impacts of substitution of canola meal with soybean meal, with and without ruminally protected
methionine, on production, reproduction and health of early lactation multiparous Holstein cows
through 160 days in milk

ARTICLE AUTHOR: Swanepoel, N

VOLUME: 264

ISSUE:

MONTH:

YEAR: 2020

PAGES: 114494-

ISSN: 0377-8401

OCLC #:

Processed by RapidX: 5/15/2020 8:38:59 AM

This material may be protected by copyright law (Title 17 U.S. Code)



Contents lists available at ScienceDirect

Animal Feed Science and Technology

journal homepage: www.elsevier.com/locate/anifeedsci

Impacts of substitution of canola meal with soybean meal, with and
without ruminally protected methionine, on production,
reproduction and health of early lactation multiparous Holstein
cows through 160 days in milk

N. Swanepoela,*, P.H. Robinsona, A. Conleyb

aDepartment of Animal Science, University of California, Davis, CA 95616, USA
bDepartment of Population Health and Reproduction, School of Veterinary Medicine, University of California, Davis, CA 95616, USA

A R T I C L E I N F O

Keywords:
Phyto-estrogens
Isoflavones
Serum estradiol
Progesterone

A B S T R A C T

Efficient production by dairy cows depends on optimal protein nutrition. Canola meal (CM) and
dried corn distillers’ grains (DDGS) have been primary protein meals on Western USA dairies
for> 10 years, but a lower relative price of soybean meal (SBM) has created interest in how best
to include it in diets containing CM and DDGS. Pens of ∼315 multiparous early lactation cows
were fed rations with 145 g/kg CM and 0 g/kg SBM or 65 g/kg CM and 65 g/kg SBM of dry matter
(DM). A methionine (Met) diet (SBM+M) was created by addition of ruminally protected Met to
deliver ∼4.6 g of absorbable Met/cow/day. Body condition (BCS) was scored, and milk yields
recorded for 5 months after treatment assignment at 13.2 ± 0.11 days in milk (DIM). Blood
serum was collected for progesterone (P4), E2 and amino acid (AA) analyses, 24 h prior to 1st and
2nd artificial insemination (AI). The DM intake was unaffected by treatment, but milk yield and
components had treatment*DIM interactions which indicated CM cows outperformed SBM cows
at earlier DIM. The SBM+M cows produced more milk and milk protein than SBM cows, but at
earlier DIM, while SBM+M cows produced more milk fat than SBM cows at later DIM. Rumen
microbial protein (MCP) outflow was lower when SBM replaced CM, and MCP was lower in later
lactation (i.e., 109 versus 51 DIM). Cows culled for clinical mastitis, lameness and physical injury
were not treatment impacted. No aspect of 1st or 2nd AI pregnancy was treatment impacted with
an overall 1st AI pregnancy rate of 52/100 cows. The E2 levels in serum collected 24 h prior to
1st AI were unimpacted by treatment or subsequent pregnancy outcome. However, E2 levels
were lower in cows open at 32 days post 2nd AI compared to those pregnant. Substituting SBM
for CM reduced performance in spite of no apparent Met limitation, with a likelihood that it was
metabolizable protein which limited, primarily due to lower MCP outflow. Addition of Met to the
SBM diet resulted in improvements, especially to milk protein content and yield, but not to the
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levels of the cows fed the CM ration. If phyto-estrogens in SBM interfered with E2 and P4 me-
tabolism, it did not occur at a level which impacted pregnancy outcomes, suggesting it is of little
concern to dairy farmers when fed to early lactation dairy cows, at least at this feeding level.

1. Introduction

The dairy industry in the Western USA has fed canola meal (CM) and corn dried distillers’ grains with solubles (DDGS) as main
protein meals for ∼20 years because alternative protein meals, such as soybean meal (SBM) - used extensively in other areas of the
world, has traditionally been more expensive. However, recent and projected changes in protein meal pricing has caused SBM to
enter Western US dairy rations.

Swanepoel et al. (2014) showed that the optimal dietary levels of CM and high protein DDGS was ∼130 g/kg of dry matter (DM)
for CM and ∼60 g/kg DM for DDGS for lactating dairy cattle. A large body of research from the Midwestern USA shows a milk
production advantage of feeding CM versus SBM to lactating dairy cows, but limited data exists on effects of substitution of CM with
SBM concomitant with DDGS feeding. However, a recent study (Gauthier et al., 2019) incrementally substituted SBM for CM in
lactation diets, all with 75 g/kg DM of DDGS, and showed that SBM inclusion> 35 g/kg of diet DM depressed animal performance.
This depression occurred with a substantial reduction in plasma Methionine (Met) concentrations, thereby suggesting that a reason
for the lower performance may have been due to a Met deficit.

Although research on feeding CM has repeatedly demonstrated advantages to milk yield and components, responses have gen-
erally been measured over short periods of diet exposure (i.e., 3–4 weeks) in cross-over designs. While milk production responses are
important, general health, reproductive soundness and fertility are also important since re-breeding success of lactating dairy cows is
critical to sustainability of commercial dairy farms. However, there are no data on effects of CM versus other protein meals as they
relate to reproduction and health. This is unfortunate as it is known that SBM includes secondary compounds which could impact
reproduction in dairy cows. Phyto-estrogens (PE), such as isoflavones, in soybean products can exhibit estrogenic activity (Woclawek-
Potocka et al., 2013), mimicking effects of estradiol (E2), which could interfere with regulation and physiological control of re-
productive processes with a fertility loss (Reinhart et al., 1999; Woclawek-Potocka et al., 2013). Reinhart et al. (1999) summarized
how PE could have effects on the reproductive and immune systems, stimulating cytokine release in the oviduct, possibly leading to
failed implantation or ectopic pregnancies.

Phyto-estrogens have recently drawn attention due to increased substitution of animal proteins with plant proteins in human
diets, as well as SBM being a major protein source in animal diets. This has led to research into possible effects on human and animal
health (e.g., potent antioxidants, reduced risk of mammary cancer, prevention of cardiovascular disease, stop progression of ather-
osclerosis, positive effects in post-menopausal woman), but also adverse effects on reproduction (Rosselli et al., 2000). Indeed, the 1st
indications of PE causing reproductive problems was investigated by Bennetts et al. (1946) when sheep grazing subterranean clover
exhibited infertility, dystocia and uterine prolapse, which was presumed due to estrogenic substances in the clover. This issue
resurfaced when Thain (1966) reported development of cystic ovaries, anoestrus and a high proportion of non-pregnant cows due to
feeding subterranean clover, and Kallela et al. (1984) reported fertility disturbances when silage prepared from pure red clover,
determined to have a high estrogenic isoflavone content, was fed to a herd of dairy cattle. Indeed, Woclawek-Potocka et al. (2008)
showed that prolonged exposure to estrogenic pastures can cause permanent infertility in cattle, just as long term feeding of soy-
based diets can have detrimental effects on reproduction. Even though PE effects of clover are well documented, little is known about
effects of feeding PE derived from soybeans on dairy cows, and even less research is available on whether feeding SBM to dairy cattle
could have similar deleterious effects on reproduction when fed for prolonged periods.

Objectives were to investigate potentially negative effects reported by Gauthier et al. (2019) on productive performance of
lactating dairy cows by substituting CM with SBM in their diets, to determine if supplementation of Met to the SBM diets has
beneficial effects on production, while assessing impacts on reproductive performance and health, all through ∼160 days in milk.

2. Materials and methods

The study was conducted from December 2018 through July 2019. All cows were cared for in compliance with all applicable laws
of the state of California and the USA. The study was completed on the dairy farm reported in Swanepoel and Robinson (2019a) using
the same experimental design and, for the most part, the same methods thereby resulting in substantial text overlap between the
following descriptions and those of Swanepoel and Robinson (2019a). For urine and fecal samples, methods are fully described in
Swanepoel and Robinson (2019b).

2.1. Cows and housing

The commercial dairy farm used is located near Hanford (CA, USA) and milks a total of ∼5000 Holstein cows three times a day.
This farm has 4 pens of ∼315 multiparity early lactation cows housed in one fully roofed free-stall barn, with each pen structurally
very similar. However, for the purpose of this study, only 3 of these pens were used.
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2.2. Treatments, feeds and feeding

The two base study rations were formulated to be iso-nutritious for crude protein (CP), neutral detergent fiber (aNDF), starch and
fat in order to allow comparison of substitution of CM with SBM without confounding treatment effects with other diet proximate
nutrient changes. To accomplish this, treatment diets were created by varying the dietary inclusion levels of CM with a combination
of SBM, wheat silage and almond hulls. Other ingredients were the same among treatments. In order to emulate results obtained by
Gauthier et al. (2019), treatment diets were designed to be: (CM) 145 g/kg DM of CM and 0 g/kg of SBM, (SBM) 65 g/kg of CM and
65 g/kg of SBM on a DM basis. The Met supplemented treatment (SBM+M) was created by addition of 7.9 g/cow/day of a ruminally
protected (RP) Met product (Smartamine M; Adisseo USA Inc. Alpharetta, GA, USA) estimated to deliver ∼4.6 g intestinally ab-
sorbable Met/cow/day with the SBM diet to ∼315 multiparity early lactation cows.

Cows were fed total mixed rations (TMR) prepared immediately before feeding as described in Swanepoel and Robinson (2019a).
There were two premixes, one with and the other without SBM. The TMR loads for the CM fed pens were prepared from the CM
premix and the TMR loads for the SBM and SBM+M pens were prepared from the SBM premix, with the RP Met added to the SBM+M

loads from pre-weighed bags. To confirm ration feeding accuracy, a microgrits tracer (1.0–1.4mm corn cob grits, coloured with food
dyes; Micro-Tracers Inc., San Francisco, CA, USA) was added to every premix load containing CM (red dye) or SBM (orange dye) as
described by Swanepoel and Robinson (2019a). Each pen was fed∼16,000 kg of TMR/day, in two loads (i.e., 1st feeding of 11,000 kg
between 6:30 and 8:30 am while cows were at milking with a 2nd feeding of∼5000 kg between 11:00 am and noon). Weights of each
ingredient in each load of premix and TMR, and the amount of TMR fed to each pen in each feeding were recorded with daily refusal
weights by pen to “TMR Tracker” (Digi-Star LLC, Fort Atkinson, WI, USA).

Individual feed and fresh pen TMR samples were collected during 3 discrete time blocks of 21 days when the fresh pen contained
cows that would later be assigned to study pens. Similarly, individual feed and study pen TMR samples were collected during 3
discrete time blocks of 8 days when the 3 study pens contained all study cows. Feed and TMR samples were frozen at -20 °C for
chemical analyses. Daily DM intakes/cow by pen were calculated from the amount of TMR delivered to the pens for each period,
minus total refusals, multiplied by the DM of the TMR samples collected, and divided by the average number of cows in the pen
during that period.

2.3. Assignment of cows to treatments and study design

A total of 566 cows which moved from the common fresh cow pen to one of the three study pens in 9 weekly assignments from
December 4 (2018) to February 19 (2019) were eligible for study inclusion. Criteria for excluding cows from assignment were those
that moved from the fresh pen>22 days in milk (DIM; 78 cows excluded) or if they failed to remain in their assigned pen for at least
20 days after assignment (19 cows excluded), thereby leaving 469 assigned cows. To avoid confounding treatment with pen in the
statistical analysis, cows and diets were rotated simultaneously among treatment pens every 4 or 5 weeks (i.e., immediately after milk

Fig. 1. Graphic depiction of 9 cow assignments over 11 weeks to each treatment pen in order to create 3 allocations for statistical purposes.

N. Swanepoel, et al. Animal Feed Science and Technology 264 (2020) 114494

3



tests).
Cows were assigned weekly to study pens in assignments of ∼60 from a common fresh pen at 13.2 ± 0.11 DIM. Thus, over 11

weeks based upon a predetermined sequence (i.e., CM, SBM, SBM+M – SBM, SBM+M, CM – SBM+M, CM, SBM), each pen received one
assignment of cows in each of weeks 1–3, 5–7 and 9–11, with no assignments during weeks 4 and 8. These groups were considered as
3 allocation groups for statistical analysis (Section 2.8 and Fig. 1). The overall schematic of the study overlaid on temperature and
humidity measures is in Fig. 2.

The study was completed using the same 3 physical pens and the same experimental design as Swanepoel and Robinson (2019a),
including the simultaneous rotation of cows and diets among the 3 pens as described in Swanepoel and Robinson (2019a).

2.4. Animal parameters

2.4.1. Lactation performance and milk composition
Cows were milked thrice daily, and monthly milk yields recorded (Tru-Test WB110 meters, Tru-Test Ltd., Auckland, New

Zealand) by California DHIA personnel (Hanford, CA, USA).

2.4.2. Body condition score
Body condition (BCS) was scored on a sub-group of ∼40 cows in each of the 9 assignments of cows immediately after each milk

test by one trained evaluator on a 1–5 scale with increments of 0.25 units, but using intermediate scores when a cow’s BCS could not
be clearly allocated.

2.4.3. Blood samples
Blood samples analyzed for physiological amino acids (AA), estradiol (E2) and progesterone (P4) were collected 24 h prior to

breeding from all cows with DIM of 68–74 DIM at 1st service and 103–109 DIM at 2nd service. Samples were collected from the tail
(i.e., coccygeal) vein into 10ml red-top (no anti-coagulant) evacuated glass test tubes (BD Vacutainer, BD Diagnostics, Franklin Lakes,
NJ, USA) during normal cow lockup after morning milking. Samples coagulated for 30–60min at ∼15 °C prior to centrifugation at
1750 ×g (Sorvall ST 16, Thermo Fisher Scientific, Waltham, MA, USA) for 10min at 18 °C to separate serum, which was stored at
−20 °C until assay.

2.4.4. Urine and fecal samples
Urine samples were collected by manual stimulation for each assignment at an average of 51 ± 3 and 109 ± 3 DIM and placed

on ice. From all collected samples, 12 were selected from each assignment, based on visual assessment to eliminate samples with fecal
or other contamination, for sub-sampling. Specific gravity (SG) was measured within 2 h of sampling using a digital refractometer
(Atago USA Inc., Bellevue, WA, USA) after which 10ml of each of the 12 samples was combined and mixed to create 1 composite (12
cows/composite) urine samples per assignment. Aliquots of 7ml were transferred to 3 replicate tubes containing 1.5 ml of 100ml/L

Fig. 2. Temperature and humidity patterns during the study relative to periods of cow assignment, breeding and milk sampling.
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sulphuric acid, thereby reducing the final pH < 2 to prevent bacterial destruction of allantoin (AL), and diluted with deionized water
to a final volume of 35ml and frozen at −20◦C.

Fecal samples were collected rectally from a sub-group of the same 12 cows per assignment at an average of 82 ± 3 and 109 ± 3
DIM. Samples were frozen at −20 °C, and later thawed and composited in a procedure which resulted in 2 composite (6 cows/
composite) fecal samples per assignment.

The purpose of compositing urine and fecal samples into these cow composite groups was to support the assumption that the
chemical composition of the TMR consumed by the composite groups was represented by the TMR sampled for chemical analysis
(Swanepoel et al., 2018).

2.5. Reproductive performance, culling and survivorship

Cows were bred using a Double-OvSynch program (Swanepoel and Robinson, 2019a), and entered the program (weekly) if they
were> 40 DIM on that day (i.e., cows bred for the 1st time were 68–74 DIM). Pregnancy diagnosis used a portable ultrasound unit in
cows 32 days post-artificial insemination (AI), with diagnoses entered to Dairy Comp 305 software (DC305). Cows determined
pregnant at this time were classified as ‘1st service conceivers’ and tracked electronically through ∼160 DIM (i.e., through their 5th
monthly milk test) for pregnancy loss (i.e., abortion) as determined by two subsequent confirmatory ultrasound examinations. Cows
which showed a heat prior to the 32 day pregnancy check were bred on that heat, but cows classified as not pregnant to 1st service
(which had already re-entered the OvSynch program) were re-bred 3 days later (bred for the 2nd service at 103 and 109 DIM) and
then pregnancy checked 32 days later. Again, cows which showed a heat prior to 2nd pregnancy check were bred on that heat. Cows
determined pregnant to 2nd service were classified as ‘2nd service conceivers’ whereas those found not pregnant were classified as
‘non-pregnant’ for study purposes. Due to the short time between the 32 day pregnancy check to 2nd service and 160 DIM (i.e., the
approximate time that cows completed the study), no data on abortion to 2nd service were collected.

To be classified as a ‘survivor’, cows needed to ‘survive’ (i.e., complete the study) by meeting all the criteria described in
Swanepoel and Robinson (2019a). Main reasons to be classed as a ‘non-survivor’ (i.e., not completing the study) were mastitis,
lameness and physical injury, with miscellaneous reasons being pneumonia, stomach pain and lactation failure. These reasons for
non-survivorship were treated as experimental outcomes.

2.6. Weather records

Two portable weather stations (Onset, Bourne, MA, USA) were placed in 2 of the pens on a pole in the center of each pen for
hourly measurements of temperature and humidity. A rain gauge (12.7 cm capacity glass tube, Cedmon) was mounted 1.22m high in
an open area (at least 15m from any buildings or structures) in order to record the amount of precipitation.

2.7. Analytical methods

2.7.1. Feed and TMR assays
Feeds and TMR were dried at 55 °C for 48 h, air equilibrated for 24 h, and ground on a model 4 Wiley Mill to pass a 1mm screen.

Moisture content was determined by gravimetric loss of free water by heating a sub-sample in a forced air oven for 2 h at 105 °C.
Residue after heating samples at 550 °C for 8 h was considered ash. Fat assay was according to Association of Official Analytical
Chemists (AOAC, 2006;). The N fractions in feeds and TMR, as well as in the acid detergent fiber (ADF) residue, were determined in a
N gas analyzer (Leco FP-528, St. Joseph, MI, USA) according to AOAC (2006. Starch was determined as total glucose minus free
glucose multiplied by a factor of 0.9 as described by Smith (1969). The aNDF assay included addition of a heat stable amylase to
remove starch (Van Soest et al., 1991) and to inactivate potential contaminating enzymes while sodium sulfite was used to aid in the
removal of some nitrogenous matter (AOAC, 2006; #2002-04), whereas ADF was analyzed according to AOAC (2006. Fiber levels
(i.e., aNDF and ADF, were expressed including residual ash with aNDFom expressed exclusive of residual ash. Lignin(sa) was
quantified utilizing the sulfuric acid procedure (AOAC, 2006;).

The TMR and feed samples were digested in a solution of nitric acid and hydrogen peroxide utilizing a microwave digestion
system, and concentrations of Ca, P, K, S, Mg, were quantified with atomic absorption spectrometry or inductively coupled plasma
atomic emission spectrometry (Meyer and Keliher, 1992; Sah and Miller, 1992).

Isoflavone profile analysis used fresh (not dried) TMR samples (N.P analytical laboratories, St. Louis, MO, USA). Samples were
extracted using a methanol:water solution followed by filtration, dilution and analysis by HPLC using a C18 reverse phase column
and UV detection at 260 nm (Seo and Morr, 1984). Twelve isoflavones as glycosides, glycoside esters and aglycones were separated
and quantified based on standards injected to the HPLC.

2.7.2. Milk assays
Milk samples were analyzed for somatic cell counts (SCC; AOAC, 2006; #975.16), fat, and true protein using mid-infrared

spectroscopy (Foss 303 Milk-O-Scan®; Foss Foods, Inc., Eden Prairie, MN, USA) according to AOAC (2006 at the DHIA laboratory in
Hanford (CA, USA).

Milk energy (MJ/kg) was calculated according to Tyrrell and Reid (1965) as:
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where 0.934 converts true protein (TP) to crude protein (CP), 4.185 converts Mcal to MJ and 2.204 converts Mcal/lb to Mcal/kg.
Milk energy output (MJ/d) was calculated: Milk energy (MJ/kg) × milk yield (kg/d).

2.7.3. Blood assays
The concentration of E2 was analyzed by extracting 0.8 mL of serum with 4mL of methyl tert-butyl ether into 16×125mm glass

tubes followed by vortexing for 3min. Serum was frozen in a methanol dry-ice bath and ether supernatant decanted into 12× 75mm
glass tubes, which were stored in the dark overnight. A 9 point standard curve was created (0.625–100 pg/tube) using estradiol-17β
(#E1132, Sigma Chemical Co., St. Louis, MO, USA) in ethanol which was added to tubes and dried, then re-consitituted in 200 μl of
buffer (0.01M phosphate, 0.9 % NaCl, 0.5 % bovine serum albumen, 0.01M EDTA, pH 7.5). A commercial assay kit (Beckman
Coulter Ultra Sensitive RIA DSL-4800) was used with some modifications to the manufacturer’s protocol. Briefly, all incubations were
conducted at 20 °C after diluting the antibody solution as supplied 1–2 parts with buffer. The diluted antibody was added (100 μl) to
each tube, vortexed for 5 s and incubated for 1 h. Undiluted tracer was added (100 μl) to each tube, vortexed for 5 s and incubated for
2 h. Kit precipitating agent (1ml) was added to each tube, vortexed for 5 s and incubated for 20min. Tubes were centrifuged
(1750×g) for 20min at 4 °C, placed in a gripper rack and decanted by inversion. Finally, tubes were transferred to gamma counting
racks on a Packard Cobra Quantum instrument and counted for 1min. Sensitivity (defined as 95 % binding) was<0.625 pg/mL.
Recovery of spiked serum averaged 87 %. According to the manufacturer, relative cross-reactivity of primary antiserum with estrone
and estriol is 2.4 and 0.6 %, respectively, < 0.5 % with multiple other estrogens and not detectable with testosterone or dehy-
droepiandrosterone. All samples were analyzed in the same run.

The P4 was analyzed using the competitive enzyme immunoassay assay of Munro and Stabenfeldt (1984) as described in Gomez
et al. (2018). Levels of AA in blood serum were assayed at the Molecular Structure Facility (University of California, Davis, CA, USA)
as described in Swanepoel and Robinson (2019a).

2.7.4. Urine and fecal assays
Urine samples were chemically analyzed for AL according to Chen and Gomes (1995), based on the method of Young and Conway

(1942), and is fully described in Swanepoel and Robinson (2019b). Standards were prepared to create working concentrations of 20,
40, 60 and 80mg/L AL. Urine samples were thawed and centrifuged at 1200×g for 15min at 20–22 °C to remove precipitate which
could influence colorimetric reading. Samples were diluted 60 times to fit the standard curve. Duplicate standard curves were at the
start and end of each run, and 2 inter-run standards were in each run to assess variation among runs but, as all inter-run standards
were within 0.05 of the average over all runs, all run values were accepted without inter-run correction. Each sample was analyzed in
duplicate with the average being the final concentration.

Urine volume (L/day) was calculated using an equation derived from data of Burgos et al. (2005) as:

− −SG332.66 * ((( 1)* 1000)) 0.884

while microbial CP (MCP) production (g/day) was estimated as described in Swanepoel and Robinson (2019b).
Fecal samples were frozen at −20 °C and subsequently analyzed for DM, ash, aNDF, ADF, lignin(sa) and N after drying and

grinding as described earlier for feed and TMR samples.
Whole tract apparent digestibility (g/kg) was calculated as:

−
⎛

⎝
⎜

⎞

⎠
⎟

TMR

Feces
1

Ligning sa
Nutrient

Ligning sa
Nutrient

( ) * 0.95

( )

assuming that lignin(sa) in the TMR was 950 g/kg indigestible (Stensig and Robinson, 1997).

2.8. Statistical analysis

Treatment differences were accepted if P≤ 0.05, and tendencies accepted if 0.05< P≤ 0.10.

2.8.1. Lactation performance and body condition score
Animal based response parameters including milk production and composition, BCS and blood parameters were analyzed using

the MIXED option of SAS (2016). The statistical model included effects of allocation (see Section 2.3 and Fig. 1) and treatment (i.e.,
CM, SBM, SBM+M) as fixed effects, with time (i.e., milk test/DIM) as a repeated effect, as well as the time*treatment interaction.
Individual cows within allocation were a random effect since individual cows were accepted as being metabolically independent and
so meet the criteria of experimental replicates. For milk production and composition, the statistical analysis was completed on all
survivors (see Section 2.5), which totaled 403 of the 469 cows which were assigned to the study. For BCS, only survivors which had
been scored on their 1st and 5th scoring date, and had only missed 1 intermediate score, were included – which totaled 342 cows.

Contrasts were used to identify significant differences of the CM versus SBM diets and SBM versus SBM+M diets, as planned a priori.
In cases of statistically significant treatment*time interactions, differences of treatments within times were identified with the PDIFF
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option of SAS (2016). Main effects are in all tables but, where an interaction was significant, figures are used to illustrate the nature of
the interaction.

2.8.2. Blood parameters
Serum P4 and E2 were analyzed for 1st and 2nd services with the MIXED option of SAS (2016) using a statistical model which

included treatment (i.e., CM, SBM, SBM+M) and subsequent pregnancy status (i.e., pregnant or open) as fixed effects, as well as the
interaction. For this analysis, 2 pregnant and 2 non-pregnant cows were randomly selected from each assignment for each of the 2
services, resulting in 72 cows. Contrasts were used to identify significant differences of CM versus SBM diets, as well as SBM versus
SBM+M diets, as planned a priori.

Blood serum AA were analyzed using the MIXED option of SAS (2016). The statistical model included treatment (i.e., CM, SBM,
SBM+M) and breeding (i.e., 1st or 2nd service) as fixed effects, as well as the interaction. Three cows were randomly selected from
each assignment, within each service, resulting in 54 cows. Contrasts were used to identify significant differences of CM versus SBM
diets, as well as SBM versus SBM+M diets, as planned a priori. In cases of statistically significant interactions, differences of treatments
were identified with the PDIFF option of SAS.

2.8.3. Dry matter intake and TMR composition
Dry matter intake and composition of the treatment TMR collected were analyzed using the GLM option of SAS (2016) with

sampling period and treatment as fixed effects.

2.8.4. Apparent whole tract digestibility
Apparent whole tract digestibility was analyzed using the GLM option of SAS (2016) with treatment and sampling period as fixed

effects. The experimental unit was the 6 cow composite fecal samples. Contrasts were used to identify differences of CM versus SBM
diets, as well as SBM versus SBM+M diets, as planned a priori.

2.8.5. Urine parameters and rumen microbial outflow
All urine parameters were analyzed using the MIXED option of SAS (2016). The statistical model included treatment (i.e., CM,

SBM, SBM+M) and DIM (i.e., 51 and 109 DIM) as fixed effects, as well as the interaction. For this analysis, the experimental unit was
the 12 cow group collected from each assignment at each DIM. Contrasts were used to identify differences of CM versus SBM diets, as
well as SBM versus SBM+M diets, as planned a priori.

2.8.6. Culling and conception
Conception (calculated as the proportion of cows within each of the 9 assignment groups that displayed the characteristic) and

reasons for culling were analyzed using the GLM option of SAS (2016) with allocation group (see Section 2.3 and Fig. 1) and
treatment as fixed effects.

3. Results

3.1. Weather patterns

Temperatures and humidities (Fig. 2) were relatively constant through the period of cow assignment to the study. Temperatures

Table 1
Chemical composition (g/kg dry matter) of the silagesa included in the total mixed rations (TMR) fed during the study, and to all cows while in the
common fresh pen.

Study TMR Silages Fresh Cow TMR Silages

Corn Wheat Sorghum Alfalfa Corn Wheat

Dry matter (DM) 351 362 264 436 341 356
Crude protein (CP) 83 122 103 229 75 103
ADICPb (g/kg CP) 68 72 110 50 69 76
aNDFc 410 507 502 306 406 480
aNDFomd 398 458 470 276 391 442
ADFe 244 357 342 262 243 337
Lignin(sa)f 24 36 29 46 22 35
Ash 72 155 136 138 71 133

a Based on analysis of 2 pooled (by sampling period) samples collected on 2 occasions in each sampling period.
b Acid detergent insoluble CP (g/kg of CP).
c Neutral detergent fiber assayed with heat stable amylase, expressed inclusive of residual ash.
d Neutral detergent fiber assayed with heat stable amylase, expressed exclusive of residual ash.
e Acid detergent fiber, expressed inclusive of residual ash.
f Lignin assayed with the sulphuric acid residual organic matter procedure.
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did not vary substantively during 1st service, or while DM intake was measured, ensuring that all cows experienced similar conditions
during breeding, and feed intake measurement. There were only a few small rain events during the study.

3.2. Feedstuffs and total mixed ration composition

Composition of silages used (Table 1) is consistent with NRC (2001) values. The ingredient composition of the fresh cow TMR
(Table 2) is consistent with contemporary rations in the study area and, in the case of nutrient composition (Table 3), consistent with
NRC (2001) guidelines.

There were very few differences in the ingredient profiles of the TMR among treatments (Table 2), with the exception of the
planned increases (P < 0.01) in levels of SBM and both grades of almond hulls, with a corresponding decline (P < 0.01) in the CM
level in order to maintain equality of nutrient levels between the CM and SBM based TMR. The amount of wheat silage included
increased in the SBM based TMR, but only numerically (P=0.19) due to higher among load variation. Other changes, such as the
slight decrease in corn grain level between CM and SBM based TMR, were not judged large enough to be biologically important. The
SMB+M TMR had similar levels of ingredients to the SBM based TMR, with the only difference being addition of RP Met to the SBM
TMR. Overall, dietary levels of SBM were slightly lower than the targeted level (i.e., 63.45 versus 65.00 g/kg DM).

All TMR nutrient levels (Table 3) were within NRC (2001) recommended ranges. Nutrient profiles of TMR among treatments
differed minimally, with the exception of CP, which was slightly lower for the CM versus SBM based TMR (170 versus 175 g/kg DM;
P < 0.01). Small differences in the K, Mg and S levels between the CM and SBM based TMR diets were not judged large enough to be
biologically important. There was an approximate 11 fold increase in the isoflavone level of the SBM versus CM based diet reflecting
an approximate 27 fold increase in the isoflavone level of SBM (4270 ppm) versus CM (156 ppm).

3.3. Productive performance

Milk fat yield, lactose content and milk energy (MJ/d) was lower (P< 0.01) for the SBM treatment compared to CM. Milk and

Table 2
Ingredient profilesa (g/kg dry matter) of total mixed rations (TMR) fed to cows during the study, as well as the fresh cow TMR fed to all cows while
in the common fresh pen prior to treatment assignment.

Study TMR P

CM SBM SBM+M SEM CM vs SBM SBM vs SBM+M Fresh cow TMR

Alfalfa silage, whole crop 2.6 7.1 7.5 2.36 0.31 0.93 –
Corn silage, whole crop 126.9 121.0 121.0 3.03 0.30 0.99 178.0
Alfalfa hay, mediumb quality – – – – – – 93.4
Alfalfa hay, highb quality 81.0 80.4 79.4 2.34 0.90 0.80 95.8
Wheat silage, whole crop 77.2 103.0 101.6 10.09 0.19 0.94 58.9
Sorghum silage, whole crop 49.4 40.5 40.2 6.92 0.48 0.97 –
Methionine, rumen protectedc 0.0 0.0 0.4 0.01 1.00 < 0.01 –
Premix
Cottonseed, whole upland 64.5 44.8 44.9 0.53 < 0.01 0.95 44.4
Almond hulls, prime graded 47.6 51.5 51.6 0.12 < 0.01 0.75 33.2
Almond hulls, pollinator graded 48.3 52.3 52.3 0.12 < 0.01 0.75 33.6
Cottonseed, cracked Pima 9.4 24.5 24.5 0.46 < 0.01 0.97 –
Mineral, lactation premix 21.5 21.2 21.2 0.11 0.21 0.89 26.7
Canola, meal pellets, solvent 143.2 66.3 66.3 0.55 < 0.01 0.93 150.0
Soybean meal, solvent 0.0 63.4 63.5 0.11 < 0.01 0.70 –
Rumen inert fat, Nurisole 13.5 13.6 13.6 0.03 0.07 0.74 6.4
Wheat, straw 16.0 15.9 15.9 0.31 0.82 0.98 18.8
Corn distillers dried grains 67.8 67.7 67.8 0.13 0.69 0.73 67.4
R1200f – – – – – – 10.9
Molasses, liquid 9.9 9.8 9.8 0.03 0.55 0.84 5.2

Corn grain, flaked 201.5 197.1 199.3 0.77 0.03 0.15 177.2
Citrus, wet pulp mixed fruit 19.7 19.9 19.1 0.50 0.83 0.37 –
Waterg – – – – – – 0.1

a Based on average ingredient composition during each of the 3 sampling periods as recorded by the “EZ Feed” feed management system. Feeds
are listed in the sequence they were mixed in the treatment and fresh cow TMR and in the Premix which went into the TMR.

b As assessed by the dairy farm manager.
c Ruminally protected Met (Smartamine M, Adisseo USA Inc., Alpharetta, GA, USA). Fed at 7.9 g RP Met/cow/day to deliver ∼4.6 g intestinally

absorbable Met.
d ‘Prime’ is the highest grade of almond hulls (i.e., lowest stick and shell contamination) whereas 'pollinator' is late harvest with higher stick and

shell contamination.
e Global Agri-Trade Organization, Rancho Dominquez, CA, USA, contains about 50 g/kg 16:0, 35 g/kg C 18:1 n9 and 8 g/kg 18:2 n6.
f Dry cow mineral, MidWestern BioAg, Madison, WI, USA.
g Water was assessed a DM content of 1 g/kg for calculation purposes.
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component yields (kg/day), except fat and energy (MJ/d), had treatment*DIM (P < 0.01) interactions (Table 4 and Fig. 3a). In
general, CM fed cows outperformed SBM fed cows at 22 and 53 DIM (P < 0.05), with no differences in milk production at later DIM.
The SBM+M fed cows produced more (P < 0.05) milk than the SBM fed cows, but only at 22 DIM. This differed from milk fat content
(Fig. 4a) where SBM+M fed cows produced more (P < 0.05) fat than SBM fed cows at 83 and 111 DIM, but not at earlier DIM with no
difference at any DIM for CM versus SBM. However, for milk protein content (Fig. 4b), SBM+M fed cows outperformed (P < 0.05)
SBM fed cows at all DIM with no difference between CM and SBM treatments, except at 22 DIM. This, and the difference in milk yield,
led to a large difference in milk protein yield (Fig. 5a) between SBM and the other treatments at 22 and 53 DIM, but not at later DIM.
There was no treatment effect on milk SCC or BCS (Table 4), and no interaction of treatment*DIM with similar BCS values for all
treatments through the study.

3.4. Dry matter intake, digestibility and ruminal microbial flow

The DM intake (Table 5) averaged 28.3 kg/cow/day and was not treatment impacted. Whole tract apparent digestibility of aNDF
and aNDFom were also not treatment impacted and there were no treatment*DIM interactions. Yet apparent digestibility of organic
matter (OM) tended to be lower (P=0.06), while CP digestibility was lower (P=0.02), for CM versus SBM fed cows.

Urine AL concentrations (P < 0.01), and calculated rumen MCP outflow (P=0.02), were both lower when SBM replaced CM in
the ration. Lower urine SG (P < 0.01) resulted in a higher (P < 0.01) calculated urine volume for the SBM treatment. Addition of
Met to the SBM treatment resulted in increasing urine AL (P=0.02) and urine SG (P < 0.01) with a resultant decrease in calculated
urine volume (P < 0.01). However, MCP was not impacted by addition of Met to the SBM treatment. In addition, all urine para-
meters were impacted by DIM, with urine SG (P < 0.01), AL concentration (P=0.02) and MCP flow (P < 0.01) being lower, and
urine volume higher (P < 0.01), in later lactation (109 versus 51 DIM).

3.5. Serum AA concentrations

Levels of serum AA were within normal ranges for high producing lactating dairy cows (Swanepoel et al., 2016) and there were no
differences (Table 6) between cows fed the CM versus SBM diets, except for tendencies for arginine serine to be lower in CM versus
SBM. Cows fed the SBM+M diet had higher (P=0.04) serum Met levels than SBM, while those of arginine and serine were lower
(P < 0.01 and P=0.04 respectively). Serum AA levels were generally more impacted by service number (samples were collected

Table 3
Nutrient profilesa (g/kg dry matter) of total mixed rations (TMR) fed to cows fed during the study, as well as the fresh cow TMR fed to all cows while
in the common fresh pen prior to treatment assignment.

Study TMR P

CM SBM SBM+M SEM CM vs SBM SBM vs SBM+M Fresh cow TMR

Dry matter (DM) 568 559 562 13.0 0.71 0.90 582
Organic matter (OM) 911 912 912 1.6 0.10 0.52 899
Crude protein (CP) 170 175 174 1.6 <0.01 0.03 174
ADICPb (g/kg CP) 69 59 63 0.8 0.14 0.53 64
aNDFc 306 298 295 2.6 0.15 0.38 309
aNDFomd 290 284 281 2.1 0.23 0.39 293
ADFe 210 204 200 2.6 0.08 0.72 219
Lignin(sa)f 45 40 39 1.3 0.70 0.73 46
Starch 191 185 179 9.5 0.47 0.98 184
Fat 50 48 48 0.9 0.91 0.96 37
Calcium 8.3 8.0 7.6 0.26 0.52 0.41 12.2
Phosphorus 4.3 4.0 3.9 0.08 0.08 0.63 4.2
Potassium 15.8 17.0 17.4 0.24 0.04 0.36 15.6
Magnesium 3.3 3.0 3.1 0.05 0.04 0.48 3.9
Sulfur 3.2 2.9 2.9 0.06 0.05 0.75 3.3
Zinc (ppm DM) 81.5 77.5 76.0 1.44 0.17 0.54 953
Manganese (ppm DM) 49.3 46.1 45.2 1.14 0.16 0.64 550
Iron (ppm DM) 396.3 366.0 388.0 59.97 0.77 0.83 4017
Copper (ppm DM) 9.9 10.8 10.8 0.44 0.31 0.93 12
Total isoflavonesg (ppm) 17 184 – – – – –

a Based on analysis of 3 pooled (by sampling period) samples collected on 2 occasions in each of the 3 sampling periods.
b Acid detergent insoluble CP (g/kg of CP).
c Neutral detergent fiber assayed with heat stable amylase, expressed inclusive of residual ash.
d Neutral detergent fiber assayed with heat stable amylase, expressed exclusive of residual ash.
e Acid detergent fiber, expressed inclusive of residual ash.
f Lignin assayed with the sulphuric acid residual organic matter procedure.
g Assay of one sample of the CM and SBM based TMR. Total isoflavones of one pool sample of canola meal and one pool sample of soybean meal

were 156 and 4270 ppm respectively.
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24 h prior to 1st and 2nd AI) than treatment, with Isoleucine, leucine and 3-methylhistidine all tending (P < 0.10) to be higher,
while phenylalanine and aspartic acid levels were higher (P<0.05), in cows at 2nd service. Only aspartic acid showed a treat-
ment*service interaction due to the higher (P=0.03) value for 1st versus 2nd service serum concentrations within the SBM+M

treatment.

3.6. Culling and reproductive performance

Cows culled for clinical mastitis, lameness, physical injury and overall were not impacted by treatment (Table 7), except for the
tendency of lameness to be higher for SBM+M versus SBM (P=0.08). No measured aspect of 1st or 2nd service pregnancy were
treatment impacted with an average 1st service pregnancy rate of 52 cows/100 cows and combined 1st and 2nd service pregnancy
rate of 72 cows/100 cows. The E2 levels (Table 8) in serum collected 24 h prior to 1st service for OvSync bred cows were not
impacted by treatment or subsequent pregnancy status. However, E2 levels were lower (P < 0.01) in cows found open at 32 days
post 2nd service compared those found pregnant (P < 0.01). The P4 levels were lower (P < 0.01) for CM versus SBM fed cows, as
well as in cows open at 32 days post 1st service compared those found pregnant (P < 0.01), but were not impacted by pregnancy
outcome or diet.

4. Discussion

4.1. Productive performance

4.1.1. Dietary substitution of CM with SBM
Numerous previous studies (Broderick et al., 2015; Paula et al., 2017; Gauthier et al., 2019), and a meta-analysis by Martineau

et al. (2013), have demonstrated increased milk production and milk protein content and yields with CM as the major protein source
in diets of dairy cows, mainly compared to SBM. Although the reason for this is unclear, it has generally been attributed to a ‘better’
AA profile in CM or ‘improved’ post-ruminal effects and DM intake (Paula et al., 2017) compared to SBM. The advantage of CM over
SBM was again demonstrated in our study where SBM substituted for CM at a level of 63.5 g/kg DM resulted in a 1.8 kg/day reduction
in milk yield, similar to the 2.2 kg/day decline in Gauthier et al. (2019) using similar dietary levels of CM and SBM. The concomitant

Table 4
Milk production (kg/day) and composition (g/100 g), as well as body condition scores (BCS) and BCS change as influenced by feeding canola meal
(CM) or soybean meal (SBM) without or with added ruminally protected methionine, as well as days in milk (DIM).

P

Treatments (Trt) Days in milk (DIM) Trt DIM

CM SBM SBM+M SEM 22 53 83 111 141 SEM CM vs SBM SBM vs
SBM+M

Lin Quad Trt*DIM

n= 403 cows
Yield (kg/day)
Milk 51.31 49.55 49.93 0.474 50.30 52.68 50.26 49.63 48.44 0.408 < 0.01 0.57 < 0.01 < 0.01 <0.01d

Fat 1.78 1.71 1.75 0.019 1.97 1.78 1.64 1.69 1.66 0.019 < 0.01 0.16 < 0.01 < 0.01 0.51
True
protein

1.45 1.38 1.44 0.012 1.47 1.45 1.41 1.40 1.39 0.011 < 0.01 < 0.01 < 0.01 0.37 < 0.01 d

Lactose 2.50 2.39 2.42 0.022 2.44 2.57 2.44 2.41 2.34 0.020 < 0.01 0.43 < 0.01 < 0.01 < 0.01 d

Energy
(MJ/d)

147.5 141.0 144.3 1.26 153.8 144.1 139.9 141.0 138.3 1.22 < 0.01 0.06 < 0.01 < 0.01 0.07

Content (g/100 g)
Fat 3.48 3.46 3.51 0.033 3.93 3.37 3.27 3.41 3.44 0.028 0.58 0.22 < 0.01 < 0.01 0.02 d

True
protein

2.84 2.80 2.90 0.016 2.94 2.76 2.83 2.84 2.87 0.011 0.09 < 0.01 0.05 < 0.01 < 0.01 d

Lactose 4.88 4.83 4.85 0.009 4.85 4.88 4.86 4.85 4.83 0.006 < 0.01 0.25 < 0.01 < 0.01 0.39
Energy
(MJ/kg)

2.88 2.85 2.90 0.015 3.07 2.82 2.79 2.85 2.86 0.012 0.21 0.03 < 0.01 < 0.01 0.02 d

SCCa

(,1000)
101 121 124 12.9 70 109 133 139 125 13.1 0.29 0.85 < 0.01 < 0.01 0.65

n= 342 cows
BCSb 2.98 2.98 2.97 0.042 3.14 2.84 2.90 2.98 3.02 0.028 0.98 0.79 0.05 < 0.01 0.86
BCSb

changec
−0.026 −0.038 −0.032 0.018 – −0.310 0.052 0.088 0.042 0.020 0.90 0.96 < 0.01 < 0.01 0.53

a Somatic cell counts.
b Body condition score.
c Change in BCS adjusted to 30 days (units/30 days). Values listed are the change during the period ending in the column DIM.
d Interactions depicted as figures: Milk yield – Fig. 3a, Protein yield - Fig. 5a, Lactose yield – Fig. 5b, Fat content – Fig. 4a, Protein content –

Fig. 4b, Energy density – Fig. 3b.
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reduction in milk fat, protein and lactose yields resulted in a considerable decline in milk energy output (141.0 versus 147.5MJ/day).
However, it is clear that most of the milk response occurred prior to ∼70 DIM, with CM outperforming SBM at 22 and 53 DIM
(Fig. 3a), similar to Gauthier et al. (2019) who used early lactation (< 100 DIM) cows.

Reduced milk and component yields with the SBM diet occurred in spite of an unplanned increase in dietary CP (g/kg DM), and
the higher (P=0.02) whole tract digestibility of CP may be inconsistent with reports that CM is more ruminally degradable than SBM
with a lower post-ruminal digestibility of rumen escaping CP (NRC, 2001). This also agrees with higher CP (Maxin et al., 2013b)
digestibility of SBM versus CM diets based on an in situ bag procedure and 48 h gas production, respectively.

Blood AA concentrations were similar to Gauthier et al. (2019) and mostly within ‘normal’ ranges for high producing Holstein
dairy cattle (Swanepoel et al., 2018). Only glutamine was lower than in Swanepoel et al. (2016), but comparable to values later
reported by our group (Swanepoel and Robinson, 2019a), while arginine appeared almost 2x higher than levels reported previously.
Reasons for higher concentrations of these AA in rations seemingly so similar in nutrient and ingredient composition is unclear.
Indeed, at 27.2 μg/mL (15.6 μmol/dL), our serum arginine concentrations were higher than those reported in most studies using early
lactation cows (Christen et al., 2010; Appuhamy et al., 2011; Haque et al., 2012), all of which were similar to Swanepoel et al. (2016)
survey values, but similar to a study that fed CM and SBM diets (Piepenbrink et al., 1998). Serum arginine concentrations are
influenced by factors other than requirements for protein synthesis and accretion, including de novo synthesis and oxidation rates,
functions in the urea cycle and uses for synthesis of other metabolites (Ball et al., 2007).

It has been suggested that CM has a favorable AA profile for milk production (Mulrooney et al., 2009; Huhtanen et al., 2011;

Fig. 3. Statistical interactions for milk yield (a; kg/day) and milk energy density (b; MJ/kg) as influenced by feeding canola meal (CM) or soybean
meal (SBM), without or with added ruminally protected methionine, as well as days in milk (values within days in milk with different superscripts
differ; P < 0.05).
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Martineau et al., 2013) with many essential AA (EAA) being lower in blood of cows consuming SBM (Piepenbrink et al., 1998).
However, there were no differences in any serum AA concentration between our CM and SBM diets, but many tendencies for AA
concentrations to be higher at 2nd service. This could be due to cows being later in lactation (avg. 106 versus 71 DIM) at 2nd service
with lower AA needs and higher accumulation in blood.

Contrary to expectations based upon Gauthier et al. (2019), there were no reductions in serum Met concentrations, or in con-
centration of Met as a proportion of total EAA, with SBM feeding. It seems unlikely that this was due to the slightly lower feeding
level of SBM (63.5 versus 70 g/kg), but agrees with Maxin et al. (2013a) who found that SBM resulted in the lowest Met con-
centrations amongst all protein sources examined. It has been suggested that accumulation of unutilized AA in blood could be
indicative of an AA limitation resulting in the reduction in milk yield (Swanepoel et al., 2014). However, since there was no such
pattern of general AA increase in serum of SBM fed cows, the reduction in milk yield cannot be attributed to a Met limitation. Indeed,
the reduction in milk yield in the absence of a Met decrease, suggests that it may have been a metabolizable protein (MP) deficit that
limited milk production, possibly due to lower availability of microbial CP, which is discussed in Section 4.1.3.

4.1.2. Supplementing the SBM diet with RP methionine
The increase in milk protein yield due to addition of Met to the SBM diet is consistent with expectations (Robinson, 2010), as is

the trend (P=0.06) to higher milk energy output. However, most of the milk yield response to Met occurred prior to ∼70 DIM, with

Fig. 4. Statistical interactions for milk fat (a) and protein (b) content (g/100 g) as influenced by feeding canola meal (CM) or soybean meal (SBM),
without or with added ruminally protected methionine, as well as days in milk (values within days in milk with different superscripts differ;
P < 0.05).
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the impact tending to become negative after 90 DIM. There is a similar improvement in milk protein yield (Fig. 5a) for the SBM+M

versus SBM treatment, also in earlier lactation (i.e., 22 and 53 DIM), due to a higher milk protein content (Fig. 4b). However, this
pattern is reversed with milk fat content (Fig. 4a), where the difference occurs after ∼70 DIM, where SBM+M outperforms SBM,
possibly due to lower milk yield and an unnecessarily high Met supply allowing an energetic shift to milk fat production. This is
consistent with the discussion of Swanepoel et al. (2015), where Met supplementation seems to consistently enhance milk component
yields, especially milk protein, regardless of its apparent need as a limiting AA. However, as noted earlier, serum Met was not lower
with the SBM versus CM diets and so cannot be considered to be limiting. Thus Met supplementation was likely not required, which is
reflected in the higher serum Met concentration (3.62 versus 3.25 μg/mL; P=0.04) for the SBM+M versus SBM treatment, presumably
due to accumulation of unutilized Met in blood. Indeed, this could be supported by the lower blood arginine concentration with the
SBM+M treatment since arginine is known to be removed by the mammary gland in amounts greater than required for milk protein
synthesis, and mainly hydrolyzed to urea. Thus, the lower concentration of arginine could indicate its utilization in the urea cycle to
remove excess Met, while the higher concentration of arginine with the SBM diet could reflect a possible MP limitation where less
arginine is required for utilization in the urea cycle (Ball et al., 2007).

A reduction in serum serine (P=0.04), one of the most gluconeogenic AA (with glycine and alanine) due to Met supplementation
supports a potential role of Met in metabolic regulation of hepatic gluconeogenesis, and resultant blood glucose levels (Tavares et al.,
2016). As serine is involved in decreasing synthesis of choline, which stimulates milk fat synthesis, this could explain higher milk fat

Fig. 5. Statistical interactions for milk protein (a) and lactose (b) yield (kg/day) as influenced by feeding canola meal (CM) or soybean meal (SBM),
without or with added ruminally protected methionine, as well as days in milk (values within days in milk with different superscripts differ;
P < 0.05).
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synthesis during later lactation when serine decreases with Met supplementation.
In addition, supplementation of Met did not allow production levels to rise to the levels obtained with the CM treatment. This

supports the discussion of Swanepoel et al. (2015) suggesting that the level of Met supplemented relative to its requirement is more
important than the overall Lys:Met ratio of the diet fed. Indeed, correcting the ratio from 3.82 in the SBM treatment to 3.29 with
SBM+M did not result in it reaching CM treatment production levels with its Lys:Met ratio of 3.73.

4.1.3. Rumen MCP outflow as influenced by SBM and RP met
The reduction in rumen MCP outflow for the SBM versus CM treatment is consistent with Gauthier et al. (2019), and possibly

Table 5
Dry matter intake, apparent whole tract digestibility and rumen microbial protein (MCP) outflow as influenced by feeding canola meal (CM) or
soybean meal (SBM) without or with added ruminally protected methionine, as well as days in milk (DIM).

Treatment (Trt) Days in milk (DIM) P

CM SBM SBM+M SEM 82/51a 109 SEMa CM vs SBM SBM vs SBM+M DIM Trt*DIM

n = 3 pens
Dry matter intake (kg/d) 28.49 28.22 28.19 – – – 0.332 0.64 0.96 – –
n = 18 composite (6 cow) fecal samples (see Section 2.4.4)
Apparent digestion (g/100 g)
Organic matter 65.7 67.3 67.6 0.59 67.4 66.3 0.46 0.06 0.74 0.11 0.89
Crude protein 62.0 65.4 63.6 0.90 64.7 62.6 0.71 0.02 0.22 0.05 0.86
aNDFomb 46.0 45.8 47.5 0.84 46.8 46.1 0.63 0.84 0.22 0.52 0.98
aNDFc 40.0 40.7 42.1 1.18 40.8 41.0 0.85 0.71 0.24 0.89 0.98

n = 18 composite (12 cow) urine samples (see Section 2.4.4)
Urine specific gravity 1.0265 1.0254 1.0270 – 1.0272 1.0254 0.00042 <0.01 <0.01 < 0.01 0.12
Urine volume (L/day) 18.4 19.1 18.1 – 18.0 19.1 0.25 < 0.01 <0.01 < 0.01 0.19
Urine allantoin (mg/mL) 2.90 2.59 2.85 – 3.05 2.51 0.122 < 0.01 0.02 0.02 0.79
Rumen MCP outflow (g/d) 1802 1659 1737 – 1871 1595 66.0 0.02 0.19 < 0.01 0.97

a 82 days for apparent digestion but 51 days for urine measurements. Overall for dry matter intake and urine measures but by factor for fecal
measures.

b Neutral detergent fiber assayed with heat stable amylase, expressed exclusive of residual ash.
c Neutral detergent fiber assayed with heat stable amylase, expressed inclusive of residual ash.

Table 6
Free amino acid (AA) concentrations (μg/mL) in serum of cows as influenced by feeding canola meal (CM) or soybean meal (SBM), without or with
added ruminally protected methionine, sampled 24 h prior to 1 st and 2nd service.

Treatment (Trt) Service (S)a P

CM SBM SBM+M SEM 1st 2nd SEM CM vs SBM SBM vs SBM+M S Trt*S

n= 54 cows
Essential AA
Threonine 10.7 12.2 12.5 0.74 11.6 12.0 0.60 0.20 0.76 0.61 0.54
Valine 34.1 32.1 34.9 1.53 32.6 34.8 1.22 0.41 0.15 0.20 0.85
Methionine 3.22 3.25 3.62 0.154 3.24 3.49 0.13 0.90 0.04 0.11 0.61
Isoleucine 15.6 15.4 16.3 0.79 15.1 16.4 0.66 0.91 0.35 0.09 0.33
Leucine 24.8 23.5 25.3 1.07 23.4 25.6 0.85 0.44 0.17 0.07 0.72
Phenylalanine 8.14 8.37 8.10 0.261 7.88 8.53 0.209 0.58 0.43 0.03 0.77
Lysine 12.0 12.4 11.9 0.68 11.7 12.5 0.57 0.67 0.46 0.20 0.42
Histidine 7.57 7.97 8.42 0.342 7.80 8.17 0.274 0.45 0.30 0.34 0.68
Arginine 26.8 29.6 25.2 1.03 26.4 28.0 0.82 0.09 < 0.01 0.17 0.70

Non-essential AA
Aspartic acid 1.67 1.69 1.66 0.090 1.65 1.71 0.072 0.85 0.77 0.05 0.03c

Tyrosine 9.19 9.36 9.92 0.623 9.18 9.81 0.532 0.84 0.41 0.28 0.72
Serine 8.52 9.50 8.52 0.421 8.89 8.81 0.356 0.09 0.04 0.85 0.23
Glutamic acid 7.02 7.40 7.06 0.263 7.15 7.17 0.210 0.36 0.31 0.94 0.25
Glutamine 39.9 37.0 37.9 1.85 37.7 38.7 1.48 0.32 0.69 0.62 0.87
Glycine 29.2 29.0 27.9 1.57 28.9 28.5 1.38 0.90 0.48 0.77 0.28
Alanine 24.5 24.5 24.3 1.20 24.2 24.6 0.98 0.99 0.92 0.75 0.95
Asparagine 6.37 7.06 7.08 0.302 6.82 6.85 0.241 0.14 0.96 0.94 0.99
Proline 13.0 12.8 13.2 0.55 13.0 12.9 0.44 0.81 0.61 0.99 0.79
3-MHb 0.62 0.54 0.60 0.033 0.55 0.62 0.026 0.16 0.17 0.07 0.67

a Cows sampled 24 h prior to breeding, with days in milk (DIM) range 68–74 DIM at 1st service and 103–109 DIM at 2nd service.
b 3-Methylhistidine.
c Interaction due to the cows sampled immediately prior to 1 st service having a higher value (1.81) versus cows sampled immediately prior to 2nd

service (1.51) within the SMB+M group (P< 0.05).
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causative to the lower milk production with SBM feeding. To our knowledge there are no studies documenting changes in MCP
outflow with SBM versus CM diets other than Gauthier et al. (2019). The first review examining impacts of SBM on rumen MCP
outflow (Polan, 1988) stated that protein sources with more rumen undegradable protein would reduce MCP, which corresponds to a
12-year review published by Santos et al. (1998). Polan (1988) also noted that SBM tended to reduce MCP production when com-
pared to other protein sources, probably due to a negative effect of additional soy protein. Indeed, a recent meta-analysis attributed
positive responses with CM feeding to increased efficiency in N metabolism with improved MCP production and thus a higher supply
of MP from rumen undegradable protein (Maxin et al., 2013a). This is entirely consistent with our results, and suggests that milk
production of cows fed the SBM diet was limited by a MP, rather than an AA, deficit due to reduced MCP outflow when SBM
substituted for CM in the diet. However, this contradicts the conclusion of Maxin et al. (2013a) that SBM provides an inferior quality
MP compared to CM due solely to its limitation in Met, while supporting discussion that most feed tables erroneously report a higher
MP value for SBM, compared to CM, such that feed evaluation systems consistently underestimate MP supply with CM diets
(Martineau et al., 2013; Maxin et al., 2013b).

The numerical increase in MCP with the SBM+M versus SBM diet suggests a possible rumen response. Smartamine M is designed to
solubilize at low pH, usually after passing from the rumen (pH ∼6.2) to the abomasum (pH ∼2.5). However, ruminal stability is

Table 7
Culling and pregnancy rates as influenced by feeding canola meal (CM) or soybean meal (SBM), without or with added ruminally protected
methionine.

Treatments P

CM SBM SBM+M SEM CM vs SBM SBM vs SBM+M

n= 403 cows
Culling (cows/100 cows)
Mastitis 5.9 9.9 5.5 1.27 0.12 0.10
Lameness 2.6 1.7 3.8 0.53 0.38 0.08
Physical injury 2.5 2.3 2.5 1.19 0.90 0.91
Miscellaneous 2.1 1.9 1.3 0.42 0.32 0.43
Total 13.1 15.8 13.1 1.37 0.29 0.29
Pregnancy
1st Service

Pregnant (cows/100 cows bred) 52.7 49.9 52.9 4.80 0.74 0.72
Abortiona (cows/100 cows pregnant) 6.7 10.9 8.2 2.99 0.43 0.60
Adjusted 1st Serviceb (cows/100 cows bred) 48.9 44.7 48.5 4.34 0.58 0.62
2nd Service
OvSynch bred (cows/100 cows bred) 55.9 65.2 54.4 8.33 0.53 0.47
OvSynch bred pregnant (cows/100 cows bred OvSynch) 41.0 40.0 42.5 8.59 0.94 0.87
Heat bred (cows/100 cows bred) 44.6 34.8 45.6 8.33 0.53 0.47
Heat bred pregnant (cows/100 cows bred heat) 50.7 36.1 32.5 7.05 0.27 0.77
Total pregnant (cows/100 cows bred) 42.1 38.8 40.1 5.47 0.73 0.89
1st and 2nd Service
Combined Pregnant (cows/100 cows bred) 72.6 69.4 71.8 4.21 0.66 0.74
Combined adjustedb,c (cows/100 cows bred) 68.9 64.2 67.4 3.29 0.43 0.58
Pregnant non-aborting survivors (cows/100 cows bred)d 59.9 54.0 58.6 3.42 0.35 0.46

a Cows per 100 cows conceived to 1st service but not pregnant at next pregnancy check.
b Adjusted for 1st service abortions.
c Abortions were not recorded to 2nd service.
d Cows successfully completing the study at ∼160 DIM and pregnant at that time.

Table 8
Estradiol (E2) and progesterone (P4) levels in serum 24 h prior to breeding cows to an OvSynch protocol (1 st and 2nd services) as influenced by
feeding canola meal (CM) or soybean meal (SBM), without or with added ruminally protected methionine.

Treatment (Trt) Preg Outcome (PO)a P

CM SBM SBM+M Preg Open SEM CM vs SBM SBM vs SBM+M PO Trt*PO

n = 36 cows/service
1st Serviceb

Estradiol, pg/mL 6.41 4.72 3.71 5.16 4.72 1.441 0.21 0.45 0.69 0.51
Progesterone, ng/mL 0.19 0.38 0.47 0.42 0.27 0.072 < 0.01 0.14 < 0.01 0.12
2nd Servicec

Estradiol, pg/mL 7.64 7.26 8.96 9.70 6.20 1.606 0.79 0.26 < 0.01 0.17
Progesterone, ng/mL 0.25 0.23 0.20 0.24 0.21 0.040 0.80 0.50 0.45 0.86

a Where 'PO' is subsequent pregnancy outcome (i.e., pregnant (preg) or not pregnant (open)) to that service.
b Sampled between 68–74 DIM.
c Sampled between 103–109 DIM.
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affected by TMR mixing (which may weaken the coating and reduce stability) and rumen retention time and associated ruminative
chewing. Thus it seems inevitable that some ruminal Met release occurred in the rumen. Indeed, if rumen degradation of Smartamine
M, reported at 220–370 g/kg (Swanepoel, 2009), occurred in our study then feeding Met at 7.9 g/day would result in 1.3–2.2 g/day of
ruminal Met release. While it seems unlikely that such a low level of Met could be sufficient to impact MCP synthesis, a previous study
reported improved production and efficiency of MCP synthesis when 216–432 g/kg of RP Met was ruminally degraded (Vázquez-
Añón et al., 2001).

4.2. Reproductive performance and health as influenced by SBM feeding

An assay of composited samples suggested average levels of 4270 ppm total isoflavones in SBM, compared to 156 ppm in CM. The
SBM value is much higher than reported by Třináctý et al. (2009) in extruded full-fat soybeans for daidzein and genistein (1640 versus
151 and 2400 versus 223 respectively), resulting in a mean intake of isoflavones of 7686mg/day in our study, which is 50 % higher
than that in Třináctý et al. (2009). However, it is comparable to the range of 1200–4200mg/kg DM reported by Dusza et al. (2006)
for unprocessed soybeans.

Since dairy cow diets are formulated to contain ingredient combinations which allow utilization of complementary nutrients, it
was unclear whether inclusion of SBM in a diet at a ‘normal’ level would have the detrimental effects on fertility reported in studies
which fed higher levels. At our SBM feeding level (∼1.8 kg SBM/cow/day on DM basis), the total isoflavone concentration (mainly
genistein and daidzein) in the TMR was 184 ppm, considerably lower than the 1900 ppm in Woclawek-Potocka et al. (2005) that
reduced pregnancy rates in cows fed 2.5 kg of ‘bruised soy’. Indeed, it is actually lower than the 300 ppm reported by the same group
for their standard (no soy) diet, from which no phytoestrogens were detected in blood or urine. This suggests that the level of
phytoestrogens in our SBM and SBM+M diets was not enough to impact reproductive performance. In this context, it is not surprising
that there were no impacts of CM replacement by SBM on reproductive performance to 1st or 2nd service (Table 7). And, contrary to
the suggestion of Reinhart et al. (1999) that PE are immunotoxic and may therefore disrupt the immune system, there was no impact
on the overall health of the cows as assessed by culling.

4.3. Serum estradiol (E2) and progesterone (P4) levels as influenced by SBM feeding

It has been suggested that PE has the ability to bind to estrogen receptors, modulate E2 metabolism, act as a partial agonist
thereby inhibiting E2 responses, and reduce concentrations of circulating active E2 (Reinhart et al., 1999; Woclawek-Potocka et al.,
2005), which leads to disturbance in follicle development or lack of estrus. Even though not statistically significant, there was a lower
level of E2 in the serum for the SBM diets compared to CM (4.2 versus 6.4 pg/mL). This may support Reinhart et al. (1999) in their
view that PE can reduce circulating active E2, but only at 1st service – as the difference in E2 levels among treatments did not repeat
for 2nd service cows. However, there was a higher concentration of E2 in serum of later pregnant cows versus later open cows for 2nd
(9.7 versus 6.2 pg/mL) and 1st service (5.2 versus 4.7 pg/mL), which corresponds with studies reporting that fertility may be limited
by circulating E2 levels in blood (Souza et al., 2007).

Concentrations of E2 in our study compared well with values reported previously for lactating Holstein cows producing ∼46 kg
milk/day (Sartori et al., 2004), where serum E2 concentrations peaked at 7.9 pg/mL. The reason for the higher levels of E2 in our
cows at 2nd versus 1st service is not clear, but could be due to the clearance rate of steroids from blood, as well as level of intake and
milk production. As cows at 2nd service were later in lactation (106 versus 71 DIM), and therefore past peak-production, this could
have resulted in a lower metabolic rate and slower clearance rate of steroid hormones (Sartori et al., 2004; Martins et al., 2018).
However, the opposite effect on P4, which would be subject to similar effects of changes in clearance, argues that clearance was not
likely to be a major determinant of differences in steroid concentrations.

It has been suggested that PE can cause abortion (i.e., early embryonic mortality) by decreasing P4 production during pregnancy
through inhibition of luteinizing hormone secretion which disrupts corpus luteum function to maintain pregnancy (Woclawek-
Potocka et al., 2013; Martins et al., 2018). While serum samples were not collected during pregnancy, the proportion of 1st service
abortions for SBM fed cows was numerically higher than for CM fed cows (9.6 versus 6.7; Table 7), which may support this theory.
Indeed, if the PE in SBM tended to negatively impact E2 levels, thereby limiting fertility, the higher P4 concentration for the SBM fed
cows (0.43 versus 0.19 ng/mL) would support this possibility since the presence of P4 at insemination could be related to reduced
pregnancy rates as an indication of the cows’ readiness to be bred. Since overall P4 levels were all below 1 ng/mL, which is generally
accepted as the value below which cows are considered to have no luteal tissue left and can therefore be successfully bred (Smith
et al., 1975; Woclawek-Potocka et al., 2005), the lower P4 concentration for the CM treatment could indicate that the timing of AI
was more favorable to the likelihood of fertilization.

5. Conclusions

Substituting CM for SBM at 63.5 g/kg DM reduced dairy cow performance, especially relative to milk yield and its components.
This occurred in spite of no apparent Met limitation, with the resultant suggestion that it was an overall lack of MP which limited
production, primarily due to lower rumen MCP outflow with SBM feeding.

In addition, the SBM phyto-estrogens did not impact pregnancy outcomes, suggesting that feeding this level of SBM is of little
concern to dairy farmers, at least relative to the reproductive performance of their cows. Indeed, the negative impact of SBM on milk
production is of more concern and, even though supplementation of Met to the SBM diet resulted in some improvement of
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performance, especially of milk protein yield, it did not rise to levels achieved by cows fed the CM diet.
Overall, results suggest that it was not the AA profiles of the protein sources, but rather their ruminal impact on rumen MCP yield

that determined their impacts on milk production, limiting the use of SBM, even with additional Met which would add additional diet
costs, over CM in early lactation rations.
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