
4238

J. Dairy Sci. 102:4238–4248
https://doi.org/10.3168/jds.2018-15883
© American Dairy Science Association®, 2019.

ABSTRACT

The genetic correlations (ra) of milk lactose per-
centage (LP), lactose yield (LY), and ratios of LP to 
other milk solids with udder, metabolic, and fertility 
disorders have not been assessed in dairy cattle so far. 
To evaluate the potential role of milk lactose as indica-
tor of cow health, 142,285 lactation records of 84,289 
Austrian Fleckvieh cows were analyzed with univari-
ate and bivariate animal models. Milk traits were on 
a 150-d basis and health traits were coded as binary 
(0/1). Other than LP and LY, 3 new phenotypes were 
defined and included in the present study, namely 
the lactose-to-fat, lactose-to-protein, and lactose-to-
solids ratios. The most heritable trait was LP (0.566 
± 0.008) and heritability of LY was much lower (0.145 
± 0.005). Heritability estimates close to 0.50 were as-
sessed for the ratios. The frequency of health disorders 
was higher in multiparous cows yielding milk with low 
LP (≤4.553%) compared with cows yielding milk with 
high LP (≥5.045%). Heritabilities of health traits were 
in the expected ranges, with the highest estimate for 
ovarian cysts (CYS; 0.037 ± 0.004) and the lowest for 
retained placenta (0.005 ± 0.001). Mastitis (MAS) 
genetically correlated with LY (0.518 ± 0.057); con-
sidering that the amount of synthesized lactose is the 
key regulator of milk volume, this result confirmed that 
high-producing cows are more genetically susceptible 
to MAS than low-producing animals. Similar to MAS, 
ketosis (KET) was also positively genetically associated 
with LY (0.420 ± 0.077) and a weak and unfavorable 
ra between KET and lactose-to-protein ratio was esti-
mated (0.159 ± 0.077). The ra of LY with milk fever 
(MFV) and CYS were approximately 0.20. The ra of 
LP with MAS, KET, and MFV were negative (−0.142 
on average), supporting the idea that LP is a potential 

health indicator. Genetic correlations between health 
traits ranged from zero (retained placenta with MAS 
and CYS) to 0.463 ± 0.090 (MAS and MFV). Results 
of the present study suggest that LP has potentiality 
to be used as indicator trait to improve udder health in 
Austrian Fleckvieh population.
Key words: cattle, lactose, mastitis, fertility, genetic 
correlation

INTRODUCTION

Dairy cow health has become a target of several 
breeding programs worldwide, with increased weight 
in selection indexes (Pfeiffer et al., 2015; Fuerst-Waltl 
et al., 2016; Pryce et al., 2016). Apart from consumer 
sensitivity to animal welfare, concerns of farmers and 
the scientific community about impaired cows’ produc-
tivity and performance are reasons for this increased 
interest (Egger-Danner et al., 2010; Oltenacu and 
Broom, 2010). In fact, health and metabolic status of 
cows affect milk yield (MY), composition, and tech-
nological properties (Leitner et al., 2011; Cinar et al., 
2015; Fox et al., 2015). Economic losses associated 
with major diseases affecting dairy cows are usually 
indirect and differ among countries (Gonçalves et al., 
2018; Hadrich et al., 2018; Mostert et al., 2018). A 
case of mastitis (MAS) costs around €300 in Europe, 
with substantial differences according to the severity 
(ICAR, 2018). In Austria, the cost of a MAS case is 
slightly higher (€341), and it includes milk embargo 
due to medical treatments (Fuerst-Waltl et al., 2016); 
however, considering all outflows, peaks of €600 per 
single MAS case have been reported in Austrian dairy 
farms (Braunvieh Austria, 2018). Rollin et al. (2015) 
estimated a cost of $444 per case of MAS occurring in 
the first 30 DIM in US dairy cattle. Moreover, Gohary 
et al. (2016) estimated an economic loss of US$203 per 
case of subclinical ketosis in Canada, and Mostert et 
al. (2018) reported that health costs generally increase 
with parity order.
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Considering that the genetic variance and heritabil-
ity of most common diseases are low, the use of cor-
related indicator traits in milk could be beneficial to 
speed up genetic responses by increasing the accuracy 
of breeding values (Koeck et al., 2012; Egger-Danner 
et al., 2015; Pryce et al., 2016). Lactose, the main 
solid in bovine milk, has been recently proposed as a 
potential indicator trait of both udder health and meta-
bolic status of the cow (Haile-Mariam and Pryce, 2017; 
Løvendahl and Riis Weisbjerg, 2017; Ebrahimie et al., 
2018). Lactose derives from blood sugars, and it has 
been estimated that the udder uses 60 to 85% of circu-
lating glucose in ruminants for lactose synthesis (Zhao, 
2014). In high-producing dairy cattle, the amount of 
synthesized lactose can exceed 4.4 kg/d (Aschenbach 
et al., 2010). The lactation curve of lactose yield (LY) 
resembles that of MY and, thus, blood glucose uptake 
by udder is maximum at the peak of lactation. The 
LY produced by the mammary gland is in charge of 
determining water uptake from the cytosol and thus of 
milk volume.

Negative energy balance, and consequently ketosis 
(KET), arises when cows are not able to cope with 
the high demands of milk production, mainly because 
the absorption of glucose from the intestine by sodium-
dependent glucose transporters is often not enough to 
cover the metabolic demand of dairy cows, especially 
at the beginning of lactation (Aschenbach et al., 2010). 
Several authors reported that KET decreases both LY 
and lactose percentage (LP; Cant et al., 2002; Reist et 
al., 2002; Fox et al., 2015; Larsen and Moyes, 2015); 
however, in high-producing cows, MY is the main 
anabolic scope, and the udder demand for glucose is 
a priority (Aschenbach et al., 2010), as the deficit of 
blood glucose may be counterbalanced by other sources; 
namely, greater conversion of AA into glucose in liver 
and reduced delivery of glucose in nonmammary tis-
sues. Therefore, glucose availability at the udder level is 
maintained and LY and MY are not strongly impaired 
even in the presence of negative energy balance (Aschen-
bach et al., 2010). Although genetic and phenotypic 
mechanisms relating to blood sugar and milk sugar 
are not fully known, high availability of blood glucose, 
positive metabolic energy status of cow, and good ex-
pression of glucose transporters are always translated 
into high LY and LP (Ouweltjes et al., 2007). Indeed, 
LP was found to be 15% lower in cows fed a low-energy 
diet (Beerda et al., 2007) and negatively related to milk 
BHB (Larsen and Moyes, 2015), a ketone body derived 
from liver gluconeogenesis from fatty acids and used as 
indicator of KET (Larsen and Moyes, 2015). Lactose 
percentage is the physiological point at which the os-
motic equilibrium between milk and blood is reached 
and, therefore, the call of water by udder from circula-

tory system stops. Nevertheless, to our knowledge only 
Belay et al. (2017) investigated the relationships of 
KET with milk LP and LY in Norwegian Red cows. In 
their study, phenotypic and genetic correlations with 
LP and phenotypic correlation with LY were close to 
zero, whereas the genetic correlation with LY was 0.16. 
This finding supported the idea that udder LY should 
not be impaired by low blood glucose and negative en-
ergy balance in specialized dairy cows, as mechanisms 
related to homeorhesis exist in specialized breeds and, 
thus, body reserves are used to maintain MY (Bauman 
and Currie, 1980; Zhao, 2014). Nevertheless, even if a 
low availability of blood glucose in high-yielding cows 
may not impair LY and MY, it could affect other physi-
ological processes related to fertility, such as ovulation. 
Francisco et al. (2003) estimated a positive association 
between milk LP and number of days from first to 
second postpartum ovulation. Moreover, Buckley et al. 
(2003) reported favorable correlations between LP and 
fertility traits in Holstein cows, thus suggesting that LP 
could be used as indicator of reproductive performances 
in cattle. Miglior et al. (2006) reported a favorable cor-
relation between LP and cows’ longevity, with higher 
and lower risk of being culled for cows yielding milk 
with low and high LP, respectively. In addition, some 
studies proposed fat-to-lactose ratio as an indicator of 
metabolic status of cows (Reist et al., 2002; Ederer et 
al., 2014; Haile-Mariam and Pryce, 2017), as the esti-
mated correlation with cow energy balance in the first 
10 d after calving was −0.589 (Reist et al., 2002).

With respect to udder health, LP has been reported 
to be negatively associated with SCC (Gillon et al., 
2010), the most widely used milk indicator of IMI 
and MAS. Moreover, LP has been recently considered 
a useful and reliable indicator of MAS (Ebrahimie et 
al., 2018; Marchitelli et al., 2018) due to its relation 
with MAS-related changes in milk minerals, electrical 
conductivity, and osmotic equilibrium. When MAS oc-
curs, the SCC increases and the permeability of the cell 
membranes changes. These mechanisms lead to a drop 
of LP in milk and to an increase in both MAS-related 
minerals from blood (Na and Cl) and milk electrical 
conductivity (Fox et al., 2015). Nevertheless, almost all 
genetic and phenotypic studies that have investigated 
IMI and included LP and LY have dealt with SCC rather 
than with real diagnoses of MAS recorded by veterinar-
ians or farmers. From a genetic point of view, because 
MAS is positively related to MY, genetic selection to 
increase the productivity in the last half century has 
resulted in dairy cows being more susceptible to udder 
inflammation (Oltenacu and Broom, 2010). Moreover, 
concerns exist regarding the use of SCC as a phenotype 
to improve MAS resistance. In fact, as SCC are mostly 
composed of white blood cells, one may wonder if the 
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selection for depressing this trait would impair immune 
system of the cows and thus weaken their ability to face 
inflammations and infections (Heringstad et al., 2000; 
Rainard et al., 2018). Despite these evident biological 
aspects relating LP and LY with cow metabolism and 
udder health, a proper investigation on lactose and its 
ratios with other milk solids have not been performed 
so far. The associations of LP and LY with KET, MAS, 
and other common metabolic and reproductive diseases 
of dairy cows, such as milk fever (MFV), retained 
placenta (RET), and ovarian cysts (CYS), have also 
not been investigated. Finally, it is worth pointing out 
that LP is routinely recorded in several countries in 
the framework of official milk recording schemes, which 
means that wide phenotypic information is available at 
the population level. Therefore, the aims of our study 
were to (1) estimate genetic variation and heritability 
of LP, its ratios with other milk solids, and LY, and (2) 
assess their genetic associations with major disorders in 
a large data set of Austrian Fleckvieh (FV) cows.

MATERIALS AND METHODS

Milk Data

For the observation period between January 2010 
and March 2018, more than 4 million test-day records 
from 175,154 FV cows in 10,530 herds were retrieved 
from the official database of the Austrian milk record-
ing system. The FV is the dominant cattle breed in 
Austria (75.3% of total registered cows) and lactation 
MY, fat percentage (FP), and protein percentage (PP) 
average 7,345 kg, 4.16%, and 3.42%, respectively (ZAR, 
2018). Milk of FV cows is characterized by lower SCC 
(mean of 175,484 cells/mL, median of 61,000 cells/mL) 
than milk of other cattle breeds, such as Brown Swiss 
and Holstein (ZuchtData, 2017). Milk yield (kg/d) was 
available for each test-day record, as well as LP, FP, 
and PP, which were predicted through mid-infrared 
spectroscopy using a MilkoScan FT6000 (Foss Elec-
tric A/S, Hillerød, Denmark). The SCC (cells/mL) 
was determined through Fossomatic FC (Foss Electric 
A/S) and values were retained if between 1,000 and 
10,000,000 cells/mL. Test-day MY, LP, FP, or PP out-
side mean ± 3 standard deviations and those outside 
the range 5 to 400 DIM were discarded from the data 
set, resulting in 2,489,996 records. Finally, test-day LY 
(kg/d), fat yield (FY; kg/d), protein yield (PY; kg/d), 
and daily SCC (cells/d) were calculated by multiplying 
MY by LP, FP, PP, and SCC, respectively.

Considering the standard average productive life 
of FV in Austria (ZuchtData, 2017), observations of 
cows until fifth parity were kept in the data set. Parity-

specific age at calving was restricted to 20 to 40 mo for 
first-, 32 to 58 mo for second-, 44 to 72 mo for third-, 54 
to 86 mo for fourth-, and 66 to 100 mo for fifth-parity 
cows. This resulted in 2,471,422 test-day records.

To move from test days to lactation data, the test 
interval method proposed by the International Com-
mittee for Animal Recording (ICAR, 2017) was used. 
As most common disorders in lactating cows usually 
show higher incidence, additive genetic variance, and 
heritability in early and midlactation, the focus in the 
present study was on the first 150 DIM. Therefore, 150-
d MY, LY, FY, PY, and SCC were calculated as

 C150 = I0T1 + I1 × [(T1 + T2)/2] + I2 × [(T2 + T3)/2]  

+ … + In − 1 × [(Tn − 1 + Tn)/2] + In × Tn,

where C150 is the cumulative MY, LY, FY, PY, or SCC 
between 5 and 150 DIM; I0 is the interval between 5 
DIM and the first available test day; I1, I2, and In − 1 
are the intervals (d) between 2 consecutive test days; In 
is the interval between the last test day and 150 DIM; 
and T1, T2, Tn-1, and Tn are test-day MY, LY, FY, PY, 
or daily SCC. The 150-d average LP, FP, and PP were 
computed using the following formula (ICAR, 2017):

 AP = (C150/MY150) × 100, 

where AP is the 150-d average LP, FP, or PP; C150 is 
the 150-d LY, FY, or PY; and MY150 is the 150-d MY. 
The 150-d average SCC was calculated by dividing 150-
d SCC by MY150, and values were then log-transformed 
to SCS as SCS = 3 + log2(SCC/100,000), to reach a 
Gaussian-like frequency distribution. Moreover, lac-
tose-to-fat (L:F), lactose-to-protein (L:P), and lactose-
to-solids (L:S) ratios were calculated using the 150-d 
average LP, FP, and PP. The final data set consisted of 
284,193 lactation records of 113,722 cows from 24,326 
contemporary groups, which were defined as herd-year 
of calving of the cow (HY). All cows calved between 
January 2010 and October 2017 and were offspring of 
4,293 sires and 83,131 dams.

Health Data

Details of the monitoring of cow health in Austria 
can be retrieved from Fuerst et al. (2011) and Egger-
Danner et al. (2012). To keep the most reliable informa-
tion, diagnoses of MAS, KET, MFV, CYS, and RET 
were retained in the data set if collected in farms with 
more than 75% of diagnostic data submitted electroni-
cally by veterinarians. According to diagnoses, the ob-
servation period was between −10 and 150 DIM, except 
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for RET, which was diagnosed from calving to 7 DIM. 
Similarly to the approach of Koeck et al. (2010a,b), 
each disorder was treated as a binary trait (0 = ab-
sence, 1 = presence) based on whether or not the disor-
der was diagnosed within the time interval considered. 
To check the frequency of MAS, KET, MFV, CYS, and 
RET at different levels of milk LP, lactation data were 
grouped into 3 classes of LP, according to mean LP ± 
2 standard deviations. The classes were created within 
primiparous and multiparous cows.

Genetic Parameters Estimation

A subset of 50% of the contemporary groups were 
randomly selected from the full data set, resulting in 
142,285 lactation records from 84,289 cows, of which 
14,340 had more than 2 calvings. The subset was repre-
sentative of the variability of the entire data and, thus, 
variance and covariance components of MAS, KET, 
MFV, CYS, and RET, as well as of 150-d MY, LY, LP, 
ratios, and SCS, were estimated on the subset through 
univariate and bivariate analyses, respectively; this 
allowed to limit computational memory and time. A 
linear model was chosen to estimate genetic parameters 
of the studied traits, including health traits, which is 
the same approach used for routine Austrian-German 
genetic evaluation (Fuerst et al., 2011). In a compara-
tive study, Koeck et al. (2010a,b) reported that linear 
models were reliable tools for genetic analysis of health 
traits. The general form of the mixed linear animal 
model was

 y = Xb + Za + Wp + Vq + e, 

where y is the vector of phenotypic records of the trait; 
b is the vector of fixed effects of parity (from first to 
fifth), age at calving within parity (3 classes for first-
parity cows: <28, 28–30, and >30 mo; 3 classes for 
second-parity cows: <41, 41–44, and >44 mo; 3 classes 
for third-parity cows: <53, 53–57, and >57 mo; and 1 
class for fourth- and fifth-parity cows), and month-year 
of calving (94 levels); a is the vector of random ani-
mal additive genetic effects; p is the vector of random 
permanent environmental effects; q is the vector of 
random HY effects; e is the vector of random residuals; 
and X, Z, W, and V are incidence matrices relating 
the corresponding effects to the dependent variable. All 
the analyses were performed using ASReml 4.1 (Gilm-
our et al., 2015).

Heritability was calculated as ratio of additive genetic 
to phenotypic variance (i.e., sum of additive genetic, 
permanent environmental, HY, and residual variances) 
and repeatability was the ratio between sum of addi-

tive genetic and permanent environmental variances to 
phenotypic variance. Genetic (ra) and phenotypic (rp) 
correlations were computed as

 r =
×

cov
,,1 2

1
2

2
2σ σ

  

where cov1,2 is the additive genetic or phenotypic cova-
riance between trait 1 and trait 2; σ1

2 is the additive 
genetic or phenotypic variance of trait 1; and σ2

2 is the 
additive genetic or phenotypic variance of trait 2.

The reliability of the pedigree provided by ZuchtData 
(Vienna, Austria) was checked with the software CFC 
1.0 (Sargolzaei et al., 2006), and more than half of the 
individuals had coefficients of inbreeding between 0 
and 5%. Ancestors of target cows were traced back 4 
generations, which resulted in 195,356 individuals for 
the subset.

RESULTS AND DISCUSSION

Descriptive Statistics and Pearson’s Correlations

Descriptive statistics calculated on the full data set 
(n = 284,193) showed that 150-d MY averaged 4,157 kg 
(Table 1), which corresponds to an average daily MY of 
27.7 kg. Averages of FP and PP were 4.03 and 3.28%, 
respectively. Means of FP and PP were expected to 
be lower than those of the whole lactation because the 
present study focused on the first 150 DIM. Indeed, 
ZAR (2018) reported average FP and PP of 4.16 and 
3.42%, respectively, and Fuerst-Waltl et al. (2016) re-
ported FP of 4.12% and PP of 3.45% for first-lactation 
FV cows. For the same breed, Ederer et al. (2014) 
reported a milk composition in early lactation similar 
to that of the present study. The average LP (4.83%) 
was close to the value (4.84%) assessed by Ederer et al. 
(2014); however, comparisons with the literature are 
difficult due to paucity of studies on FV focusing on 
early and midlactation and including LP in the list of 
investigated milk traits. Some authors evaluated the 
effect of breed on milk composition and also estimated 
least squares means of LP for FV or Simmental cows. 
Overall, in those studies, milk LP of Simmental was 
4.75% (Kedzierska-Matysek et al., 2011) and 4.71% 
(Gottardo et al., 2017), and it was also significantly 
lower than milk LP of Holstein-Friesian (P < 0.01; 
Kedzierska-Matysek et al., 2011). The L:F, L:P, and 
L:S averaged 1.21, 1.48, and 0.40, respectively, and 
their coefficients of variation ranged from 5.25 (L:S) to 
12.19% (L:F). Somatic cell score was low (1.77 units) if 
compared with findings obtained for the whole lactation 
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of FV and other breeds, but similar to the value (1.90) 
reported by Koeck et al. (2010b) for the same breed 
in a similar observation period (8–100 DIM). Indeed, 
milk SCC is lower in early than late lactation both for 
physiological reasons and because of the dilution effect.

Overall, the strongest Pearson correlation (0.993) was 
assessed between MY and LY (Table 1). This estimate 
was similar to the value (0.99) reported by Sneddon 
et al. (2015) in a New Zealand multibreed study and 
confirmed the strong physiological relationship between 
the 2 traits. Lactose yield weakly correlated with all 
traits, and LP was moderately associated with ratios 
(from 0.268 with L:F to 0.350 with L:S). Lactose-to-
fat ratio and L:P were moderately associated (0.354), 
and correlations of L:S with L:F and L:P were strong 
(0.912 and 0.698, respectively). Moreover, ratios were 
negatively weakly associated with SCS.

Frequency of Health Disorders

Contrary to the trend of LP, the incidence of diag-
nosed cows for health disorders increased with parity 
order (Table 2); this suggests that older cows yielded 
milk with lower LP and were more prone to get sick 
than younger animals. In particular, for MFV, the fre-
quency increased considerably from 0.20 (first-parity 
cows) to 6.00% (fifth-parity cows); these distributions 
were similar to those reported by Egger-Danner et al. 
(2012) in Austria. Moreover, Ederer et al. (2014) as-
sessed frequencies of KET and MFV across parities 
that were 0.60 and 2.80%, respectively. In studies in-
cluding other popular dairy breeds, such as Holstein, 
the incidence of KET was usually higher (4.10%; Koeck 
et al., 2013). The incidence of CYS was slightly lower 
than that (7.70%) reported by Hooijer et al. (2001) in 
Dutch Black and White cows.

As expected, moving from the low-LP to the high-LP 
class, SCS decreased in both primiparous and mul-
tiparous cows. In particular, SCS was highest (3.538 ± 
1.764) in the low-LP class in multiparous cows (Table 
3), whereas the lowest SCS (1.014 ± 1.130) was assessed 
in the high-LP class of primiparous cows. Overall, the 
incidence of CYS slightly decreased from high to low 
LP. With regard to MFV, primiparous were less sus-
ceptible than multiparous animals; in fact, the greatest 
incidence (3.76%) was found in the low-LP class of 
multiparous cows. The incidence of RET was slightly 
higher in the low-LP class compared with medium- and 
high-LP classes. In all other cases, the frequencies in-
creased from high to low LP. In fact, the frequencies of 
MAS, KET, and RET of the low-LP class were 1.33, 
1.41, and 1.02 times those of the high-LP class in pri-
miparous animals, respectively. Considering multipa-
rous cows, the frequencies of MAS, KET, MFV, and T

ab
le

 1
. 
D

es
cr

ip
ti
ve

 s
ta

ti
st

ic
s 

of
 a

nd
 P

ea
rs

on
 c

or
re

la
ti
on

s 
(P

 <
 0

.0
00

1)
 b

et
w

ee
n 

15
0-

d 
yi

el
d 

an
d 

co
m

po
si

ti
on

 t
ra

it
s,

 r
at

io
s,

1  
an

d 
SC

S 
fo

r 
th

e 
w

ho
le

 d
at

a 
se

t 
(n

 =
 2

84
,1

93
)

It
em

Y
ie

ld
, 
kg

 

P
er

ce
nt

ag
e

 

R
at

io
1

SC
S

M
ilk

L
ac

to
se

Fa
t

P
ro

te
in

L
ac

to
se

Fa
t

P
ro

te
in

L
:F

L
:P

L
:S

M
ea

n
4,

15
7

20
0.

6
16

7.
5

13
6.

4
4.

83
4.

03
3.

28
1.

21
1.

48
0.

40
1.

77
C

V
, 
%

23
.0

6
23

.0
3

24
.8

8
24

.5
1

2.
63

11
.7

3
7.

85
12

.1
9

8.
27

5.
25

83
.3

1
C

or
re

la
ti
on

 
 

 
 

 
 

 
 

 
 

 
 M

ilk
 y

ie
ld

, 
kg

 
0.

99
3

0.
87

9
0.

94
9

−
0.

06
6

−
0.

10
0

0.
02

7
0.

08
4

−
0.

06
0

0.
04

0
−

0.
06

4
 L

ac
to

se
 y

ie
ld

, 
kg

 
 

0.
86

6
0.

94
3

0.
04

7
−

0.
10

8
0.

02
6

0.
11

5
−

0.
02

4
0.

08
0

−
0.

09
9

 F
at

 y
ie

ld
, 
kg

 
 

 
0.

87
6

−
0.

09
3

0.
37

9
0.

16
2

−
0.

37
9

−
0.

19
2

−
0.

37
3

−
0.

03
7

 P
ro

te
in

 y
ie

ld
, 
kg

 
 

 
 

−
0.

06
3

−
0.

00
1

0.
33

2
−

0.
01

0
−

0.
34

5
−

0.
15

4
−

0.
04

8
 L

ac
to

se
, 
%

 
 

 
 

 
−

0.
06

6
−

0.
01

2
0.

26
8

0.
32

4
0.

35
0

−
0.

31
3

 F
at

, 
%

 
 

 
 

 
 

0.
30

5
−

0.
96

3
−

0.
30

2
−

0.
87

5
0.

04
7

 P
ro

te
in

, 
%

 
 

 
 

 
 

 
−

0.
29

1
−

0.
94

3
−

0.
62

7
0.

04
7

 L
:F

 
 

 
 

 
 

 
 

0.
35

4
0.

91
2

−
0.

11
3

 L
:P

 
 

 
 

 
 

 
 

 
0.

69
8

−
0.

14
1

 L
:S

 
 

 
 

 
 

 
 

 
 

−
0.

14
8

1 L
:F

 =
 l
ac

to
se

-t
o-

fa
t 

ra
ti
o;

 L
:P

 =
 l
ac

to
se

-t
o-

pr
ot

ei
n 

ra
ti
o;

 L
:S

 =
 l
ac

to
se

-t
o-

so
lid

s 
ra

ti
o.



Journal of Dairy Science Vol. 102 No. 5, 2019

MILK LACTOSE AND HEALTH TRAITS 4243

RET of the low-LP class were 2.33, 1.27, 1.83, and 1.17 
times those of the high-LP class, respectively. Regard-
ing CYS, its incidence somehow decreased moving from 
high to low LP in both primiparous and multiparous 
cows, suggesting that, for some reasons, cows with high 
LP were more susceptible to CYS. Overall, frequencies 
of diagnosed disorders in first-lactation cows were lower 
than those detected in cows in subsequent lactations. In 
particular, first-parity cows were at much lower risk of 
developing MFV at calving, likely because they did not 
suffer from metabolic stress caused by both previous 
lactation and dry period. Comparing the incidence of 
health disorders within classes of LP, fewer differences 
for first-lactation cows compared with other lactations 
were generally detected (Table 3).

Variance Components and Heritability

Heritabilities of the investigated traits ranged from 
0.005 ± 0.001 (RET) to 0.566 ± 0.008 (LP; Table 4). 
Similar estimates for LP were reported by Miglior et 
al. (2007) for Canadian Holsteins and by Stoop et al. 
(2007) for first-calving Holstein cows in the Nether-
lands using test-day data. Lactose yield was the least 
heritable (0.145 ± 0.005) among milk-related traits, 
but this estimate was comparable with heritabilities of 
0.125 and 0.180 reported by Tiezzi et al. (2013) in Italy 
and Sneddon et al. (2015) in New Zealand, respectively. 
Moreover, this value was similar to that (0.140) re-
ported by Costa et al. (2018) in Italian Holstein. Ratios 
were moderately heritable, with estimates from 0.445 
± 0.008 (L:F) to 0.538 ± 0.008 (L:S), but it was not 
possible to compare our estimates with the literature 
due to absence of studies including the same traits. 
Mastitis, KET, MFV, CYS, and RET were lowly heri-
table and estimates were similar to those reported by 
Pryce et al. (2016) and Egger-Danner et al. (2015), who 
reviewed genetic parameters of most common disorders 
of dairy cows. In particular, heritability of MAS in the 
literature ranges from 0.02 to 0.08, with differences due 
to breed or statistical approach (Egger-Danner et al., 
2015). Focusing on the period from 51 to 150 DIM, 
Koeck et al. (2010b) estimated heritability of 0.02 for 
MAS in FV cows. Heritability of KET in the present 
study was lower than estimates (0.01 to 0.08) retrieved 
from the literature and assessed using linear models 
(Pryce et al., 2016). Regarding MFV, studies dealing 
with linear models reported an average heritability of 
0.03 (Pryce et al., 2016), which is higher than the value 
computed in the present study. Ederer et al. (2014) 
reported heritability of 0.034 for MFV in a data set of 
FV cows. Fertility disorders were lowly heritable as well 
(Table 4). Development of CYS (0.037 ± 0.004) was 
the most heritable health trait, and the estimate was T

ab
le

 2
. 
P
ar

it
y-

sp
ec

ifi
c 

nu
m

be
r 

of
 o

bs
er

va
ti
on

s 
(n

),
 a

ve
ra

ge
 l
ac

to
se

 p
er

ce
nt

ag
e,

 a
nd

 f
re

qu
en

cy
 (

%
) 

of
 h

ea
lt
h 

di
so

rd
er

s1  
fo

r 
th

e 
da

ta
 s

et
 (

n 
=

 2
84

,1
93

) 
an

d 
su

bs
et

2  
(n

 =
 1

42
,2

85
)

P
ar

it
y

n

 

L
ac

to
se

 p
er

ce
nt

ag
e3

 

M
as

ti
ti
s

 

K
et

os
is

 

M
ilk

 f
ev

er

 

O
va

ri
an

 c
ys

ts

 

R
et

ai
ne

d 
pl

ac
en

ta

D
at

a 
se

t
Su

bs
et

D
at

a 
se

t
Su

bs
et

D
at

a 
se

t
Su

bs
et

D
at

a 
se

t
Su

bs
et

D
at

a 
se

t
Su

bs
et

D
at

a 
se

t
Su

bs
et

D
at

a 
se

t
Su

bs
et

1
87

,5
66

44
,0

59
4.

89
4.

89
4.

60
4.

61
0.

62
0.

65
0.

20
0.

20
4.

38
4.

43
1.

08
1.

08
2

71
,0

78
35

,4
34

4.
82

4.
82

5.
12

5.
13

0.
49

0.
49

0.
76

0.
79

6.
27

6.
43

1.
74

1.
77

3
55

,7
57

27
,8

97
4.

80
4.

80
6.

18
6.

18
0.

81
0.

75
2.

21
2.

14
7.

20
7.

11
2.

09
2.

09
4

41
,3

82
20

,7
46

4.
78

4.
78

7.
88

7.
87

0.
93

0.
91

4.
54

4.
43

7.
75

7.
93

2.
23

2.
14

5
28

,4
10

14
,1

49
4.

77
4.

77
8.

61
8.

63
1.

00
1.

05
6.

00
6.

04
8.

10
8.

38
2.

37
2.

46
1 C

od
ed

 a
s 

bi
na

ry
 t

ra
it
s 

(a
bs

en
ce

 =
 0

, 
pr

es
en

ce
 =

 1
) 

fo
r 

th
e 

ob
se

rv
at

io
n 

pe
ri

od
 −

10
 t

o 
15

0 
D

IM
, 
ex

ce
pt

 f
or

 r
et

ai
ne

d 
pl

ac
en

ta
 (

fr
om

 c
al

vi
ng

 t
o 

7 
D

IM
).

2 A
ve

ra
ge

 v
al

ue
s 

of
 t

he
 s

ub
se

t 
w

it
hi

n 
pa

ri
ty

 w
er

e 
no

t 
st

at
is

ti
ca

lly
 d

iff
er

en
t 

fr
om

 t
ho

se
 o

f 
th

e 
da

ta
 s

et
 (

P
 >

 0
.0

5)
 a

ft
er

 1
-s

am
pl

e 
t-
te

st
 a

nd
 g

oo
dn

es
s-

of
-f
it
 t

es
t 

fo
r 

la
ct

os
e 

pe
rc

en
ta

ge
 

an
d 

he
al

th
 t

ra
it
s 

fr
eq

ue
nc

ie
s,

 r
es

pe
ct

iv
el

y.
3 S

D
 w

er
e 

w
it
hi

n 
th

e 
ra

ng
e 

0.
11

 t
o 

0.
13

.



4244 COSTA ET AL.

Journal of Dairy Science Vol. 102 No. 5, 2019

almost equal to the value (0.039) estimated by Koeck et 
al. (2010c) in the same breed using a linear model, but 
lower than the heritability (0.102) assessed by Hooijer 
et al. (2001) in a smaller data set of 15,562 Dutch Black 
and White cows. Heritability of RET (0.005 ± 0.001) 
was also similar to the estimate (0.007) reported by 
Koeck et al. (2010c) for Austrian FV. 

Differences with other studies could be due to (1) 
breed, (2) effects considered in the model, and (3) 
criteria adopted for recording health data. In addi-
tion, nonlinear models generally tend to slightly over-
estimate additive genetic variance (Heringstad et al., 
2000); in fact, Heringstad et al. (2005) estimated higher 
heritabilities for KET (0.14 to 0.16) and MFV (0.09 to 
0.13) in Norwegian Red cows using a threshold model. 
Moreover, with the same model, Neuenschwander et al. 

(2012) estimated greater heritability for KET (0.09) in 
Holsteins. Similarly, the adoption of probit and logit 
models resulted in higher heritabilities of MAS (0.06 
to 0.08) in FV cows (Koeck et al., 2010a). Overall, 
heritabilities of fertility disorders were in agreement 
with the literature; in particular, Koeck et al. (2010c) 
reported heritabilities of 0.060, 0.006, and 0.007 for 
RET using logit threshold sire, linear sire, and linear 
animal models, respectively, in FV cows. Comparably, 
CYS was found more heritable with threshold model, 
with estimates ranging from 0.050 (Zwald et al., 2004) 
to 0.077 (Koeck et al., 2010c), if compared with the 
present and other studies that adopted linear models to 
analyze data (0.040; Koeck et al., 2010c).

Because we considered 150-d traits in the present 
study, the repeatability of milk-related traits is the sim-

Table 3. Mean (SD) of SCS and frequency (%) of health disorders1 across classes of lactose percentage2 in primiparous and multiparous cows

Class
Lactose  

percentage range N SCS Mastitis Ketosis
Milk  
fever

Ovarian  
cysts

Retained  
placenta

Primiparous         
 Low 4.200–4.664 2,402 2.454a (1.564) 6.70a 0.83a 0.25b 3.46b 1.25a

 Medium 4.665–5.116 83,459 1.512b (1.261) 4.53b 0.62a 0.19b 4.40a 1.08a

 High 5.117–5.300 1,705 1.014c (1.130) 5.04b 0.59a 0.29a 4.69a 1.23a

Multiparous         
 Low 4.180–4.553 5,400 3.538a (1.764) 11.52a 0.93a 3.76a 5.78c 2.56a

 Medium 4.554–5.044 187,366 1.848b (1.510) 6.39b 0.74a 2.71b 7.08b 2.01ab

 High 5.045–5.345 3,861 1.084c (1.269) 4.95c 0.73a 2.05b 10.52a 2.18b

a–cValues with different superscripts within trait and parity group were significantly different in multiple comparisons after Bonferroni-Holm 
step-down adjustment (P < 0.05).
1Coded as binary traits (absence = 0, presence = 1) for the observation period −10 to 150 DIM, except for retained placenta (from calving to 
DIM 7).
2Classes of lactose percentage were defined according to mean ± 2 SD.

Table 4. Phenotypic variance1 σp
2( ), heritability (SE), repeatability (SE), and proportion (%) of variance  

explained by herd-year of calving effect (c2) for 150-d production, SCS, and health traits for the subset (n =  
142,285)

Trait σp
2 Heritability Repeatability c2

Production traits2     
 Milk yield, kg 705,970.2 0.151 (0.005) 0.213 (0.003) 50.37
 Lactose yield, kg 1,678.98 0.145 (0.005) 0.204 (0.003) 50.73
 Lactose, % 13.97 0.566 (0.008) 0.624 (0.003) 6.16
 L:F 21.82 0.445 (0.008) 0.497 (0.003) 9.22
 L:P 13.14 0.474 (0.008) 0.507 (0.003) 12.52
 L:S 0.42 0.538 (0.008) 0.574 (0.003) 7.26
SCS 2.12 0.183 (0.007) 0.308 (0.004) 10.02
Health traits3     
 Mastitis 55.61 0.017 (0.003) 0.050 (0.004) 6.11
 Ketosis 7.00 0.006 (0.002) 0.033 (0.004) 3.56
 Milk fever 18.45 0.015 (0.002) 0.042 (0.004) 2.63
 Ovarian cysts 58.75 0.037 (0.004) 0.071 (0.004) 10.55
 Retained placenta 17.07 0.005 (0.001) 0.027 (0.004) 2.74
1Values in italics have to be multiplied by 10−3.
2L:F = lactose-to-fat ratio; L:P = lactose-to-protein ratio; L:S = lactose-to-solids ratio.
3Coded as binary traits (absence = 0, presence = 1) for the observation period −10 to 150 DIM, except for 
retained placenta (from calving to 7 DIM).
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ilarity of values of the trait on the same cow in different 
lactations. Therefore, comparisons of repeatabilities of 
MY, LY, LP, and ratios with those estimated with test-
day repeatability models are not fully correct. Both LP 
and ratios had moderate to high repeatabilities (from 
0.497 ± 0.003 of L:F to 0.624 ± 0.003 of LP). Even 
with different statistical approaches and designs, simi-
lar findings for LP were reported by Stoop et al. (2007), 
Sneddon et al. (2015), and Visentin et al. (2017). The 
low repeatability for LY suggested that the synthesis of 
this component in the udder differed across lactations 
of the same cow in the first 150 DIM. Somatic cell score 
exhibited a moderate repeatability (0.308 ± 0.004), 
slightly lower than that reported by Tiezzi et al. (2013) 
and Visentin et al. (2017). Health traits, on the other 
hand, were scarcely repeatable, with values that ranged 
from 0.027 ± 0.004 (RET) to 0.071 ± 0.004 (CYS); 
the low repeatability of health traits was expected, as 
they are supposed to be occasional events and their fre-
quency across lactations are usually close to zero, due 
to culling, therapy, and other management strategies.

The greatest contribution of the HY effect to the 
phenotypic variance was found for LY (50.73%), sug-
gesting that temporary effects of HY are important in 
determining the variance of this trait. Similarly, the HY 
effect accounted for 50.37% of MY variance. With re-
gard to other milk traits, the proportion of phenotypic 
variance explained by the HY effect varied from 6.16% 
(LP) to 12.52% (L:P). Finally, the HY effect was 6.11, 
3.56, 2.63, 10.55, and 2.74% for MAS, KET, MFV, 
CYS, and RET, respectively, which suggested that the 
environmental HY effect had a moderate to low effect 
on the phenotypic variance of the health traits.

Phenotypic and Genetic Correlations

All rp between health and production traits were very 
weak, with the greatest association estimated between 
LY and CYS (rp = 0.074; Table 5), highlighting that, at 
phenotypic level, no association exists between lactose 
and its ratios with health traits. Mastitis was unfavor-
ably genetically correlated with LY (0.518 ± 0.057), 
favorably and weakly associated with LP (−0.175 ± 
0.049), and almost uncorrelated with L:F, L:P, and L:S 
(Table 5). In addition, MAS was positively genetically 
correlated with SCS (ra = 0.623 ± 0.056 and rp = 0.158 
± 0.060) and LP was negatively related to SCS (ra = 
−0.245 ± 0.018 and rp = −0.288 ± 0.003) and MY (ra 
= −0.175 ± 0.018) in the first 150 DIM. These find-
ings were similar to results of Bastin et al. (2016), who 
reported ra between LP and MAS of −0.10 and −0.24 
for the observation periods 5 to 305 and 5 to 65 DIM, 
respectively. Lactose yield was positively genetically 
correlated with KET (0.420 ± 0.077), MFV (0.219 ± T
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0.063), and CYS (0.189 ± 0.043). In addition, KET was 
genetically associated with L:P (0.198 ± 0.078) and LP 
(−0.158 ± 0.074). All other ra of LY, LP, and ratios 
with health traits were <0.10 (Table 5).

Phenotypic correlations between health traits were 
almost zero, with the greatest estimate between KET 
and MFV (0.067). At the genetic level, MAS positively 
related to other diseases typical of early lactation 
[i.e., KET (0.355 ± 0.135) and MFV (0.463 ± 0.090)]. 
Both correlations were in the ranges of previous stud-
ies (Pryce et al., 2016) and suggested that selection 
against MAS leads to favorable correlated responses in 
other diseases (Pfeiffer et al., 2015). Supporting this 
view, Pryce et al. (2016) suggested that a general cow’s 
robustness is responsible for its susceptibility to get 
sick. The ra of CYS with MAS, KET, and MFV were 
positive, suggesting that partly there could be common 
genetic background between these traits; in particular, 
the greatest ra (0.273) was estimated between CYS 
and MFV. Considering that the rp between CYS and 
MFV was almost zero, these findings suggested that 
genetically MFV could predispose cows to CYS dur-
ing the first 150 DIM and that daughters of bulls with 
high EBV for MFV are supposed to be at higher risk 
of developing CYS compared with offspring of bulls 
with lower EBV for MFV. This could be related to 
the altered mineral metabolism in presence of MFV 
that could impair the hormonal regulation. In addition, 
it is fair to state that cow susceptibility also depends 
on the interaction between genotype and environment; 
this could explain the higher ra between MAS and CYS 
(0.16) reported in an earlier study on the same breed 
(Pfeiffer et al., 2015). Finally, RET was genetically 
(0.286 ± 0.172) associated with KET (Table 5).

All correlations estimated in the present study were 
in the ranges reported by Ingvartsen et al. (2003), who 
reviewed genetic associations between milk perfor-
mance and cow health, and by Van Dorp et al. (1998), 
who estimated the correlation between 305-d MY and 
health disorders in Holstein cows. These findings con-
firmed that the genetic background of high-producing 
cows makes them more susceptible to diseases than 
that of cows yielding less milk (Ingvartsen et al., 2003; 
Oltenacu and Broom, 2010) and confirmed that LP is 
favorably genetically related to cows’ energy balance 
and udder health (Bastin et al., 2016).

CONCLUSIONS

Cows with lower milk LP had higher frequency of 
udder health and metabolic disorders. The amount of 
LP variance due to additive genetic effects was >50% 
and the genetic correlation with MAS in the first 150 
DIM was negative. Genetic and phenotypic correlations 

of LY almost mirrored those of MY. Ratios including 
LP and other milk composition traits did not geneti-
cally correlate with health traits, except for the weak 
positive genetic relationship between L:P and KET. 
Based on the findings of the present study, LP is a 
valid candidate as an udder health indicator in early 
lactation. In fact, high heritability coupled with great 
data availability make LP a potential phenotype to be 
considered in the FV breeding program for mastitis 
resistance and udder health, thus far including lowly 
to moderately heritable traits such as MAS, SCC, and 
udder conformation traits.
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