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Abstract

The objective of this study was to identify useful secondary traits to improve the prediction of the
genetic ability of milk production in dairy cattle. Thirty-seven Holstein calves were injected with glu-
cose at the rate of 0.15 g/kg body weight after 24 h fast. A total of 566 milk records in 238 Holstein
cows were collected. Plasma glucose concentration reached a peak 10 min after the injection. The
concentrations of plasma non-esterified fatty acids (NEFA) and total ketone decreased 20 and 30 min
after the injection, respectively. The collected blood samples were classified into 3 time groups: T1, 10
to 30 min; T2, 40 to 60 min; and T3, 70 to 90 min after the glucose injection. Heritability estimates of
the plasma glucose, NEFA and total ketone concentrations ranged from 0.60 to 0.97 among the 3 time
groups (T1, T2, and T3). Genetic correlation between the plasma glucose concentration and milk yield
ranged from 0.50 to 0.76 in T1, T2 and T3. Genetic correlation between plasma glucose concentration
and fat yield in T1 and T2 was —0.43 and —0.35, respectively. Genetic correlations between plasma
NEFA or total ketone concentrations and milk production ranged from —0.22 to —0.97. The use of the
concentrations of plasma metabolites increased the reliability of breeding values for animals without
milk records by 7.7 to 122.9%, suggesting that the determination of the concentrations of plasma
metabolites may improve the accuracy of prediction of the genetic ability of milk production traits.
The combination of fast and glucose injection provides a suitable technique for generating plasma
metabolites to predict the genetic merit of milk production in dairy cattle.
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Introduction

An accurate estimation of a cow’s milk producing
ability requires many records of her own ability and of
that of her relatives. Genetic progress in milk production
is slow because milk production traits are expressed only
in the mature females'. It is also necessary to select
replacement heifers in order to maintain a constant num-
ber of animals in a herd. Because the prediction of the
genetic potential of replacement heifers is not accurate,

their contribution to genetic improvement through selec-
tion is quite limited. If some traits were significantly cor-
related with milk production and could be -easily
measured in calves, selection to shorten the generation
interval and accelerate the rate of genetic improvements
might become easier'®?. Many authors suggested that
milk production traits are associated with plasma metabo-
lite concentrations in fast™'"'>'%203  Maximum degree
of physiological lipolysis was observed when the energy
intake was restricted. The maximum response may be
controlled genetically’. Sinnett-Smith et al.'® reported
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that adipocytes with a high genetic merit may be more
sensitive to lipolytic signals from the nervous or endo-
crine systems. Glucose and insulin are homeostatic regu-
lators of the lipid metabolism in the adipose tissue’. Xing
et al.** reported that the insulin response to an exogenous
glucose load could be used as a metabolic marker to pre-
dict the production performance. Fast tends to depress
the amount of insulin released in response to the glucose
load and results in a reduction of glucose tolerance’.
Therefore, the combined use of fast and glucose injec-
tion could become a suitable technique for measuring the
concentrations of metabolites to predict the genetic merit
in dairy cattle.

The present study was conducted to estimate the
heritability of the plasma metabolite concentrations and
their genetic correlations with milk production in calves
that received a glucose injection after 24 h fast and to
investigate the suitability of the determination of the
plasma metabolite concentrations for estimating the
genetic ability of milk production.

Materials and methods

Two hundred and sixty nine Holstein cows fed at the
National Agricultural Research Center for Hokkaido
Region were used, of which 223 had milk production
records only (G1), 31 had metabolite records only (G2),
and 6 had both milk production and metabolite records
(G3). Thirty-seven calves (20 females and 17 males)
with metabolite records (G2 and G3) were born between
1995 and 1998. They were divided into 6 environmental
groups (EG): 3 classes of birth month (February to April,
May to June, July to August) in combination with 2
groups of feeding practices (pen in cowshed vs. calf
hatch out of cowshed). The calves were randomly
assigned to 6 EG. All the calves were fed twice a day at
9:00 and 16:00. The calves received 5.0 kg/day of whole
milk and 0.6 kg/day of calf starter. Hay and water were
provided ad libitum. This experiment was based on the
guidelines for the care and use of agricultural animals in
agricultural research.

The food was removed from all the calves at 9:00 at
the age of 41 + 4 days. Blood samples were collected
into test tubes with heparin the following day at 9:00 by
jugular vein puncture, followed by an injection of 50%
(w/v) glucose per 0.15 g/kg body weight. Blood samples
were collected at 10 min intervals for 90 min after the
injection. Plasma was stored at —20°C prior to analysis.
The concentrations of glucose (Kainos Laboratories Inc.,
Japan), non-esterified fatty acids (NEFA) (Kainos Labo-
ratories Inc., Japan), triglycerides (Kainos Laboratories
Inc., Japan), and total ketone (Nittobo Medical Inc.,
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Japan) were determined using a 7250 automatic analyzer
(Hitachi Ltd., Japan) with commercially supplied reagent
kits.

The GLM procedure of SAS™ was used to analyze
the first-stage factor effects (EG and sex), second-stage
factor effect (sampling time), and their interaction with
the metabolite concentrations. The statistical model used
to analyze the plasma metabolite concentrations was as
follows:

Yljm = MH;+S, +el, + T, + T*MH; + T*S,
+ ezijkm
where:
Y1, = plasma metabolite concentrations of the

m™ animal in the ijk™ subclass,
MH, = effectofj" EG (j=1to 6),

S, = effect of k" sex (1 = female, 2 = male),
el = residual effect of first-stage factor,
T, = effect of i" collection time (0, 10, 20,

30, 40, 50, 60, 70, 80, 90 min),
T*MH;= interaction between collection time and

EG,

T*S, = interaction between collection time and
Sex,

€2y, = residual effect of second-stage factor.

A total of 566 records on milk, fat and protein yields
for 240 to 305 days in 238 head (G1 and G2) were col-
lected from January 1, 1983 to March 31, 1999. Short
records of milk production were extended to a 305-day
basis by the method of Wood?. The method of Sasaki et
al. (1999)" was used to correct milk yield records for the
age effect at the time of delivery. The means of milk, fat
and protein yields after adjustment for the effect of deliv-
ery age were 8,101 + 1,565, 282.7 + 67.3 and 232.8 +
52.6 kg, respectively.

The plasma samples collected were classified into 3
groups according to the time of collection after injection:
10 to 30 min (T1), 40 to 60 min (T2), and 70 to 90 min
(T3). Genetic parameters were estimated within each
time group. The statistical model for the estimation of
the genetic parameters included the effect of EG and the
time after injection within each time group. The statisti-
cal model for the estimation of the genetic parameters for
the plasma glucose, NEFA and total ketone concentra-
tions was,

Y1, = T,+MH +ul, +ey
where:

Y1, = plasma metabolite concentrations in the
k™ animal in the ij™ subclass,

T, = fixed effect of the i" time in each time
group,

MH, = fixed effect of j EG,

ul, = total merit of additive genetic and group
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Table 1. Genetic and residual variances, and heritability and standard error
of milk production traits and plasma metabolite concentrations in

each time group®

Time group Genetic Residual Heritability
variance variance
T1
Glucose 150.288 101.926 0.60 +0.08
NEFAY 128,305.352 27,011.054 0.83 +0.04
Total ketone 26,320.757 1,951.238 0.93+£0.02
T2
Glucose 298.686 92.813 0.76 +0.05
NEFA 49,700.384 14,914.976 0.77 £ 0.05
Total ketone 29,626.753 855.906 0.97 £0.01
T3
Glucose 182.428 70.088 0.72 £ 0.06
NEFA 53,866.219 19,003.568 0.74 £0.05
Total ketone 22,025.037 2,032.753 0.92+0.02
* Milk production traits
Milk yield 526,706.939 632,734.174 0.45 +0.04
Fat yield 860.648 864.952 0.50 £ 0.04
Protein yield 327.621 544.859 0.38 £ 0.04

a): The blood samples were obtained 10 to 30 min after injection (T1), 40 to 60
min after injection (T2), and 70 to 90 min after injection (T3).

b): Non-esterified fatty acids.

effects on k™ animal,

€iik = residual effect.

The method of estimation of the genetic parameters
for milk, fat and protein yields was described in the pre-
vious paper'®. These parameters are shown in Table 1.
The model was as follows:

Y2 = YP+M,+u2 +e

where:

Y2, = milk production trait in the k" animal in

the ij™ subclass,

YP, = fixed effect of i" year-parity group. The
delivery years were grouped every 3
years. The year groups were divided
into 3 parity subclasses (first, second
and after second lactation). The records
in 1998 were allocated to the groups
from 1995 to 1997.

M. = fixed effect of j" calving month,

u2, = total merit of additive genetic and group
effects on k™ animal,

Ciik = random residual effect.

The relationship of the animals was traced back 3
generations from the cows with milk records and
included the progenies of these cows. The relationship
matrix consisted of a total of 699 animals (543 females,
156 males). All the animals with plasma metabolite mea-
surements were included in the relationship matrix.
Unknown sires were assigned to 3 genetic groups in rela-
tion to the birth year of their offspring (prior to 1960,
1960 to 1969, and after 1969) as described in the report
of Sasaki et al.”’. Similarly, unknown dams were
assigned to 8 genetic groups in relation to the birth year
of their offspring (prior to 1960, 1960 to 1964, 1965 to
1969, 1970 to 1974, 1975 to 1979, 1980 to 1984, 1985 to
1989, and after 1989).

Restricted maximum likelihood for multiple trait
animal model was used to estimate the heritability and
genetic correlation based on the VCE4.2 program®.
Because of the difficulty in reaching a convergence in the
multiple trait model, the genetic and residual variances
were estimated using a single trait model. Genetic and
residual covariances were estimated using the two-trait
model.

The two-trait mixed model equation was as follows:
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where:

y = Nx 1 vector of observations

i (N =N1+N2 as defined below),

b = px1 vector of fixed effect of EG in
metabolites, and year-parity groups and
calving month in milk production traits
(p = total number of fixed effects of the
first and second traits),

g = nx1 vector of fixed effect of genetic
group (n = number of genetic group
effects),

u = (gx2)x1 vector of the total merit of
additive genetic (a) and group effects
(u=a+ Agé) (@ = number of
animals),

e = N x 1 vector of random residuals,

X = N x p incidence matrix for fixed effects,

V4 = N x (q x 2) incidence matrix for random
effects,

A = qx q matrix of additive relationships,

A, = gxn matrix of additive relationships
between animals and groups,

G = G, ® A with ® being the direct product
operator,

G, = genetic covariance matrix,

R = 'R“ Rlzw where R,,=N1 x N1

R’j5 Ry

residual covariance matrix of first trait
(N1 = number of records for first trait),
R,, = N2 x N2 residual covariance
matrix of second trait (N2 = number
of records for the second trait), and
R,,= N1 x N2 residual covariance
matrix between first and second traits.
The reliability of the breeding value for the milk
production trait was estimated by the method of Da et al.
(1989)*. The first genetic group effect was restricted to
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zero in the estimation of the reliability.

Y = A/l_(di/ci)

where:

Y: = reliability of i rank,

d; = diagonal element of i" rank of
(M, +M,)",

Gi = additive genetic variance of milk pro-
duction traits,

M, = ZR'Z-ZR'XXR'X)'XR'Z,

M, = G'®A-T,T,T,),

T,, = -AJA",

T,, = AATA,

The reliabilities of milk production were estimated
in 2 different ways as follows: (1) using milk records
only (E1), and (2) using both milk and metabolite records
(E2). The reliabilities of the milk production traits of the
animals in G2 were chosen based on the results of E1 and
E2, respectively. The mean reliability of E1 (E1G2) was
compared with that of E2 (E2G2). Similarly, the reliabil-
ities of the animals in G3 were chosen based on the
results of E1 and E2, respectively. The mean reliability
of E1 (E1G3) was compared with that of E2 (E2G3).

The GLM procedure of SAS (1993)'* was used to
estimate the least square means of metabolite concentra-
tions and the reliability of the milk production traits. The
difference in the reliabilities between El and E2 was
tested using the Dunnett’s multiple comparison method’.

Results

The least square means of the plasma metabolite
concentrations after glucose injection are shown in Fig. 1.
Sampling time exerted significant effects (p<<0.01) on the
plasma glucose, NEFA, and total ketone concentrations.
The plasma glucose level reached a peak at 10 min after
the injection and then decreased from 10 to 90 min after
the injection. The plasma NEFA level decreased from 0
to 20 min after the injection and then increased from 20
to 40 min and from 80 to 90 min after the injection. The
plasma total ketone level showed a similar pattern of
changes to that of NEFA. The plasma total ketone level
decreased from 0 to 30 min after the injection and then
increased from 30 to 40 min and from 80 to 90 min after
the injection. The plasma triglyceride level changed with
time like NEFA, although the triglyceride level was less
affected by the sampling time. EG exerted significant
effects on the total ketone level (p<<0.05). Sex and inter-
action of the collection time with sex or with EG did not
exert significant effects on the concentrations of any of
the metabolites.

Genetic and residual variances and heritability esti-
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Fig. 1. Least square means of plasma concentrations of (a) glucose, (b) non-esterified fatty acids (NEFA),
(c) triglycerides and (d) total ketone in calves after glucose injection.
Vertical bars denote the standard error on each sampling day.

mates of the plasma glucose, NEFA and total ketone con-
centrations are shown in Table 1. Heritabilities for all the
metabolite concentrations were high in the 3 time groups.
Genetic correlations between the plasma metabolite con-
centrations are shown in Table 2. Genetic correlations
between the NEFA and total ketone concentrations were
high and positive in all the time groups.

Genetic correlations between the plasma metabolite
concentrations and milk production traits are shown in
Table 3. Milk yield displayed a highly positive genetic
correlation with the plasma glucose concentrations, but a
highly negative genetic correlation with the plasma
NEFA and total ketone concentrations in all the time
groups. Fat yield exhibited a highly negative genetic cor-
relation with the plasma NEFA concentration in T1 and
T2. Because the genetic correlation between the fat yield
and plasma NEFA concentration in T3 failed to converge,
the analysis of the reliability of fat yield was not per-
formed in T3. Fat yield showed a highly negative genetic
correlation with the plasma total ketone concentration of
T3. Protein yield showed a highly negative genetic cor-
relation with the plasma NEFA and total ketone concen-
trations in all the time groups.

The least square means of the reliability of milk, fat
and protein yields in E1G2 and their standard errors were
0.38 £ 0.01, 0.39 £ 0.01 and 0.35 + 0.01, respectively.
The least square means of the reliability of milk, fat and

Table 2. Genetic correlation and standard error between 2
plasma metabolite concentrations in each time

group”

Time group NEFA® Total ketone
T1

Glucose 0.36+0.17 -0.23+£0.16

NEFA 0.51+0.12
T2

Glucose -0.08 £0.17 -0.12+0.15

NEFA 0.75+0.08
T3

Glucose 0.28 £0.17 0.17+£0.16

NEFA 0.62+0.10

a): The blood samples were obtained 10 to 30 min after
injection (T1), 40 to 60 min after injection (T2), and
70 to 90 min after injection (T3).

b): Non-esterified fatty acids.
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Table 3. Genetic correlation between plasma metabolite concentrations
and milk production traits in each time group”

Time group Milk yield Fat yield Protein yield
T1
Glucose 0.76 £0.47 -0.43+048 -0.04+0.46
NEFA® -0.53+0.38 -0.85+0.30 -0.97+0.32
Total ketone -0.47+037 -0.34+047 -0.50+0.46
T2
Glucose 0.67+048 -035+045 0.04+£0.42
NEFA —0.82+040 -0.83+0.40 -0.42+0.45
Total ketone -0.65+035 -0.22+0.54 -044+047
T3
Glucose 0.50+£0.46 -0.19+043 0.22+045
NEFA -0.92 +0.40 NC© -0.52+0.58
Total ketone —0.81£042 -0.83+0.56 —0.66+0.59

a): The blood samples were obtained 10 to 30 min after injection (T1),
40 to 60 min after injection (T2), and 70 to 90 min after injection (T3).

b): Non-esterified fatty acids.
¢): No convergence.

Table 4. Least square means of reliabilities of milk production traits in each time group®

Time group E2G2 E2G3
Milk yield  Fatyield Proteinyield Milkyield Fatyield Protein yield
T1
Glucose 0.61** 0.47** 0.35 0.73 0.72 0.62
NEFA® 0.52%* 0.72%* 0.78** 0.71 0.78** 0.78**
Total ketone 0.49** 0.46** 0.49%* 0.70 0.72 0.66
T2
Glucose 0.59** 0.45%* 0.35 0.73 0.71 0.62
NEFA 0.67** 0.69** 0.45%* 0.75%%* 0.78** 0.65
Total ketone 0.59** 0.42* 0.46%* 0.73 0.71 0.65
T3
Glucose 0.50%* 0.41 0.38 0.70 0.71 0.63
NEFA 0.73%* NE¢ 0.49%* 0.78** NE 0.66
Total ketone 0.68** 0.71** 0.58** 0.76** 0.78** 0.69*

The mean reliability of E2G2 was compared with that of E1G2. The mean reliability of E2G3 was com-
pared with that of E1G3 (* p<0.05; ** p<0.01). The means of E1G2 and E1G3 are shown in the text.
a): The blood samples were obtained 10 to 30 min after injection (T1), 40 to 60 min after injection (T2),

and 70 to 90 min after injection (T3).
b): Non-esterified fatty acids.
¢): Not estimated.

protein yields in E1G3 and their standard errors were
0.68 = 0.02, 0.71 + 0.01 and 0.62 £+ 0.02, respectively.
The reliabilities of milk, fat and protein yields in E2G2
and E2G3 were compared in Table 4. The reliability of
milk yield in E2G2 was 28.9 to 92.1% higher (p<0.01)
than in E1G2 due to the use of plasma metabolite concen-
trations. The reliability of fat yield in E2G2 was 15.4 to
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84.6% higher (p<0.01) than in E1G2 because of the use
of the plasma glucose concentration or plasma NEFA
concentration in T1 or T2, or the use of the plasma total
ketone concentration in T1 or T3. The reliability of fat
yield in E2G2 was 7.7% higher (p<0.05) than in E1G2
due to the use of the plasma total ketone concentration in
T2. The reliability of protein yield in E2G2 was 28.6 to
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122.9% higher (p<0.01) than in E1G2 in response to the
use of the plasma NEFA concentration or plasma total
ketone concentration in all the time groups. The reliabil-
ity of milk yield in E2G3 was 10.3 to 14.7% higher
(p<0.01) than in E1G3 due to the use of the plasma
NEFA concentration in T2 or T3 or plasma total ketone in
T3. The use of the plasma NEFA concentration in T1 or
T2 resulted in a 9.9% higher reliability of fat yield in
E2G3 compared to E1G3. The reliability of protein yield
in E2G3 was 25.8% higher (p<0.01) than in E1G3 due to
the use of the plasma NEFA concentration in T1 and was
11.3% higher (p<0.05) than that in E1G3 due to the use
of the plasma total ketone concentration in T3.

Discussion

The plasma NEFA and total ketone concentrations
increased during the fast period in this experiment and
then decreased when glucose was injected to the animals
after fast. This trend of decline was in agreement with
the results from previous reports'”?'. Glucose may
decrease the release of NEFA by supplying o-glycerol
phosphate for NEFA reesterification”. Glucose inhibits
the release of fatty acids from the bovine adipose tissue in
vitro'®. One or 2 h after the injection of glucose after 48 h
fast, the concentration of blood glucose increased
(P<0.01) and the level of NEFA decreased (P<0.01),
compared with the injection of saline in 3 lambs®'. Glu-
cose and insulin are homeostatic regulators of the lipid
metabolism in the adipose tissue’.  Serum insulin
increased tenfold within 15 min of glucose injection’.
Because insulin depresses the hormone-sensitive lipase
activity, the plasma NEFA concentration decreased after
glucose injection. The genetic correlation between the
plasma glucose and NEFA concentrations was moderate
in T1 and T3 (Table 2). The plasma total ketone concen-
tration displayed a high genetic correlation with the
plasma NEFA concentration in T1, T2 and T3. B-hydrox-
ybutyric acid is derived from the oxidation of long-chain
fatty acids when the animal shows a negative energy
balance""®. Therefore, the plasma total ketone concentra-
tion may change with the plasma NEFA concentration.

Heritability estimates for the plasma glucose, NEFA
and total ketone concentrations from 40 to 60 days of age
were 0.58, 0.26 and 0.91, respectively'®. In this study,
heritabilities for the plasma glucose, NEFA and total
ketone concentrations were very high (0.60-0.97) in all
the time groups, suggesting that the plasma metabolite
concentrations were highly heritable when the animals
were subjected to fast or received a glucose injection.

The insulin responses to exogenous glucose in the
animals from a high breeding index line were much

Plasma Metabolite Concentrations for Prediction of Milk Production

stronger than those of the animals from a low breeding
index line*. Mackenzie et al.” reported that during the
challenges of both glucose and insulin, the clearance of
blood glucose was most rapid in the calves with a high
breeding index than in those with a low breeding index.
As a result, the calves with a high breeding index exhib-
ited a lower plasma glucose concentration after glucose
injection. This study indicated that glucose showed a
highly negative genetic correlation with fat yield, which
is in agreement with the results from previous studies’? .
The sensitivity of the peripheral tissues to insulin was
higher in the calves with a high breeding index than in
those with a low breeding index. Therefore, the insulin
response to an exogenous glucose load can be used as a
metabolic marker to measure the genetic merit of milk
production®. Glucose showed a highly positive genetic
correlation with milk yield. The genetic correlation
between milk and fat yield was positive in this herd".
The genetic correlations among glucose, milk yield and
fat yield were inconsistent and it was difficult to draw
conclusions in this experiment.

Genetic selection for milk production increased the
milk energy secretion without significantly changing the
milk fat percentage or net energy intake. Thus, genetic
selection, along with adequate energy intake, increased
the milk energy output and decreased the body weight
gain with minimal or without changes in the net energy
balance®. Increased milk fat secretion due to genetic
selection was associated with an increase in lipolysis’.
Many authors investigated the relationship between milk
production and the plasma NEFA concentration in fast.
The relationship was either positive'®?° or absent”!""!>!*
This discrepancy could be due to the low heritability of
plasma NEFA concentration'®. The combination of fast
and glucose injection could become a suitable method for
observing genetic differences in the fat metabolism, as
the heritability estimate of the plasma NEFA concentra-
tion was very high in this study.

The rate of annual genetic gain depends on the reli-
ability, selection intensity and generation interval. The
annual genetic gain is proportional to the reliability of
selection, when the selection intensity and generation
interval are fixed in a breeding program. For animals
without milk records, the group with information on
plasma metabolite concentrations (E2G2) showed a
higher reliability of milk production traits than that with-
out such information (E1G2). The effect of metabolite
information on the reliability was large in all the time
groups. The changes in the plasma NEFA and total
ketone concentrations were negligible during 30 to 70
min after glucose injection. Therefore, this period should
be suitable for measuring the metabolite concentrations
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to predict the genetic potential of milk production.
Because the number of animals used in this study was rel-
atively small, the standard errors of the estimated herita-
bilities and genetic correlations were relatively large.
Further studies on a larger number of animals should be
conducted in order to confirm the results of this study.

Conclusions

The results of this study showed that the plasma
metabolite concentrations could be used to improve the
accuracy of estimation of the genetic merit of milk pro-
duction, particularly for animals without milk records
(e.g., immature male or female calves). Plasma glucose,
NEFA and total ketone concentrations measured 30 to 70
minutes after glucose injection with 24 h of fast are use-
ful indicators of the milk producing ability in commercial
dairy herds where about half of the individuals are usu-
ally selected as replacements without milk records.
Because the metabolite concentrations can be measured
anytime from the neonatal stage onwards, the use of
metabolite markers may shorten the generation interval
and thus accelerate the rate of genetic improvement. The
combination of fast and glucose injection could become a
suitable measurement technique for predicting the
genetic merit of milk production in dairy cows.
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