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ABSTRACT

We aimed to evaluate the effects of dietary supple-
mentation with magnesium oxide and calcium-magne-
sium dolomite on milk fat synthesis and milk fatty acid
profile or persistency in milk fat synthesis after their
cessation in dairy cows under milk fat depression con-
ditions. Twenty-four multiparous dairy cows in early
lactation (mean + standard deviation; 112 + 14 d in
milk) were used in a randomized complete block design.
Milk fat depression was induced in all cows for 10 d by
feeding a diet containing 35.2% starch, 28.7% neutral
detergent fiber, and 4.8% total fatty acid (dry matter).
The experiment was conducted in 2 periods. During
the Mg-supplementation period (d 1-20), cows were
randomly assigned to (1) the milk fat depression diet
used during the induction phase (control; n = 8), (2)
the control diet plus 0.4% magnesium oxide (MG; n =
8), or (3) the control diet plus 0.8% calcium-magnesium
dolomite (CMC; n = 8). Compared with the control
group, feeding the magnesium-supplemented diets in-
creased milk fat concentration and yield by 12% within
4 d. During the 20-d Mg-supplementation period, both
the MG and CMC diets increased milk fat concentra-
tion and yield, as well as 3.5% fat-corrected milk and
energy-corrected milk yield, without affecting dry
matter intake, milk yield, and milk protein and lactose
concentrations. In the Mg-cessation period (d 21-30),
all cows received the control diet, which resulted in a
greater milk fat concentration and yield in the cows
that had already received the MG and CMC diets in
the Mg-supplementation period. Whereas, milk fat
concentration and yield remained high after discontinu-
ation of the magnesium-containing alkalizer until d 27.
The difference in milk fat synthesis was associated with
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lower trans-10 C18:1 (—22%) and higher trans-11 C18:1
(+12.5%) concentrations in milk during the Mg-sup-
plementation period. Furthermore, it was evident that
within 2 d of supplementation, the trans-10:trans-11
ratio was lower in MG and CMC cows compared with
cows receiving the control. This suggested that the ef-
fect of magnesium-based alkalizers on milk fat synthesis
was mediated via a shift in ruminal biohydrogenation of
cis-9,cis-12 C18:2 in the rumen. In conclusion, abrupt
addition of magnesium oxide and calcium-magnesium
dolomite increased milk fat synthesis, which persisted
for 7 d after cessation of magnesium-based alkalizers. A
similar ability to recover milk fat synthesis and normal
fatty acid biohydrogenation pathways was observed for
magnesium oxide and calcium-magnesium dolomite.
Key words: magnesium, milk fat depression, trans-
fatty acid, performance

INTRODUCTION

Increasing dietary NFC is a common approach to
maximizing milk production in high-producing dairy
cows. Typically, lactation diets for high-producing cows
contain more than 40% NFC, mainly starch, which
accounts for 70 to 80% of most cereal grains (NRC,
2001). Feeding highly fermentable carbohydrates
results in increased concentration of VFA in the ru-
men and decreased rumen pH, which can affect the
microbial composition of the rumen (Calsamiglia et al.,
1999; Dijkstra et al., 2012). These changes in rumen pH
and microbiota composition are associated with shifts
in rumen biohydrogenation (BH) pathways (Fuentes
et al., 2009; Sandri et al., 2020), leading to increased
rumen synthesis of BH intermediates capable of induc-
ing milk fat depression (MFD), such as trans-10,cis-12
CLA and trans-9,cis-11 CLA (Baumgard et al., 2000;
Perfield et al., 2007).

Magnesium oxide is the most common supplemental
source of magnesium for dairy cows; however, feeding
magnesium oxide in excess of the magnesium require-
ment established by the NRC (2001) can increase ru-
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men pH and milk fat synthesis in dairy cows (Erdman
et al., 1982; Bach et al., 2018). This additional mag-
nesium oxide supplementation may increase feeding
costs, whereas alternative magnesium sources may have
similar effects while being less expensive.

In vivo studies have shown that regulation of rumen
pH by the addition of buffer reduces the production of
BH intermediates associated with MFD (Kalscheur et
al., 1997; Cabrita et al., 2009). Similarly, different types
of magnesium-based alkalizers have been proposed to
stabilize rumen pH and thus reduce the occurrence
of MFD (Neville et al., 2019; Razzaghi et al., 2020).
Bach et al. (2018) reported that a magnesium-based
product can neutralize rumen pH and maintain milk
fat content more efficiently than sodium bicarbonate
when cows are challenged with 3 kg/d of additional
barley in the ration. In addition, feeding potassium
carbonate sesquihydrate decreased trans-10 C18:1 con-
tent in milk [0.68 vs. 0.40% of total fatty acids (FA)]
and increased milk fat synthesis (Harrison et al., 2012).
Rauch et al. (2012) reported no difference in milk fat
yield and feed efficiency between cows fed sodium bi-
carbonate or calcium-magnesium dolomite. Recently,
we examined the diurnal rumen pH pattern by adding
magnesium-based alkalizers when TMR, formulated as
potentially acidotic was fed to dairy cows and found
that calcium-magnesium dolomite had a similar ability
to magnesium oxide to shorten the time that rumen pH
remained below 5.8 (from 12.5 h/d in control group to
9.1 and 8.7 h/d, respectively; Razzaghi et al., 2021).
The acid-neutralizing ability of magnesium oxide prob-
ably reflects adequate solubility in rumen fluid (Le
Ruyet and Tucker, 1992; Schaefer et al., 1982), which
allows alkalizer to be effective at low pH when cows
are fed high-starch diets. A similar mechanism may
be at work with calcium-magnesium dolomite, which
provides a novel alkalizer that achieves similar effects
to commonly used minerals, such as magnesium oxide,
but at a lower cost.

Although the beneficial effect of magnesium sources
on rumen pH and milk fat content has been studied,
the effect of supplementation or cessation of dietary
magnesium sources on milk fat synthesis under MFD
conditions is not known. In our previous study, we in-
vestigated the effect of magnesium sources (magnesium
oxide or calcium-magnesium dolomite) on rumen fer-
mentation and daily rumen pH patterns; however, that
study was not designed to measure changes in milk fat
synthesis due to experimental conditions (Razzaghi et
al., 2021). To the best of our knowledge, no study has
evaluated the use of calcium-magnesium dolomite and
magnesium oxide as the main alkalizers for the recovery
from MFD. We hypothesized that calcium-magnesium
dolomite acts as a buffer for rumen pH that favors nor-
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mal BH pathways and thus may promote recovery of
milk fat synthesis. The main objective of the current
study was to determine how rapidly magnesium oxide
and calcium-magnesium dolomite supplementation
may affect recovery of milk fat synthesis and ruminal
BH intermediates in high-yielding dairy cows fed a milk
fat—depressing diet. In addition, we aimed to evalu-
ate the potential residual effects of magnesium-based
supplements on milk fat synthesis after treatment ces-
sation.

MATERIALS AND METHODS
Cows, Experimental Design, and Treatments

All experimental procedures and animal manipula-
tions were approved by the Animal Care and Use Com-
mittee of Ferdowsi University of Mashhad (IACUC
#A20175) as described in Iranian Council of Animal
Care (1995). Twenty-four multiparous Holstein cows
(660 + 14 kg of BW, 112 + 14 DIM and 45 + 1.7
kg of milk/d; mean + SD) were used in a randomized
complete block design. Cows were blocked according to
parity, pre-experimental milk yield, and DIM. Sample
size and power analyses were used to calculate (Morris,
1999) the minimum number of replicates needed per
treatment (n = 8) to detect a 10% level of observed
mean differences for the primary outcome variables, in-
cluding DMI and lactation performance, with a power
of 0.80 and o = 0.05, using 8 replicates per treatment.
Estimates of variation for these variables were based
on previously reported values (Yu et al., 1998; Alfonso-
Avila et al., 2017; Malekkhahi et al., 2021).

All cows were housed in individual tiestalls in the
Rayner Dairy Teaching and Research Facility (Ferdowsi
University of Mashhad, Mashhad, Iran) with free access
to water at all times. Animals were fed the normal herd
ration during a 7-d pre-study period with forage-to-
concentrate ratio of 40:60, formulated with 31.5% NDF,
16.7% CP, 31.6% starch (DM basis), and minerals and
vitamins as recommended by the NRC (2001). Corn
silage, alfalfa silage, and chopped alfalfa hay were used
as forage components. Alfalfa hay was chopped to a
theoretical length of 30 mm before feeding using a har-
vesting machine equipped with a sieve size controller
(Golchin Trasher Hay Co.). The primary starch source
during the pre-study period was dry ground corn.

Thereafter, during the 10-d MFD period, dairy cows
were fed the milk fat—depressing diet with forage-to-
concentrate ratio of 35:65 as a TMR, formulated with
35.5% starch, 29.0% NDF, and 4.8% total FA. The
MFD diet contained 3.2% roasted soybeans (cracked)
as a source of UFA and 38.5% of a processed corn
product (DM basis) as a primary starch source (Table
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1). Corn grain processing (i.e., super-conditioning pro-
cess) was carried out by placing the ground corn in the
super-conditioner (model 680 Dabbel, Asiab Machine
Iranian) and injecting steam to increase the moisture
content to 18 to 20% along with cooking at 95°C for 6
min as explained by Malekkhahi et al. (2021).

After the MFD-induction period (for 10 d), the cows
began the experimental phase, which consisted of 2 peri-
ods, period 1 (Mg supplementation, d 1-20) and period
2 (Mg cessation, d 21-30). In the Mg-supplementation
period, cows were randomly assigned to 1 of 3 treat-
ments as follows: (1) MFD diet (CTRL), (2) the MFD
diet 4+ 0.4% DM magnesium oxide (including 67% mag-
nesium oxide; MG), and (3) the MFD diet 4+ 0.8% DM
calcium-magnesium dolomite (a mixture of 53% calcium
dolomite and 44% magnesium carbonate; CMC). Part
of the wheat bran was replaced with 0.4% of diet DM
as magnesium oxide, and calcium-magnesium dolomite
replaced the limestone completely and wheat bran par-
tially with 0.8% (diet DM basis). Magnesium oxide and
calcium-magnesium dolomite doses were determined
using the neutralization-capacity method proposed by
Bach et al. (2018) and recently validated in dairy cows
(Razzaghi et al., 2021). Accordingly, the magnesium
oxide dose was set at half of the calcium-magnesium
dolomite dose based on the expected neutralizing activ-
ity (the neutralizing capacity of magnesium oxide and
calcium-magnesium dolomite was 36 and 20 mEq/g,
respectively). Feeding rates of magnesium oxide and
calcium-magnesium dolomite were consistent with rec-
ommended rates used in commercial diets (Rauch et
al., 2012; Bach et al., 2018). In addition, the neutral-
izing activity of magnesium sources in 5% acetic acid
was evaluated by measuring pH change according to
Goff (2018; data not shown). Rations were formulated
to be isoenergetic, isonitrogenous, and meet the nutri-
ent requirements (NRC, 2001) of lactating dairy cows
(weighing 660 kg, milk yield = 45 kg, fat concentration
= 3.5%, true protein concentration = 3.0%, and intake
= 27 kg of DM/d). During the Mg-cessation period, all
cows were returned to the MFD diet for d 10. Cows were
fed individually at 0800, 1600, and 2400 h to achieve
a refusal rate of 10% and to allow ad libitum intake.
Twice-weekly forage samples were collected, and DM
content was determined to allow adjustment of diets
to maintain forage-to-concentrate ratio. All cows were
milked 3 times daily at 0700, 1500, and 2300 h.

Experimental Measurements and Sampling

Feed intake and milk yield and components were re-
corded daily throughout the experiment. Feed refusals
were collected before the morning feeding and weighed
daily. Samples of TMR were collected daily and pooled

Journal of Dairy Science Vol. 105 No. 3, 2022

at 5-d intervals, then weighed, oven-dried at 60°C for
48 h, and ground in a Wiley mill (standard model 4;
Arthur H. Thomas Co.) to pass a 1-mm sieve. The
procedures of AOAC International (2005) were used to
measure DM by oven drying at 100°C for 24 h (method
934.01). Ash was determined by combustion at 600°C
for 2 h (method 942.05; AOAC International, 2005),
and ether extract content (method 920.39; AOAC
International, 2005) was determined using a Soxhlet
Gerhardt apparatus (model SE 416; Gerhardt). Crude
protein (Kjeldahl N x 6.25) was determined by the
block digestion method using a copper catalyst and
steam distillation in boric acid (method 2001.11;
AOAC International, 2005) with a 2100 Kjeltec distilla-
tion unit (Foss Inc.). Neutral detergent fiber and ADF
were analyzed using the Fibertec System (1010 Heat
Extractor) as described by Van Soest et al. (1991). The
NDF and ADF values are reported inclusive of residual
ash. Sodium sulfite and heat-stable a-amylase (Sigma
A3306, Sigma-Aldrich) were used for NDF analysis.
Nonfiber carbohydrate content (% DM) of the diets was
calculated as 100 — (NDF + CP + ether extract + ash)
(NRC, 2001). Total starch was determined according to
the procedure of Hall et al. (1999). The total content
of FA in the diet was determined by GC using non-
adecanoic acid (C19:1) as an internal standard (Sukhija
and Palmquist, 1988). Subsamples of the TMR, were
subjected to digestion in HCO;3 (70%) + H,0, (30%)
using a digestion block for mineral measurements ac-
cording to the procedure described by Mills and Jones
(1996). Concentrations of calcium, magnesium, phos-
phorus, potassium, sodium, and sulfur in the diet were
determined by inductively coupled plasma optical emis-
sion spectrometry (ICP-OES, Optima 4300DV, Perkin
Elmer). Chloride in TMR was determined by silver
nitrate titration after extraction with 0.5% nitric acid.

Milk was collected daily from all 3 daily milkings,
and samples were pooled proportionately based on milk
weights. Daily pooled milk samples were stored at 4°C
with a preservative (potassium bichromate) until the
further determination of milk fat, protein, and lactose
using the Milko-Scan 605 analyzer (Foss Electric).
Additional milk samples were collected on the first 5
consecutive days of the Mg-supplementation period
without preservative and stored at —20°C until the end
of the experiment for subsequent determination of the
milk FA profile. Fat-corrected milk was estimated as
3.5% FCM = (0.434 x kg of milk) + (16.216 x kg of
milk fat) (Erdman, 2011). Energy-corrected milk was
calculated as ECM = (0.327 x kg of milk) + (12.95
x kg of milk fat) + (7.2 x kg of milk protein) (Orth,
1992). Feed efficiency was determined using 3.5% FCM/
DMTI (kg of 3.5% FCM per kg of DMI) and ECM/DMI
(kg of ECM per kg of DMI).
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Table 1. Ingredient and nutrient composition of the experimental total mixed ration’

Dietary treatment’

Item CTRL MG CMC
Ingredient, % of DM
Corn silage 26.0 26.0 26.0
Alfalfa silage 5.00 5.00 5.00
Alfalfa hay 4.00 4.00 4.00
Processed corn® 38.5 38.5 38.5
Soybean meal, 44% CP 10.0 10.0 10.0
Canola meal 6.00 6.00 6.00
Fish meal 1.30 1.30 1.30
Meat meal 2.00 2.00 2.00
Roasted soybeans, cracked 3.20 3.20 3.20
Wheat bran 2.50 2.10 2.00
Vitamin and mineral premix’ 1.00 1.00 1.00
Limestone 0.30 0.30 —
Salt 0.20 0.20 0.20
Magnesium oxide’ — 0.40 —
Calcium-magnesium dolomite’ — — 0.80
Chemical composition (% of DM, unless otherwise noted)
NE.,” Mcal/kg DM 1.62 1.62 1.62
DM 61.2 61.7 61.5
Ash 6.53 7.45 7.26
NDF 28.7 28.5 28.5
ADF 17.8 17.7 17.7
CP 16.6 16.7 16.6
Ether extract 5.06 5.10 5.01
Total fatty acids 4.80 4.85 4.83
Nonfiber carbohydrates 46.7 46.6 46.6
Starch 35.2 35.4 35.5
Minerals, % of DM
Sodium 1.20 1.21 1.21
Potassium 1.21 1.20 1.22
Chloride 0.33 0.33 0.33
Sulfur 0.24 0.24 0.23
Calcium 0.73 0.74 0.76
Magnesium 0.23 0.42 0.32
Phosphorus 0.52 0.51 0.51
DCAD,* mEq/kg of DM 126 125 120
Fatty acids, g/100 g of FA
C12:0 0.54 0.58 0.60
C14:0 0.60 0.64 0.63
C16:0 25.2 24.8 24.9
C16:1 0.44 0.48 0.45
C18:0 2.10 2.20 2.32
cis-9 C18:1 23.0 22.8 22.9
cis-11 C18:1 0.72 0.80 0.80
cis-9,cis-12 C18:2 37.0 37.2 37.1
cis-9,cis-12,cis-15 C18:3 10.4 10.5 10.3

'Samples of the TMR were collected daily and pooled by 5-d intervals in the entire experiment.

*CTRL = control (milk fat-depressing diet; no magnesium-based alkalizers); MG = 0.4% DM of magnesium
oxide; CMC = 0.8% DM of calcium-magnesium dolomite.

SSuper-conditioned corn (Dordaneh Khorasan-e-Razavi Animal Feed Co.). The geometric mean and SD of the

particle size in processed corn was 1.50 + 0.23 mm.

“Bach kilogram of the vitamin-mineral premix contained the following (DM basis): vitamin A (50,000 IU), vi-
tamin Dy (10,000 IU), vitamin E (4,000 IU), calcium (196 g), phosphorus (96 g), sodium (71 g), magnesium (19
g), iron (3 g), copper (0.3 g), manganese (2 g), zinc (3 g), cobalt (0.1 g), iodine (0.1 g), and selenium (0.001 g).

Contained 48% magnesium, 1.7% sodium, and 2.9% calcium.
SContained 15% magnesium, 0.8% sodium, and 22.5% calcium.

"According to NRC (2001).
fAccording to NRC (2001).

For the analysis of milk FA, milk fat was extracted
using the centrifugation technique described by Luna et
al. (2005). The refrigerated raw milk sample was kept
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at 20°C for 20 min and centrifuged at 17,800 x ¢ for 30
min at 4°C. The fat layer was transferred to a micro-
tube and centrifuged at 19,300 x ¢ for 20 min at room
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temperature. After the second centrifugation, the top
layer was kept for FA analysis of milk fat. Subsequently,
the extracted lipids were subjected to base-catalyzed
transmethylation with sodium methoxide to give FAME
following the procedure described by Christie (1982)
with modifications by Chouinard et al. (1999). Fatty
acid methyl esters were then recovered in hexane and
separated in a gas chromatograph (3400 Varian Star
instrument, Varian Inc.) equipped with a CP-SIL-88
capillary column (Chrompack, 60 m x 0.25 mm, Var-
ian) and a flame ionization detector with helium as the
carrier gas. The column temperature was initially set at
50°C for 1 min and increased by 10°C/min to 190°C for
another 130 min. The injector temperature was 280°C,
and that of the detector was set at 300°C. The FAME
peaks were identified by comparing their retention
time with that of a standard mixture of 37 components
FAME (Sigma-Aldrich, Supelco 18919-1AMP) and 60
individual FAME standards (Sigma-Aldrich).

Statistical Analysis

Before statistical analysis, the normality of data
distribution was tested by the Shapiro-Wilk test using
the UNIVARIATE procedure and evaluated visually by
plotting residuals (PROC PLOT). Of the tested pa-
rameters, feed intake and milk yield and components
were not normally distributed. Nonnormally distrib-
uted values were scaled using a log, transformation to
correct for heteroscedasticity and meet assumptions of
normality (reported in Supplemental Table S1; https:/
/data.mendeley.com/datasets/ngszd7jrtz/1; Razzaghi,
2021). After the log-transformation, the distribution of
the data was tested again, and the data were normally
distributed. Least squares means were back-transformed
to original units for interpretation of tables and figures
(Table 2 and Figure 1). Data were analyzed as a ran-
domized complete block design with the REPEATED
statement in the MIXED procedure of SAS (version
9.4, SAS Institute Inc.) using the following model:

Yijkl =n + Tz + Dj + (T X D)zj + A(k)l + Bl + Eijkls

where Y, is the variable observed, p is the overall
mean, T, is the fixed effect of treatment (i = 1-3), D;
refers to fixed effect of time (d), (T x D), is the fixed
effect of the interaction, A(;); is the random effect of
cow (k) within block (I), B, is the random effect of block,
and €, denotes the residual error. Feed intake and milk
production or component values were analyzed for 3
discrete periods as Mg supplementation (d 1-20), Mg
cessation (d 21-30), and overall (d 1-30). However,
we reported P-values for the entire period, although
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data on milk FA profile were analyzed for Mg supple-
mentation period (d 1-5). Three variance-covariance
structures (autoregressive type 1, compound symmetry,
and Toeplitz) were tested, and the first-order autore-
gressive covariance structure was determined as the
most appropriate covariance structure for all repeated
statements according to the Akaike and Bayesian infor-
mation criteria. Main effects were declared significant
at P < 0.05, and tendencies were declared at 0.05 < P
< 0.10. Interactions were declared significant at P <
0.10, and tendencies were declared at 0.10 < P < 0.15.
The PDIFF option was used with Tukey adjustment
to test for significance of multiple comparisons. The
SLICE option in the LSMEANS statement was used to
compare the treatments at a specific day when treat-
ment by time interaction was significant.

RESULTS

Dry matter intake, milk yield, milk components, and
milk efficiency during periods of Mg supplementation,
Mg cessation, and overall are shown in Table 2, and
transformed data are reported in Supplemental Table
S1. The addition of magnesium oxide or calcium-mag-
nesium dolomite did not affect DMI and milk yield,
and there was no interaction between treatment and
time for these variables throughout the period. The
MG and CMC diets resulted in a greater (P = 0.01)
milk fat concentration and yield, whereas the interac-
tion between treatment and time was significant (P <
0.01) for milk fat concentration, but only a trend for
milk fat yield (P = 0.11). Such an increase in milk
fat concentration was observed within the first 4 d
of the Mg-supplementation period (Figure 1, panel
A). Tt remained high throughout the rest of the Mg-
supplementation period and remained elevated after
discontinuation of the magnesium-containing alkalizers
until d 27. In addition, a similar pattern was observed
for milk fat yield (Figure 1, panel B).

Treatment did not affect milk protein and lactose
concentrations or yields throughout the period. The
MG and CMC groups had greater yields of 3.5% FCM
(P=0.03) and ECM (P = 0.04) throughout the period
compared with CTRL, but we observed no interaction
between treatment and time for these variables. Feed
efficiency (kg of FCM/kg of DMI) was greater (P <
0.01) in cows fed MG and CMC than in cows fed CTRL
for the entire period. In addition, ECM efficiency (kg of
ECM/kg of DMI) was lower (P < 0.01) for CTRL than
for MG group.

The effects of treatments on the profile of milk FA
during the period of Mg supplementation are summa-
rized in Table 3. Treatment differences were observed
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for the concentrations of C6:0 (0.97 vs. 1.32, CTRL
vs. MG and CMC; P = 0.02), C18:0 (11.5 vs. 12.4,
CTRL and MG vs. CMC; P = 0.02), trans-10 C18:1
(1.49 vs. 1.16, CTRL vs. MG and CMC; P < 0.01), and
trans-11 C18:1 (1.54 vs. 1.78, CTRL vs. MG; P = 0.01)
in milk fat. Although the concentration of C16:0 tended
to increase (P = 0.10) in cows fed the MG diet (30.1 vs.
31.2 g/100 g of FA, CTRL vs. MG), the concentration
of trans-9 C18:1 tended to decrease (P = 0.06) with
feeding of the CMC diet (0.20 vs. 0.17 g/100 g of FA,
CTRL vs. CMC). The proportion of C6:0 in milk fat
increased (426%) in cows fed magnesium-based supple-
ments compared with CTRL, whereas the proportion
of C18:0 increased (+7%) in cows fed the CMC diet
compared with all other diets. Furthermore, trans-10
and trans-11 C18:1 concentrations in milk fat decreased
(—22%) and increased (+12.5%), respectively, in cows
receiving magnesium-based supplements compared
with the CTRL group. In addition, dietary supplemen-
tation with magnesium-based alkalizers did not alter
cis-9,trans-11 CLA milk fat concentrations. Magnesium
supplementation reduced total trans-FA by 10.5% in
cows fed the MG and CMC diets compared with those
fed the CTRL diet. However, the proportions of milk
de novo (P = 0.10) and mixed origin FA (P = 0.06)
tended to increase in cows fed the MG diet compared
with those fed the CTRL and CMC diets, but the con-
centration of preformed FA in milk was not affected by
the treatments. The ratio of trans-10:trans-11 was also
greater (P < 0.01) in CTRL compared with those fed
MG and CMC diets.

An effect of time on milk FA profile was observed
for C12:0, C14:0, trans-C14:1, cis-1C4:1, C18:0, and
trans-C18:1 isomers (P < 0.05). Significant treatment
X time interactions were observed for C18:0 and total
trans-FA (P < 0.05) and the ratio of trans-10:trans-11
(P < 0.01). It was evident that within 48 h of supple-
mentation, the ratio of trans-10:trans-11 was lower in
cows fed MG and CMC compared with cows fed CTRL
(Figure 2), which persisted in the remaining period of
Mg supplementation (until d 5).

DISCUSSION
Diets, Performance, and Milk Fat Synthesis

In the present experiment, supplementation of mag-
nesium in MFD-inducing diets attenuated the decrease
in milk fat, an effect that gradually disappeared after
cessation of magnesium supplementation. These chang-
es were associated with improved BH characteristics
and not with changes in DMI or milk yield. In fact, the
addition of 0.4% magnesium oxide and 0.8% calcium-
magnesium dolomite to the diet did not affect feed in-
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take in our study. Other studies in lactating dairy cows
showed that buffering or alkalizing agents had no effect
on lactation performance, either in typical (Cabrita et
al., 2009; Rauch et al., 2012) or high-concentrate diets
(Kalscheur et al., 1997; Khorasani and Kennelly, 2001);
however, other studies (Neville et al., 2019; Razzaghi
et al., 2020) reported increased feed intake. Rauch et
al. (2012) reported that there was no difference in feed
intake and milk yield between control and calcium-
magnesium dolomite diets on commercial dairy farms,
but differences in dietary starch and NDF contents
compared with our study were evident (starch = 15.7
vs. 35.2% and NDF = 33.9 vs. 28.7%, on DM basis). In
addition, there are divergent results regarding the ef-
fects of feeding buffers on milk yield. Some studies have
documented no effects (Bach et al., 2018; Razzaghi et
al., 2020), whereas others have reported increased milk
yield (Razzaghi et al., 2021) with the addition of buff-
ering or alkalizing agents.

In our study, MFD was intentionally induced using
38.5% DM of processed corn and 3.2% DM of cracked
roasted soybeans in the experimental diets. The expec-
tation was that greater ruminal starch degradability
would lower rumen pH, and this could account for
any observed differences in the pattern of BH inter-
mediates (Mohammed et al., 2010; Dewanckele et al.,
2019). In addition, UFA was supplied in all diets via
a slowly available FA from cracked roasted soybeans.
The experimental diets contained an average of 28.6%
NDF, 35.3% starch, and 4.8% total FA to induce MFD.
Previous time course work has shown that changes in
BH occur rapidly and a maximum MFD was observed
within 10 to 14 d (Rico and Harvatine, 2013); therefore,
the onset of MFD was expected within the duration of
the MFD-induction period. In our study, the average
milk fat concentrations at the beginning and end of
the MFD-induction period were 3.82 and 2.75%, and
milk fat yields were 1.74 and 1.22 kg/d, respectively.
This reflected a 28 and 30% reduction in milk fat
concentration and yield, respectively, during the MFD-
induction period. Similarly, Razzaghi et al. (2021)
reported a greater milk fat concentration (+11%) and
yield (+21%) when similar doses of calcium-magnesium
dolomite and magnesium oxide (0.8 and 0.4% of the
diet DM) were used compared with a nonsupplemented
diet when cows were fed a 34.2% starch diet.

The objective of this experiment was to investigate
the role of magnesium oxide and calcium-magnesium
dolomite in relation to changes in milk fat synthesis af-
ter supplementation or cessation of dietary magnesium-
based alkalizers. In addition, the experimental diet
was formulated to increase the risk of MFD, and thus
CTRL cows had greater trans-10 C18:1 concentration
in milk (1.49% of FA), similar to a recent meta-analysis
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Figure 1. Milk fat concentration (%, panel A) and milk fat yield (kg/d; panel B) during the Mg-supplementation period (d 1-20) for cows
fed either a milk fat—depressing (MFD) diet alone (CTRL; @ and solid line), the MFD diet + 0.4% magnesium oxide (MG; A and solid line),
or the MFD diet + 0.8% calcium-magnesium dolomite (CMC; B and dotted line) and during the Mg-cessation period (d 21-30) when all cows
received the MFD diet. Treatment X time interaction was P < 0.01 for milk fat concentration and P = 0.11 for milk fat yield. Different letters
(a,b) indicate the significant difference (P < 0.05) between treatments within a time point. Milk fat values are back-transformed LSM, and error
bars represent SEM.

of more than 500 treatment means (mean = 1.39% of supplements than in the CTRL group (Figure 1, panel
FA; Matamoros et al., 2020). Moreover, milk fat yield B). This suggested that the effects of the magnesium
of cows fed MG or CMC was greater after withdrawal supplements on milk fat synthesis may have an effect on
of magnesium oxide and calcium-magnesium dolomite fat metabolism via altered BH pathways (i.e., trans-11
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C18:1 and trans-10 C18:1 shift). The timing (within 96
h) of the increase in milk fat concentration induced by
the addition of magnesium-based alkalizers is consis-
tent with a previous report (Rico and Harvatine, 2013)
of the timing of changes in milk fat concentration dur-
ing the induction and recovery of diet-induced MFD.
However, in the Mg cessation period, the positive effect
of magnesium sources on milk fat synthesis disappeared
by 7 d after cessation of magnesium supplementation
until the end of the experiment. During the period of
Mg supplementation, milk fat concentration and yield

increased over time in both MG and CMC diets, but
the recovery rate was slower than that of the potassium
source in the study of Ma et al. (2017). They reported
that recovery of MFD in dairy cows occurred within 2 d
after supplementation of an MFD diet (contained 1.8%
soybean oil and 22% starch, DM-based) with 0.59%
potassium carbonate sesquihydrate.

The magnesium-supplemented diets resulted in
greater yields of ECM and 3.5% FCM compared with
the CTRL group, which is in agreement with the results
of Razzaghi et al. (2021) and Khorasani and Kennelly

Table 3. Milk fatty acid profile in the first consecutive 5 d of Mg-supplementation period for cows fed a milk fat—depressing (MFD) diet

supplemented or not with magnesium-based alkalizers'

Dietary treatment® P-value

Fatty acids (g/100 g of FA) CTRL MG CMC SEM Treatment Time Treatment x time
C4:0 1.41 1.54 1.65 0.083 0.16 0.02 0.17
C6:0 0.97 1.36" 1.28% 0.091 0.02 0.95 0.16
C8:0 1.05 1.02 1.03 0.045 0.89 0.92 0.69
C10:0 2.20 2.28 2.18 0.119 0.83 0.63 0.89
C10:1 0.30 0.34 0.29 0.016 0.18 0.21 0.50
C12:0 2.86 2.78 2.92 0.102 0.65 <0.01 0.73
C14:0 11.0 11.3 10.8 0.31 0.60 <0.01 0.63
cis-9 Cl4:1 0.88 0.94 0.92 0.014 0.13 <0.01 0.11
trans-9 C14:1 0.35 0.34 0.38 0.021 0.24 <0.01 0.27
C15:0 0.85 0.83 0.86 0.032 0.96 0.22 0.33
C15:1 0.09 0.08 0.07 0.010 0.51 0.41 0.18
C16:0 30.1Y 31.2% 30.6™ 0.33 0.10 0.24 0.97
C16:1 1.76 1.81 1.66 0.144 0.76 0.78 0.11
C17:0 0.53 0.49 0.41 0.039 0.14 0.11 0.24
C18:0 11.3 11.8 12.4° 0.27 0.02 <0.01 0.02
trans-8 C18:1 0.25 0.22 0.23 0.016 0.12 <0.01 0.70
trans-9 C18:1 0.20* 0.18% 0.17 0.011 0.06 <0.01 0.11
trans-10 C18:1 1.49° 1.19° 1.13" 0.053 <0.01 0.05 0.48
trans-11 C18:1 1.54" 1.78* 1.74% 0.076 0.01 0.02 0.83
cis-9 C18:1 23.1 22.6 22.2 0.34 0.52 0.85 0.27
cis-9,cis-12 C18:2 2.50 2.45 2.52 0.123 0.92 0.58 0.95
cis-9,trans-11 C18:2 0.79 0.81 0.86 0.044 0.57 0.34 0.99
trans-10,cis-12 C18:2° ND ND ND ND — — —
cis-9,cis-12,cis-15 C18:3 0.61 0.57 0.65 0.036 0.36 0.69 0.67
C20:0 0.73 0.73 0.66 0.034 0.12 0.58 0.52
cis-9 C20:1 0.15 0.16 0.18 0.010 0.19 0.31 0.13
C22:0 0.13 0.18 0.15 0.011 0.22 0.17 0.82
cis-9 C22:1 0.13 0.15 0.13 0.008 0.55 0.46 0.15
C24:0 0.71 0.76 0.85 0.033 0.32 0.25 0.15
Sums

De novo fatty acids® 21.17 21.9* 21.5% 0.28 0.10 <0.01 0.52

Mixed fatty acids’® ‘ 31.97 33.1% 32.2% 0.32 0.06 0.28 0.87

Preformed fatt;r acids® 46.8 45.0 46.3 0.95 0.25 0.05 0.51

Total trans-FA 3.91* 3.59" 3.42" 0.107 <0.01 0.04 0.03

trans-10:trans-11 18:1 ratio 0.98" 0.69" 0.66" 0.030 <0.01 <0.01 <0.01

*"Means with different superscripts within a row differ (P < 0.05).
**Means with different superscripts within a row differ (P < 0.10).

'In the Mg-supplementation period, cows were fed with control diet (n = 8), whereas 8 cows remained on the control diet plus magnesium oxide
and 8 cows were fed with the control diet plus calcium-magnesium dolomite for 20 d.

2CTRL = control (milk fat depression diet with no magnesium-based alkalizers); MG = 0.4% DM of magnesium oxide; CMC = 0.8% DM of

calcium-magnesium dolomite.

*Trans-10,cis-12 CLA was not detected in milk fat (ND).
Sum of straight even-chain fatty acids from 4 to 14-carbon.
’Sum of C16 and C16:1.

Sum of odd-chain fatty acids (C15:0), and all fatty acids with a chain length of 17-carbon and greater.

"Sum of trans-9 C14:1, trans-8 C18:1, trans-9 C18:1, trans-10 C18:1, trans-11 C18:1.
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(2001) that show higher milk fat yield. In addition, there
was a difference in feed efficiency between magnesium-
supplemented diets and CTRL. Although MFD diets
may provide more energy for adipose tissue instead of
milk fat synthesis (Harvatine et al., 2009b), it appears
that in our study, the improved feed efficiency may be a
result of greater ECM yield and, ultimately, less energy
being deposited in adipose tissue with similar feed in-
take. The specific mechanism of how magnesium-based
alkalizer supplementation leads to increased milk fat
synthesis could be attributed to enhanced triglyceride
uptake by the mammary gland (Thomas and Emery,
1969) or changes in ruminal fermentation pattern (Erd-
man et al., 1982; Razzaghi et al., 2021). In the current
study, increased milk fat synthesis may be related to
the decreased milk concentrations of trans-10 C18:1
reported here, the shorter time in which rumen pH
remains below a threshold (i.e., 5.8), and the greater
acetate-to-propionate ratio as reported by Razzaghi et
al. (2021). It is important to note that both the MG
and CMC diets had lower concentrations of trans-10
C18:1 than the CTRL group (—20 and —24% in MG
and CMC, respectively), as both supplements could
decrease the alternative BH pathway during MFD.

In one of the previous studies in which calcium-
magnesium dolomite was added to lactating dairy cow
diet (0.76% of diet DM), Rauch et al. (2012) reported
that milk fat concentration was similar to the control
treatment. Based on a few experiments, it appears

that the addition of alkalizer to diets high in starch
and corn silage in lactating cows may increase milk
fat concentration due to the greater rumen solubility
of alkalizer at lower rumen pH. Recently, Razzaghi
et al. (2020) reported that a commercial buffer blend
containing cation sources of calcium and magnesium
increased milk fat concentration and yield in cows fed
high-concentrate diets. The acid-neutralizing capac-
ity of alkalizers is associated with some physical and
chemical properties that explain the different rates of
solubilization in rumen fluid (Le Ruyet and Tucker,
1992). In the present study, the neutralization capacity
of magnesium oxide and calcium-magnesium dolomite
were 36 and 20 mEq H'/g, respectively, which is com-
parable to other studies (Crawford et al., 2008; Bach
et al., 2018). Schaefer et al. (1982) suggested that the
acid-neutralizing capacity of magnesium oxide probably
depends on its solubility in rumen fluid. They observed
that alkalizers were effective at low pH when cows were
fed starch-rich diets. The results of an in vitro study
with the buffer and alkalizer showed that the buffering
capacity of the rumen fluid increased for magnesium
oxide and stabilized over 24 h, whereas this duration
was 0 to 12 h for sodium bicarbonate, which can be
attributed to a gradual dissolution of the alkalizer (Le
Ruyet and Tucker, 1992). Fuentes et al. (2009) showed
that the content of intermediates from incomplete BH
in the rumen (¢rans-10 C18:1 and trans-10,cis-12 CLA)
increased dramatically when the rumen pH decreased
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Figure 2. Trans-10:trans-11 ratio in milk fat during the first 5 d of the Mg-supplementation period for cows fed either a milk fat—depressing
(MFD) diet alone (CTRL; @ and solid line), the MFD diet + 0.4% magnesium oxide (MG; A and solid line), or the MFD diet + 0.8% calcium-
magnesium dolomite (CMC; B and dotted line). Treatment x time interaction was P < 0.01. Different letters (a.b) indicate the significant
difference (P < 0.05) between treatments within a time point. Error bars represent SEM.
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from 6.4 to 5.6. Similarly, the decreased rumen pH in
the CTRL group in the present study may have inhibit-
ed the activity of some rumen bacterial species believed
to be critical for rumen BH (Jenkins et al., 2008) and
consequently for the regulation of milk fat synthesis.

Changes in Milk FA Profile

Magnesium oxide and calcium-magnesium dolomite
supplementation increased trans-11 C18:1 in milk fat
by 12.5% compared with CTRL group, supporting
the hypothesis that feeding magnesium-based alkaliz-
ers promote the normal (¢rans-11 C18:1) BH pathway
(Bauman and Griinari, 2001; Rico and Harvatine, 2013)
rather than the altered pathway (trans-10 C18:1). In
the current study, it appeared that magnesium-based
alkalizers promoted lower shifts in BH, probably by
controlling rumen pH and stimulating fiber-digesting
rumen bacteria associated with normal BH (Jenkins
et al., 2008). Among factors promoting the alternate
pathway, a starch-rich diet may alter the rumen envi-
ronment and promote a shift in BH pathways in favor
of trans-10 C18:1 FA, regardless of dietary PUFA con-
tent (Rico et al., 2015; Sandri et al., 2020), in line with
our results.

The concentration of cis-9,cis-12 C18:2 in milk fat
was not affected by the treatments, suggesting that
magnesium-based supplements do not affect the initial
rate of isomerization, but rather shift BH pathways, as
suggested by the increased concentrations of trans-10
C18:1. Trans-10,cis-12 CLA is one of the most potent
inhibitors of milk fat synthesis (Shingfield and Griinari,
2007), but was not detected in milk fat in the present
study. Importantly, this does not necessarily mean that
trans-10,cis-12 CLA was not synthesized in the rumen,
but only that these levels were not sufficient to be above
the detection limit under our conditions. Furthermore,
the levels of trans-10 C18:1 (average 1.27% of FA) were
very low compared with other studies, where they can
reach levels of up to 4.0% of FA under MFD condi-
tions (Rico and Harvatine, 2013), suggesting that less
substrate was available for BH via this pathway. This
is likely the result of the lower dietary levels of PUFA
in our experiment (sum of C18:2 and C18:3 FA in the
diet; 2.2% of DM) compared with the study of Rico
and Harvatine (2013; 3.8% of diet FA). In addition,
others have reported a transient reduction in milk fat
synthesis in the absence of trans-10,cis-12 CLA in milk
fat when fed high-concentration diets low in dietary cis-
9,c¢is-12 C18:2 (Sandri et al., 2020). It cannot be ruled
out that other mechanisms were at play, including the
effect of unidentified isomers capable of MFD (Perfield
et al., 2007).
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Typically, concentration of de novo FA (i.e., from
mammary origin) decrease during MFD, whereas con-
centration of preformed FA (i.e., from the circulation)
increase (Ramirez Ramirez et al., 2015; Rico et al.,
2015). The relationship between trans-10,cis-12 CLA
or trans-10 C18:1 in milk and de novo FA concentration
in milk is negative, whereas the relationship with the
proportion of preformed FA is positive (Bauman and
Griinari, 2001). In our study, a trend for increased con-
centration of de novo and mixed FA (16-carbon; half
derived from de novo synthesis in the mammary gland
and the other half from the circulation) was observed
when MG was added to the diets compared with the
CTRL group. Increased rumen accumulation of trans-10
isomers was reported in some experiments when feeding
a high fat and starch diet to dry and lactating cows
(Zened et al., 2013; Ramirez Ramirez et al., 2015). The
increase in trans-11 C18:1 during Mg-supplementation
period in the magnesium-fed animals, and also the in-
creased de novo FA in the MG diet, suggested that the
rumen shifts back to the normal BH pathway, whereas
a greater concentration of trans-10 C18:1, a key marker
of the altered BH pathway, was observed in the CTRL
group. In addition, supplementation of magnesium-
based alkalizers resulted in a lower trans-10:trans-11
ratio within 48 h of supplementation, which remained
low during the rest of the Mg-supplementation period
(the first 5 d of this period). Alterations in trans-10
C18:1 are commonly associated with cases of MFD
and altered BH in the rumen, with trans-10 C18:1 act-
ing as an intermediate in the alternative BH pathway
(Lock et al., 2007; Lascano et al., 2016). Although this
isomer is not a direct cause of MFD, it is often used
as a proxy for cases of MFD and persistence of the
altered BH pathway (Lock et al., 2007). The trans-11
C18:1 isomer associated with the normal BH pathway
is a substrate of the desaturation of cis-9,trans-11 CLA
(Harvatine et al., 2009a). In our previous study, a ten-
dency to decrease the yield of total trans-FA in milk
was observed when cows were fed magnesium oxide and
calcium-magnesium dolomite, whereas we observed a
decrease in the yield of trans-10 C18:1 and an increase
in the yield of trans-11 C18:1 in milk fat compared with
nonsupplemented diet (Razzaghi et al., 2021). Remark-
ably, the concentrations of cis-9,cis-12 C18:2 and cis-
9,trans-11 CLA were not affected by magnesium-based
alkalizers, in contrast to previous observations in the
recovery of MFD, where the concentrations of trans-11
C18:1 and cis-9,trans-11 CLA were similarly affected
(Rico et al., 2015). In the current study, the reason
for the lack of simultaneous changes in these 2 isomers
is unclear, but it could be related to the lower PUFA
loading compared with previous MFD recovery studies.
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CONCLUSIONS

Overall, a diet containing magnesium-based alkaliz-
ers improved milk fat concentration and yield within 4
d of supplementation in lactating dairy cows that ex-
perienced biohydrogenation-induced MFD. Responses
to milk fat synthesis remained greater for 7 d after
cessation of supplementation, whereas this positive ef-
fect disappeared from 8 d after cessation of magnesium
supplementation until the end of the experiment. The
difference in milk fat concentration and yield was asso-
ciated with lower and greater concentrations of trans-10
and trans-11 C18:1, respectively, during the experiment.
This suggested that the effect of magnesium-based al-
kalizers on milk fat synthesis was mediated by a shift
in the ruminal C18:2 biohydrogenation pathway. The
shifts in FA profile indicated that dietary magnesium
oxide and calcium-magnesium dolomite restored milk
fat synthesis by promoting the normal BH pathway and
reducing flux through the alternative pathway. There-
fore, calcium-magnesium dolomite and magnesium ox-
ide have a similar ability to improve milk fat synthesis
in dairy cows under MFD conditions.
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