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ABSTRACT

Lactose is the main carbohydrate in mammals’ milk,
and it is responsible for the osmotic equilibrium between
blood and alveolar lumen in the mammary gland. It is
the major bovine milk solid, and its synthesis and con-
centration in milk are affected mainly by udder health
and the cow’s energy balance and metabolism. Because
this milk compound is related to several biological and
physiological factors, information on milk lactose in the
literature varies from chemical properties to heritability
and genetic associations with health traits that may be
exploited for breeding purposes. Moreover, lactose con-
tributes to the energy value of milk and is an important
ingredient for the food and pharmaceutical industries.
Despite this, lactose has seldom been included in milk
payment systems, and it has never been used as an in-
dicator trait in selection indices. The interest in lactose
has increased in recent years, and a summary of exist-
ing information about lactose in the dairy sector would
be beneficial for the scientific community and the dairy
industry. The present review collects and summarizes
knowledge about lactose by covering and linking several
aspects of this trait in bovine milk. Finally, perspectives
on the use of milk lactose in dairy cattle, especially for
selection purposes, are outlined.
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INTRODUCTION

Milk is an energetic animal-derived food, rich in es-
sential fatty acids, vitamins, minerals, amino acids, and
oligosaccharides. Among these nutrients, lactose is the
main sugar, uniquely found in mammals’ milk. Lactose
contributes to the energy value of milk, as reported in
the formula of Tyrrell and Reid (1965): total energy
output (MJ/kg) = [0.384 x fat percentage + 0.223
X protein percentage + 0.199 x lactose percentage —
0.108] x milk yield (kg).

In bovines, lactose is the major milk solid (Fox et
al., 2015), and it is individually recorded in lactating
cows almost all over the world under routine evaluation
systems. In recent decades, likely due to the increased
availability of milk data from infrared predictions, lac-
tose percentage (LP) has been included in scientific
studies and reports, together with traditional traits such
as milk yield, fat percentage, and protein percentage.
Although LP has been considered a low-informative
trait for decades due to its low variability, some investi-
gations have reported interesting findings, particularly
its negative relationship with SCC. Thus, interest in
LP has increased, as has the number of published pa-
pers dealing in some manner with lactose (Figure 1).
Nevertheless, there is no uniform consensus about the
phenotypic and genetic factors affecting LP and lactose
yield (LY). After the optimization of dairy industry ef-
ficiency and the application of whey filtration technolo-
gies, lactose powder has become a food ingredient with
a market demand and value (CLAL, 2018). In spite
of this, scientific knowledge about the physiology and
variability of lactose is still scarce, because of consensus
that this compound is constant in milk and does not af-
fect milk quality and technological properties. However,
some studies have demonstrated that a certain informa-
tive variation in lactose within and across lactations
exists in cattle (Miglior et al., 2007; Alessio et al., 2016;
Costa et al., 2018). Therefore, it seems appropriate to
provide a clearer, more complete picture for lactose, to
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Figure 1. Number of published articles, reviews, and conference papers that cite the key words “lactose, dairy” (solid line) or “lactose, cow,
milk” (dashed line) in the title or in the abstract. Source: Scopus, www.scopus.com.

understand if and how this trait can be exploited in the
dairy field.

SYNTHESIS AND CHEMICAL FORMS
OF MILK LACTOSE

Biosynthesis Pathways

Lactose is synthesized in the udder from blood glu-
cose absorbed by the basal membrane of mammary
epithelial cells (Osorio et al., 2016). Around 20% of the
circulating blood glucose of a dairy cow is converted
into lactose during lactation (Cant et al., 2002; Rigout
et al., 2002). Together with some minerals (Na, K, and
Cl), lactose contributes to the equilibrium of the blood—
milk barrier, being the main osmotic regulator between
the blood and alveolar lumen. In fact, lactose deter-
mines the amount of absorbed water in the alveoli, and
thus, the volume of produced milk (Fox et al., 2015). As
soon as lactose is synthesized by the Golgi, it is packed
into secretory vesicles. Here, LP determines a strong
osmotic pressure, because this disaccharide cannot pass
through the vesicle membrane; water is required to get
into the secretory vesicles and re-establish equilibrium.

The uptake of the precursor (glucose) from the circu-
latory system is regulated by facilitative glucose trans-
porters, whose genetic expression also directly affects
milk synthesis (Zhao, 2014). After translocation, oper-
ated both by glucose transporters 1 and 8, and by Na*-
dependent transport, glucose is partly absorbed into
the Golgi of the epithelial cells and partly epimerized to
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uridine diphosphate (UDP)—glucose and then to UDP-
galactose by the enzymatic actions of UDP-glucose-py-
rophosphotylase-2 and phosphoglucomutase-1 (Figure
2). The same transporters carry UDP-galactose into the
Golgi, where the lactose synthase, a heterodimer enzyme
composed by «o-LA and (3-1,4-galactosyltransferase,
catalyzes this chemical compound, releasing the UDP
fragment. In particular, (-1,4-galactosyltransferase
connects the carbon atom 1 of galactose and the car-
bon atom 4 of glucose. The role of a-LA is to increase
the specificity of 3-1,4-galactosyltransferase for glucose,
so its concentration is usually highly correlated with
the amount of lactose in milk (Fox et al., 2015). After
formation, lactose-containing vesicles are released into
the alveolar lumen from the apical membrane of the cell
through facilitated transport (Zhao, 2014).

Lactose Forms

The glycosylic bond (1,4) connects the carbon atom 1
of galactose and the carbon atom 4 of glucose and, as for
other carbohydrates, lactose might assume 2 anomeric
forms: o-3-D-galactopyranosyl-(1,4)-a-D-glucopyranose,
known as a-lactose, and o-3-D-galactopyranosyl-(1,4)-
B-D-glucopyranose, known as (3-lactose. At 20°C, total
lactose is composed of 37.3% o-lactose and 62.7%
B-lactose; the dynamic equilibrium between the 2 forms
is influenced by factors such as total LP, temperature,
pH, and the presence of co-solutes. The a-lactose in-
creases its stability when associating with 1 molecule
of water, defined as water of crystallization; for this
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reason, it is usually referred as lactose monohydrate, change its configuration from « to 3, or vice versa. The
and its molar weight is 360.31 g/mol (Fox et al., 2015). 2 lactose isoforms differ in solubility, specific rotation,
A transition between the 2 configurations occurs when and sweetness. Such differences are crucial for techno-
a glucose monomer converts to an open aldeide form, logical treatments of lactose, such as spray-drying, crys-
with acid, base, or water acting as a catalyzing agent. tallization, and downstream applications. Both a- and
As a result, anomeric acetal carbon of glucose can (-lactose exhibit the same nutritional profile (Fox et
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Figure 2. Schematic representation of the steps required for milk lactose synthesis in mammary epithelial cells. UDP = uridine diphosphate.
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al., 2015), so for convenience, the ring tests coordinated
by the International Committee for Animal Recording
consider a-lactose to be the reference for laboratory
comparison. The aldehydic form of lactose is present in
milk in very low amounts and with a highly dynamic
equilibrium; it tends to be immediately converted to
the cyclic form. Nevertheless, the aldehyde group acts
as a reducing agent and can interact with proteins
through Maillard reactions.

HUMAN INTOLERANCE

Lactase enzyme, called (3-galactosidase, hydrolyzes
lactose into glucose and galactose in the digestive tract
of mammal newborns. This enzyme is synthesized in
the small intestine by microvilli, and in humans it is
encoded by the lactase gene on chromosome 2 from
135.787 to 135.837 Mb (Dominguez-Jiménez and
Ferndndez-Suarez, 2017; NCBI, 2018). Depending on
population structure and genetic predisposition, the
synthesis of this enzyme may decrease progressively
with age, leading to difficulties in digesting milk and
food containing lactose (Leonardi et al., 2012). This
disorder, typically referred to as “lactose intolerance,”
is characterized by diarrhea and abdominal pain occur-
ring immediately after the ingestion of lactose. In fact,
as soon as lactose enters the intestinal environment, its
concentration increases because of the absence of the
lactase enzyme. This induces water to move from the
blood into the intestinal tract to re-establish osmotic
equilibrium, and it activates anomalous fermentations,
with subsequent abdominal bloating and stomach pain.

Some differences exist between populations in tolera-
tion of lactose; for example, people from Nordic Euro-
pean countries and some African populations have a
genetic predisposition for synthesizing lactase even in
late age (Fox et al., 2015). Approximately 70% of the
world population is at high risk of manifesting lactose
intolerance, and prevalence has increased in the last de-
cade, explaining why lactose-free products have gained
importance in the marketplace (Dominguez-Jiménez
and Ferndndez-Sudrez, 2017). The most popular tech-
nological treatment for obtaining lactose-free milk is
ultrafiltration (McCain et al., 2018), although it leads
to an undesired removal of minerals from milk. To avoid
the loss of important milk components, other methods
have been developed to depress lactose through hydro-
lysis (McCain et al., 2018). For example, the addition
of enzymes, specific molds, or yeasts (e.g., Aspergillus
and Kluyveromyces spp.) during cheesemaking, milk
heat treatment, or both allows for the separation of ga-
lactose and glucose, which are more digestible (Fox et
al., 2015). The natural production of lactose-free milk
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in bovine species is biologically impossible, because
lactose is the main milk osmole.

MILK LACTOSE: APPLICATIONS
AND MARKET DEMAND

Industrial Uses

After cheesemaking, more than 90% of the lactose
ends up in whey (Prazeres et al., 2012). Whey composi-
tion differs from that of milk, with average water, fat,
and protein content of 93.9, 0.20, and 0.60%, respec-
tively. Along with lactose, non-casein-related proteins
and water-soluble vitamins are also found in the whey
(Prazeres et al., 2012; Sturaro et al., 2014). The process-
ing of 100 kg of whole milk into cheese leads on average
to 85 kg of whey, which yields 5.36 kg of whey powder
(CLAL, 2018). Therefore, the major international cheese
manufacturers—the Netherlands, Germany, France,
and Italy (CLAL, 2018)—produce significant amounts
of whey, which was previously discarded as a byproduct
of cheese factories and either dumped or fed to animals.
Although alternative uses for whey are scarce, whey
is still common in the liquid feeding system of Italian
heavy pigs (up to 25% of ration; Martelli et al., 2002).
With the purpose of improving the efficiency of the
dairy industry, several studies have shown that whey
is a source of exploitable high-nutrition and high-value
compounds (Sturaro et al., 2014). Among the avail-
able methodologies, filtration is the most commonly
adopted technology in the dairy industry for extracting
lactose, because of its quality-to-cost ratio. Membrane
separation was introduced in the first years of the 21st
century, and it allows solid recovery and (purified) wa-
ter-saving. Whey filtration is performed using different
membranes at different retention efficiencies: ultrafil-
tration (<40% of lactose retention) and nanofiltration
(>90% of lactose retention). The purity of crystalized
solid lactose could be improved through reverse osmosis,
concentration, and spray-drying (Prazeres et al., 2012).
Depending on whether the recrystallization process is
used in the last step, lactose powder is sold in either
pharmaceutical and edible forms, coded as HS170211
and HS170219, respectively, in the Harmonized System
nomenclature (CLAL, 2018). The pharmaceutical form
is used as excipient for drug tablets, and edible lactose
is commonly used as a base for confectionery and infant
formula. The sweetness of lactose is less intense than
that of common sugars (around 20% lower), making it
an important ingredient for baked goods, ice creams,
chocolate, and candies.

Whey permeate including lactose can be used as
feed substrate for Xanthomonas bacteria in xanthan
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gum plants (Fox et al., 2015; Niknezhad et al., 2015).
Xanthan gum is mostly used by food factories for its
physical properties and industrial applications (Garcia-
Ochoa et al., 2000; Murad et al., 2017). Pretreated
hydrolyzed lactose is reported to be the most efficient
and cheapest source of carbon for the production and

excretion of this biopolymer by Xanthomonas campes-
tris (Murad et al., 2017).

Market Demand

In January 2014, the price of lactose on the interna-
tional market reached US$1,826/t, the highest histori-
cal value ever reached in the Global Dairy Trade auc-
tions, but then declined to an average value of about
US$800/t (Global Dairy Trade, 2018). In September
2018, the price was US$917/t (Global Dairy Trade,
2018), driven by high demand for powders from Asia,
but this demand slowed with the Chinese market finan-
cial crisis.

The international standard for milk-powder produc-
tion set an LP standard in the starting matrix, so in
some countries, such as New Zealand, solid lactose has
been imported for a long time from supplier countries
(Lithuania, the Netherlands, Denmark, the United
States, Germany, and Australia; CLAL, 2018) to reach
the right starting milk composition (Sneddon et al.,
2015) and to maximize milk-powder yield. Nowadays,
for the same purpose, New Zealand uses lactose derived
from the whey left after cheesemaking. Indeed, produc-
tion and import/export of lactose is a business that
involves several countries (Geary et al., 2010; CLAL,
2018). For instance, in Italy the export volumes and
the market value of edible lactose increased from 2014
to 2017. In recent years, the market value for edible
lactose has moved from €2.00 to €5.50/kg for global
exports and from €1.20 to €6.08/kg for European
Union exports (CLAL, 2018). In the global market, the
export of lactose powders has shown a linear positive
trend over the years, with the major exporters being
Germany and the Netherlands. The exports of phar-
maceutical and edible lactose in 2012 were 142,617
and 9,352 t, respectively, and in 2017 they increased to
189,994 and 12,429 t, respectively. Global demand for
pharmaceutical lactose was evidently greater than that
for edible lactose (CLAL, 2018), but trends in 2017
were both positive and increased by 9.6% (pharmaceu-
tical) and 14.6% (edible) compared with 2016. It is also
important to consider United States stocks of lactose,
which could drive the global availability and market
price of this product. According to Italy and to its
whey surplus, both pharmaceutical and edible lactose
powders are sold in the international market, with ex-

ports in 2017 of 29,777 and 112 t, respectively (CLAL,
2018); in particular, the Ttalian export of edible lactose
in 2017 reached a very high peak (+350%) compared
with previous years; the major international importers
were Slovenia (39.0%), Australia (16.9%), and Roma-
nia (10.6%; CLAL, 2018). France imported one-third of
the pharmaceutical lactose produced in Italy in 2017,
and other importers included Spain, the Netherlands,
Iran, and the Russian Federation (CLAL, 2018).

QUANTIFICATION OF LACTOSE AND VARIATION
IN BOVINE MILK

According to ISO 22662:2007 (ISO, 2007), the ref-
erence method for lactose determination in raw, heat-
treated, and dried milk is HPLC. However, with ISO
26462:2010 (ISO, 2010), the enzymatic method using
difference in pH has been accepted for lactose quanti-
fication in milk samples. In the last 2 decades, intro-
duction of the infrared spectroscopy technique in the
routine analysis of milk has led to a revolution in dairy
monitoring systems, allowing for monthly determina-
tion of LP in milk at the individual cow level (De Mar-
chi et al., 2014). The predictions of LP from spectra
are accepted for both scientific and economic purposes;
indeed, a correlation of 0.996 in validation studies has
been declared between measured and predicted LP (ap-
plication note 5373 Rev. 3, MilkoScan 7TRM /FT+ /6000;
Foss, Hillergd, Denmark). Some novel automatic and
conventional milking systems are equipped with optic
in-line measurement of milk composition, including LP
and physical parameters (Lely Holdings, the Nether-
lands; Fullwood Ltd., United Kingdom). These tech-
nologies are becoming important tools, because their
software can collect and store data and elaborate on
information, reporting alerts for cows with potential
problems, so that farmers can provide special treat-
ment. In the case of LP, dramatic changes or specific
patterns could be informative with respect to the cow’s
mammary gland health and energy balance; however,
no studies have investigated LP changes and patterns
in dairy cattle so far.

Milk LP shows variability, which depends on several
factors (Fox et al., 2015). Studies discussing the effect
of parity on LP are summarized in Table 1. Milk from
first-calving cows has higher LP than milk from cows
in later lactations; Haile-Mariam and Pryce (2017) and
Costa et al. (2018) reported a gradual decrease in LP
across parities in Australian dairy cattle and Italian
Holsteins, respectively. Even if differences in LP are
present among all parity orders, the major gap is be-
tween primiparous and multiparous animals (Lgvendahl
and Weibjerg, 2017; Costa et al., 2018). It is important
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to consider that mastitis is usually more common in
herds with a high percentage of multiparous cows, be-
cause primiparous cows tend to be less susceptible to
udder inflammation; also, the milk of multiparous cows
has generally higher SCC than the milk of primiparous
cows (Harmon, 1994; Koeck et al., 2010). Because LP
tends to decrease when clinical or subclinical udder
inflammation is present and SCC increases, the LP
gap between parities could be explained by the differ-
ence in milk SCC across cows of different lactations.
A schematic representation of mechanisms relating LP,
LY, and mastitis is depicted in Figure 3. In addition,
a physiological (but not yet studied) mechanism could
be that multiparous cows produce more milk, but with
lower LP. This could suggest that both the osmotic
function of lactose and the osmotic equilibrium between
blood and milk could change in different parities. Fi-
nally, the cumulative effect of mastitis cases, repeated
lactations, stage of lactation, and aging could affect
mammary epithelium integrity and permeability, trans-
lating into gradual LP reduction during the productive
life of a cow (Zhao, 2014; Herve et al., 2018). Lactose
percentage does not show the usual lactation curve
shape of fat and protein percentages; indeed, the lacta-
tion curve of LP is strictly related to that of milk yield,
as already described in the section on the physiological
mechanisms and pathways of lactose synthesis at the
mammary level. Lactose is not affected by milk dilu-
tion through DIM, and it reaches the lowest values in
late lactation, similar to milk yield and in an opposite
trend to fat and protein percentages (Ptak et al., 2012;
Penasa et al., 2016; Haile-Mariam and Pryce, 2017).
Effects of the dietary energy level on LP have also
been investigated. Xue et al. (2011) reported signifi-
cantly greater LP in the milk of cows fed a high dietary
concentrate, and Ouweltjes et al. (2007) reported simi-
lar outcomes in a Dutch study; in particular, cows fed
a high-energy diet had higher milk LP than cows fed
a low-energy ration. Beerda et al. (2007) reported that
LP significantly decreased by 15% in the milk of cows
fed a low-caloric-density diet. Internationally, diet ma-
nipulation to increase LP is not economically justified
or possible in the current era. Indeed, even major dairy
powder producers and exporters such as New Zealand

do not have feeding recommendations to increase milk
LP (Sneddon et al., 2015).

MILK LACTOSE AND HEALTH TRAITS
Lactose as Biomarker of Metabolic Disorders

Glycaemia and energy balance in cows are posi-
tively correlated with LP (Reist et al., 2002; Larsen
and Moyes, 2015), especially in high-producing breeds
(Lemosquet et al., 2009). Lemosquet et al. (2009)
suggested that post-hepatic blood glucose availability
could be an indirect key regulator of milk yield, making
blood glucose directly responsible for LY. Hence, it is
important to highlight the dependence of milk yield on
LY and that the uptake of glucose from the blood to
produce lactose is a metabolic priority in specialized
dairy animals. In fact, udder requirements are subject-
ed to homeorhesis in high-producing cows; that is, milk
composition is unaltered even in case of breakdown of
body reserves (Bauman and Currie, 1980; Zhao, 2014).
For example, a sudden decrease of dietary energy level
or increase in energy demand in high-yield cows could
result in a negative energy balance and mobilization
of fat reserves from tissue to blood, passing through
the liver. Supporting this view, a negative phenotypic
association (—0.17) between LP and milk BHB, one of
the most common indicators of ketosis in dairy cows,
has been reported by Larsen and Moyes (2015). In-
deed, BHB levels can be measured in individual milk
through keto tests or infrared milk analysis, and may
help farmers identify cows in negative energy balance
and ketosis. In fact, because LP is strictly dependent on
blood circulating glucose, milk from (sub)ketotic cows
tends to show lower LP and higher BHB than healthy
animals, especially in early lactation. Evaluating the
association between blood parameters and milk com-
position traits, Cant et al. (2002) reported a significant
difference in LP between cows infused with 2 different
solutions (glucose vs. saline), indirectly confirming the
relation between LP and (sub)clinical ketosis. An aver-
age phenotypic correlation of —0.17 was found between
LP and blood BHB in Norwegian Red cows (Belay et
al., 2017). In addition, in a study in Fleckvieh cows,

Table 1. Summary of the literature dealing with a decrease of milk lactose percentage by increasing parity and SCC/SCS

Item Reference

Parity Miglior et al. (2006), Ptak et al. (2012), Malchiodi et al. (2014), Fox et al. (2015), Alessio et al. (2016), Haile-Mariam and
Pryce (2017), Costa et al. (2018)

SCC/SCS Pyorald (2003), Bansal et al. (2005), Forsback et al. (2010), Gillon et al. (2010), Malek dos Reis et al. (2013), Moyes et al.

(2014), Cinar et al. (2015), Fox et al. (2015), Kester et al. (2015), Nasr and El-Tarabany (2017), Costa et al. (2018)
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Figure 3. Diagram of the cause—effect relationships between lactose and mastitis in cows.

Ederer et al. (2014) found that ketosis was correlated
with depressed LP (—0.15), increased fat percentage
(0.21), and increased fat-to-lactose ratio (0.15) in early
lactation, confirming that ketosis alters both fat per-
centage and LP in milk, even if with opposite effects.
These results suggest that the relationship between
milk lactose and gluconeogenesis in dairy cows should
be further investigated, to detect and propose novel
health indicators in milk.

Lactose and Mastitis

Mastitis is a disease that can occur throughout an
entire lactation, with peaks in the first few months af-
ter calving. Studies of the effects of high SCC on milk
LP are summarized in Table 1. Phenotypic correlations
between LP and SCS range from —0.15 (Hossein-Zadeh
and Ardalan, 2011) to —0.66 (Vilas Boas et al., 2017);
in this sense, LP has been widely reported to be one of
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the most informative traits for mastitis diagnosis, other
than SCC and milk electrical conductivity (Geary et
al., 2014; Fox et al., 2015; Vilas Boas et al., 2017). The
reduction of LP in milk during mastitis (Figure 3) has
3 main causes: (1) LP synthesis is partly compromised
because secretory cells are damaged by inflammation
and infection; (2) a great, but still undefined, part of
the lactose is lost in urine, because of a disruption of
tight junctions and altered permeability of the basal
membrane of the mammary cells that separates blood
and milk; (3) mastitis pathogens use available milk
lactose as a substrate, reducing LP and increasing
lactic acid in milk. During mammary tissue inflamma-
tion, the osmotic balance is maintained by an increase
of Na" and Cl7; in particular, Na® derived from the
highly Na'-concentrated extracellular environment is
the main ion responsible for the increase of the electri-
cal conductivity and salty taste of milk (Figure 3). In
addition, a formula to estimate the Koestler number
(Kn) is reported in the literature, which relates milk
Cl" (%) and LP (Fox et al., 2015): Kn = [(milk Cl7) x
100]/(milk LP). The Kn could be used to discriminate
normal (Kn <2.00) and abnormal (Kn >3.00) milk.
Finally, for the same reason, the electrical conductivity
of milk is negatively related to LP (Fox et al., 2015;
Vilas Boas et al., 2017; Ebrahimie et al., 2018). This
background suggests that the complementary informa-
tion from LP, SCC, and electrical conductivity can be
used to provide an accurate diagnosis of mastitis at the
individual level, and some authors have recently high-
lighted the potential of alternative or derived traits (or
both) as predictors of udder inflammation. For instance,
in the machine learning-based study of Ebrahimie et al.
(2018), LP and electrical conductivity were the most
reliable indicators of subclinical mastitis (together with
SCC) and were able to recognize predictive patterns
of subclinical mastitis in Holstein cows reared in New
Zealand. Standard acceptable definitions of biological
markers have been given by the Biomarker Definitions
Working Group in Clinical Pharmacology and Thera-
peutics (Atkinson et al., 2001): “a characteristic that
is objectively measured and evaluated as an indicator
of normal biological processes, pathogenic processes, or
pharmacologic responses to a therapeutic intervention.”
Therefore, considering the existing relations between
LP and the traits above, lactose and perhaps its ratios
with fat, protein, or both could be considered as poten-
tial biomarkers for early-lactation metabolic diseases,
as reported by Ederer et al. (2014) in Fleckvieh cows.
Nevertheless, further research is needed to validate LP
as a reliable indicator. The adoption of precision farm-
ing technologies on a large scale will allow for the daily
monitoring of individual milk and patterns of certain
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milk components that could be used to detect health
disorders (de Haas, 2003) and prompt treatment.

GENETICS OF MILK LACTOSE
Dairy Species and Cattle Breeds

Considering the most common dairy species, average
milk LP of 4.10, 4.70, and 4.90% have been reported in
the literature for goats, cows, and sheep, respectively
(Fox et al., 2015). Milk from buffalo shows LP similar
to cow milk (4.50 to 5.20%), but with more variation
across countries and breeding systems (El-Salam and
El-Shibiny, 2011). Some studies (Malchiodi et al., 2014;
Gottardo et al., 2017) have investigated the effect of
cattle breed on milk composition, but there is no con-
sensus on the effect of breed on LP.

Heritability and Repeatability

A summary of LP heritabilities for the first 3 lacta-
tions in dairy cows is presented in Figure 4. Lactose
percentage usually shows higher heritability than milk
yield and other milk solids (Gillon et al., 2010; Sneddon
et al., 2015; Haile-Mariam and Pryce, 2017), with a
moderate to high contribution of additive genetic vari-
ance to phenotypic variance. A heritability of nearly
0.40 is generally considered for LP in Holstein-Friesian
cattle; however, there is no consensus on trends of
heritability across parities. In fact, heritabilities of
0.478, 0.506, and 0.508 have been reported for Cana-
dian Holsteins in parities 1, 2, and 3, respectively; on
the other hand, Rzewuska and Strabel (2013) have
reported heritabilities that were higher in first- (0.34)
than in second- (0.28) and third-parity (0.26) Polish
Holstein cows. Other studies (Haile-Mariam and Pryce,
2017; Satola et al., 2017) did not detect differences in
LP heritability across parity number (Figure 4). Ac-
cording to Haile-Mariam and Pryce (2017), LP heri-
tability increased in the first 150 DIM and remained
almost stable thereafter. Moreover, Belay et al. (2017)
reported heritability of LP in the first half of lactation
that was 0.406 from 11 to 30 DIM and 0.458 from 61 to
90 DIM. Genetic studies dealing with estimates of test-
day records reported medium to high repeatability for
LP (Table 2), suggesting that few observations within
lactation are enough to capture the overall variability
in LP. Estimates of heritability for LY range from 0.10
to 0.20. Due to the very high correlation of LY with
milk yield, genetic parameters have been reported in
a few countries so far, including New Zealand (Sned-
don et al., 2015), Australia (Haile-Mariam and Pryce,
2017), and Italy (Tiezzi et al., 2013; Costa et al., 2018).
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Table 2. Published estimates of heritability and repeatability (SE) of lactose percentage

Reference Test days, no. Breed Model Heritability Repeatability
Miglior et al. (2007) 60,645 Holstein Random regression 0.50 —
Stoop et al. (2007)" 5,581 Holstein Linear 0.64 (0.10) 0.72 (0.01)
Loker et al. (2012) 86,331 Holstein Random regression 0.52 (0.03) —
Ptak et al. (2012) 48,859 Holstein Random regression 0.24 (0.03) —
Tiezzi et al. (2013) 63,470 Holstein Linear 0.33 0.56
Ederer et al. (2014) 97,146° Fleckvieh Linear 0.32 (0.01) —
Sneddon et al. (2015) 15,366 Mix Linear 0.25 (0.04) 0.60 (0.01)
Belay et al. (2017) 717,915 Norwegian Red Linear 0.43 (0.06) —
Haile-Mariam and Pryce (2017) 724,325 Mix Random regression 0.34 —
Satola et al. (2017) 104,875 Holstein Random regression 0.30 —
Visentin et al. (2017) 128,510 Mix Random regression 0.36 (0.02) 0.49 (0.01)
Costa et al. (2018) 59,811 Holstein Linear 0.43 (0.03) 0.63 (0.01)
Costa et al. (2019) 142,285" Fleckvieh Linear 0.57 (0.01) 0.62 (0.01)

'First-calving cows.
Lactation records.
3Lactation records from the first 150 DIM.

Genetic Correlations with Traditional Milk Traits

Lactose percentage is not included in any breeding
program for dairy cattle around the world, but it is rou-
tinely available as a part of normal herd testing and has
been widely included in several genetic studies. How-
ever, it has been treated as an “accessory” and seldom
discussed, likely due to its low and variable economic
merit. Some genetic correlations involving LP exist in

Satola et al. (2017)

Haile-Mariam and Pryce (2017)*

the literature, but further studies are required to im-
prove our understanding of the genetic aspects of this
trait and its relationship with other milk components.
Milk yield and LP have been reported to be weakly
genetically correlated (Miglior et al., 2007; Samoré et
al., 2010; Sneddon et al., 2015; Visentin et al., 2017);
in fact, LP is osmotically determined by the amount
of water absorbed from the cell cytosol and the blood.
Therefore, at least theoretically, LP is independent of

Rzewuska and Strabel (2013)

Hossein-Zadeh and Ardalan (2011)

Miglior et al. (2007)

0.00 0.10

0.20 0.30 0.40 0.50 0.60

Heritability

Figure 4. Estimates of heritability for lactose percentage in the milk of Holstein cows of different parities (parity 1 = black bars; parity 2 =
white bars; parity 3 = gray bars). *Cows in Haile-Mariam and Pryce (2017) study were 75% Holstein, 15% Holstein x Jersey, and 10% Jersey.
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LY, but the physiological pathways are not fully un-
derstood. Lactose yield, on the other hand, is strongly
genetically associated with milk yield, with estimates
close to 1 (Sneddon et al., 2012, 2015; Haile-Mariam
and Pryce, 2017), and thus genetic correlations of LY
or milk yield with other traits are similar (Sneddon et
al., 2012, 2015). Genetic correlations of LP with fat and
protein percentages are weak or close to zero (Miglior
et al., 2007; Stoop et al., 2007; Visentin et al., 2017).
However, using random regression models, some au-
thors have reported variations in covariance estimates
both within and across lactations (Haile-Mariam and
Pryce, 2017; Satota et al., 2017). For instance, Satola
et al. (2017) reported a trend for genetic correlations
of LP with fat and protein percentages across DIM of
first-parity cows that resembled the shape of the lacta-
tion curve for milk yield, with a peak in early lacta-
tion. Haile-Mariam and Pryce (2017) observed a shift
from moderately positive (0.30) to moderately negative
(—0.24) genetic correlation between LP and protein
percentage moving from early to late lactation. Satota
et al. (2017) reported stronger genetic associations of
LP with fat and protein percentages in first parities
compared to later parities, whereas Haile-Mariam and
Pryce (2017) found stronger correlations between LP
and fat and protein percentage in third-parity cows
compared to first-parity cows. Genetic relationships
between casein (which plays a fundamental role in the
cheesemaking process) and LP and LY have not been
reported or discussed in the scientific literature so far. A
moderate negative genetic correlation (—0.46) between
LP and milk freezing point has been reported by Costa
et al. (2018), and this result was somewhat expected,
because milk freezing point, which is an indicator of
milk dilution, is affected by the concentration of milk
solids, the most abundant being lactose.

Genetic Correlations with Health Traits

Lactose has been already suggested as a potential
health indicator in cows (Reist et al., 2002; Pyorala,
2003; Bansal et al., 2005; Forsback et al., 2010; Gil-
lon et al., 2010; Ederer et al., 2014; Haile-Mariam and
Pryce, 2017). A collection of published genetic and phe-
notypic correlations between LP and SCS is presented
in Table 3. Genetic correlations of —0.24 and —0.10
have been reported between LP and clinical mastitis
in early lactation or across the whole lactation, respec-
tively (Bastin et al., 2016), and Costa et al. (2019)
reported a genetic correlation of —0.18 between LP
and mastitis in the first 150 DIM of Fleckvieh cows.
Traditional traits used for mastitis identification, such
as SCS, are not always reliable across breeds or par-
ity orders (Gillon et al., 2010). In fact, the correlation
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between mastitis and SCS is not always strong, with
estimates from 0.30 to 0.70 (Mrode et al., 1998). All of
these considerations stress SCS may not be sufficient
to diagnose mastitis, because different pathogens affect
milk SCS in different ways and magnitudes (dos Reis et
al., 2013; Bobbo et al., 2017). Besides the association
with mastitis and SCS, milk LP is also strictly related
to cow energy balance and available blood glucose (see
Biosynthesis Pathways, above). Moreover, the fat-to-
lactose ratio in early lactation has been reported to be
an indicator of cow energy balance, heritable (0.19),
and genetically associated with clinical ketosis (—0.25;
Ederer et al., 2014; Bastin et al., 2016). In addition,
LP seems to be negatively related to BHB (blood and
milk concentrations) and milk fat-to-protein ratio
(Loker et al., 2012; Belay et al., 2017), usually referred
to as markers of ketosis and negative energy balance.
In fact, Belay et al. (2017) estimated negative genetic
correlations between LP and blood BHB, with values
of —0.234, —0.172, —0.159, and —0.154 from 11 to 30,
31 to 60, 61 to 90, and 91 to 120 DIM, respectively.
In the same study, using a restricted data set, genetic
correlations of LP and LY with ketosis were —0.043 and
0.161, respectively. Moreover, both LP and LY were
genetically associated with ketosis in Fleckvieh breed,
with estimates of —0.16 and 0.42, respectively (Costa et
al., 2019). A positive association of LP with fertility in
the subsequent lactation has been reported by Bastin et
al. (2016), highlighting better fertility in cows yielding
milk with higher LP. Both milk LP and fertility depend
on cow energy balance (Bastin et al., 2016), meaning
that their relationship is likely indirect. On the other
hand, Costa et al. (2019) found that genetic correla-
tions were close to zero between LP and some fertility
disorders, namely retained placenta and ovarian cysts.
In the last decade, several authors have coupled LP
and milk urea as an indicator of metabolic health (Mi-
glior et al., 2006, 2007; Loker et al., 2012; Satola et al.,
2017). These 2 traits are negatively associated, with
an average genetic correlation of —0.15, and Miglior
et al. (2007) reported that the genetic correlation was
stronger in later-parity cows than in first-parity cows.
Furthermore, Loker et al. (2012) reported a positive
genetic correlation between LP and body condition
score at 5 (0.27), 50 (0.31), and 150 (0.25) DIM, again
suggesting that generally healthier cows produce milk
with greater LP.

Finally, it should always be considered that LP has
a moderate to high heritability, even across breeds and
parities, whereas health traits do not (Egger-Danner
et al., 2015; Pryce et al., 2016; Martin et al., 2018).
On the other hand, LP has limited variability, which
makes its use for genetic purposes difficult (Costa et
al., 2018). Despite this, the availability of daily infor-
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Table 3. Estimates of phenotypic and genetic correlations (SE) between lactose percentage and SCC reported in the literature

Test Cows, Phenotypic Genetic
Reference days, no. no. Breed correlation correlation
Stoop et al. (2007) 5,581 1,953 Holstein —0.24 (0.02) —0.44 (0.21)
Miglior et al. (2007) 60,645 5,022 Holstein —0.23 —0.20
Gillon et al. (2010) 590,083 113,905 Mix —0.38 —0.35
Hossein-Zadeh and Ardalan (2011) 458,408 57,301 Holstein —0.15 —0.19
Sneddon et al. (2015) 15,366 4,378 Mix —0.19 (0.01) —0.07 (0.14)
Vilas Boas et al. (2017) 680 268 Gyr —0.66 —
Visentin et al. (2017) 128,510 9,824 Mix — —0.28
Costa et al. (2018) 59,811 4,355 Holstein —0.25 (0.01) —0.22 (0.08)

mation on LP in future could be useful for detecting
health disorders and for validation studies. In fact, ex-
cept for some recent efforts in Austrian Fleckvieh cows
(Costa et al., 2019), no other studies have attempted to
properly validate LP or its ratio to other milk solids as
an indicator of disease.

Literature on Lactose EBV

Correlations between EBV of LP (and LY) with EBV
of traits under selection are very scarce. Miglior et al.
(2007) and Haile-Mariam and Pryce (2017) estimated
negative associations between EBV of LP and EBV
of SCS (—0.164) and SCC (—0.150), respectively. A
weak association between EBV of LP and EBV of milk
yield was reported in both studies, with values of 0.101
in Canadian Holsteins (Miglior et al., 2007) and 0.06
in Australian dairy cattle (Haile-Mariam and Pryce,
2017). Conversely, a strong correlation has been report-
ed between EBV of LY and EBV of milk yield, confirm-
ing the strong genetic relationship between these traits
(Sneddon et al., 2015; Haile-Mariam and Pryce, 2017).
Miglior et al. (2007) found favorable associations be-
tween EBV of LP and EBV of Canadian Lifetime Profit
Index (0.139), median suspensory (0.112), mammary
system (0.100), udder depth (0.128), and lactation
persistency (0.329), which was defined as the expected
milk yield at 280 DIM as a percentage of milk yield on
60 DIM in lactation. Although weaker, the correlation
between EBV of LP and EBV of udder depth assessed
by Haile-Mariam and Pryce (2017) was also positive
(0.05); the same study reported favorable correlations
of LP EBV with EBV of longevity (0.07) and fertility
(0.08), indicating that on average the daughters of top
bulls for LP tend to live longer and show better fertil-
ity than the average population. Moreover, the lifetime
trend of LP and LY (e.g., maturity rate and persis-
tency) could also add information and be related to
traits of economic interest. The potential main critical
points for the inclusion of LP in health indexes are: (1)
the lack of deep knowledge on this feature; (2) the un-
known effect of lactose on milk technological traits; and

(3) the absence of genetic evaluation for milk lactose
worldwide. Finally, the inclusion of LP in a selection
index would require preliminary cost—benefit analysis
according to specific dairy-market conditions.

Genome-Wide Association Studies

Genome-wide association studies for LP and LY are
very scarce in the literature. To the best of our knowl-
edge, only Wickramasinghe et al. (2011), Lopdell et
al. (2017), and Wang and Bovenhuis (2018) have per-
formed such studies for LP in dairy cattle in the United
States, New Zealand, and the Netherlands, respectively.
The main purpose of Wickramasinghe et al. (2011) was
to evaluate candidate genes responsible for high-value
oligosaccharides in milk; B/GALT1 on chromosome 9,
related to the transport of glucose, was significant for
lactose biosynthesis. In particular, the expression of
this gene was higher in the first part of lactation, cor-
responding to peak milk yield. These results confirmed
the key role of lactose in determining milk volume and
suggested that these 2 traits shared the same genetic
evolution. Indeed, dietary requirements and feed intake
in newborns are higher in the initial phase of lactation,
and then progressively decrease as weaning age ap-
proaches. Through genome-wide association studies of
LP and LY, Lopdell et al. (2017) identified significant
regions coding for LP and LY on the genome related to
transport mechanisms and osmoregulation of milk com-
ponents. According to Lopdell et al. (2017) and Wang
and Bovenhuis (2018), several regions code for LP and
are spread over chromosomes 2, 3, 12, 16, 20, and 28.
Conversely, significant variants for LY were found on
chromosomes 6 and 14 only (Lopdell et al., 2017).

LACTOSE IN MILK PAYMENT SYSTEMS

Payment systems (PS) are constructed as a method
of approximating the true value of milk on the basis of
its components and are the main tool of communication
with the farmer (Geary et al., 2010). Single-component
PS are based on volume of milk, regardless of milk
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quality and composition; multiple-component PS take
the form of linear equations that usually include yields
of fat and protein with a penalty for milk volume, or
yields of fat, protein, and lactose with a penalty for
milk volume. Volume charges are calculated as the ratio
of the sum of all volume-related costs (i.e., unrelated to
the quantity of the final product) to the volume of milk
processed. Economic values in multiple-component
PS are obtained by distributing the industry revenue
plus any volume charges according to the ratio(s) of
the marginal revenues for each component. Marginal
revenues for milk components can be generated using
different approaches; for instance, Geary et al. (2010)
used the marginal rate of technical substitution to gen-
erate component values. This approach is similar to
that suggested by Ladd and Dunn (1979) for estimat-
ing the value of milk components to a dairy manu-
facturer. Lactose has been considered a low-value milk
component in the past, but the situation has changed
in recent years as lactose has gained economic inter-
est at international level. The implications of including
lactose in New Zealand milk PS have been discussed
by Sneddon et al. (2013), who stressed the need for
proper genetic investigations simulating the inclusion
of lactose into the payment formula, to estimate reli-
able economic merit. Sneddon et al. (2013) highlighted
that LP and LY are very rarely included in milk price
equations worldwide, but some PS put positive empha-
sis on solids-nonfat, indirectly accounting for lactose,
whereas other PS put negative weight on milk volume,
and therefore indirectly also on LY. However, updated
information is unavailable; the last report dealing with
a summary of existing PS of the International Dairy
Federation (IDF, 2006) dates back to 2006. Finally, due
to industrial secrecy, the milk payment equations of
dairy producers and milk collectors are often not pub-
lished. The following section aims to describe the PS of
some large companies that include or somehow account
for lactose in their PS.

New Zealand

The milk PS in New Zealand is known as “A + B — C,”
adopted by a prominent dairy company, the Fonterra
Co-operative Group. The formula accounts for fat (A)
and protein (B) and places a penalty on milk volume
(C). One exception to “A + B — C” in New Zealand is
the PS used by Synlait Milk Ltd., which also considers
LY when paying suppliers. The system is called “F + P
+ L —V,” where F, P, L, and V are fat, protein, lactose,
and milk yields. In particular, the economic values used
during the 2010-2011 season were NZ$4.24/kg of fat,
NZ8$10.34/kg of protein, NZ$1.84/kg of lactose and —
NZ$0.0324/L of milk volume (2010 average: NZ$1 =
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US$0.72), derived from the model proposed by Garrick
and Lopez-Villalobos (2000). Comparing these 2 PS
from New Zealand, Holmes et al. (2007) demonstrated
that the inclusion of LY reduced the values of fat and
protein by 7 to 9%, with a value of LY that ranged from
—NZ$0.416 to NZ$2.000/kg, depending on the product
portfolio of the milk and breed examined.

The Netherlands

FrieslandCampina is the main company in the Neth-
erlands; its member farmers receive a so-called guar-
anteed price that is based on the monthly trend in the
published milk prices of some North European bench-
mark reference companies, regardless of the performance
of FrieslandCampina. However, because the quality of
delivered milk differs among farms, the final amount
paid depends on the supplied kilograms of protein, fat,
and lactose at a ratio of 10:5:1. Fewer deductions are
contemplated for fixed costs and cooperative schemes
and, when appropriate, some premiums. The premiums
are related to full or partial outdoor grazing, the Fo-
qus planet, and special milk flows (FrieslandCampina,
2018).

Ireland

The Irish dairy industry uses the “A + B — C” PS,
similar to the Fonterra Co-operative Group of New
Zealand. However, some processors have set a penalty
when LP is below a certain threshold (e.g., Dairygold
Co-operative Society Ltd., 2011). In particular, penal-
ties of €0.10, €0.05, and €0.025/kg of milk are applied
when LP is below 4.000%, between 4.001 and 4.100%,
and between 4.101 and 4.200%, respectively. The reason
behind this penalty is the role of LP as a farm-specific
indicator of udder health and as a proxy for processing
ability of milk (Glanbiaconnect, 2016).

United States

Some PS in the United States follow a hundredweight
(cwt) of milk plus fat or protein component, fat plus
solids-not-fat, fat only, total milk solids, or volume of
milk. This PS is complicated by a classification system,
in which each class has different economic values (Jesse
and Cropp, 2004). In particular, class T includes milk
used for beverage products (i.e., “white” whole, low-fat,
and skim milk in all container sizes, chocolate, and other
flavored milks, liquid buttermilk, and eggnog). Class 1T
milk is used for soft manufactured products, such as ice
cream and other frozen dairy desserts, cottage cheese,
and creams such as sour cream, aerosol whipped cream,
whipping cream, half and half cream, and coffee cream.
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Class III milk is used for cream cheese and hard cheese,
and class IV milk is used for butter and some dry milk
products (Jesse and Cropp, 2004). Because the final
value of the milk to the farmer is a composite of these
classes, as well as of federal dairy product price-support
programs such as the milk income loss contract (Chang
and Mishra, 2011), determination of the value of in-
dependent milk components is more complicated than
for the New Zealand dairy industry. The class IIT milk
price (milk used for cheese production) is the basis for
the majority of milk payments to dairy producers and
it indirectly accounts for lactose, because it is based
on the value of solids, with different prices for milk
protein, milk fat, and other solids (lactose and miner-
als). In November 2017, protein, fat, and other solids
were valued at US$8.00, 3.59, and 0.88/kg, respectively.
Dairy producers were paid on the basis of the amount
of these 3 components; moreover, the class III price
could be considered as an index that represents the
value of milk with 3.00% protein, 3.50% fat, and 5.70%
other solids (Geuss, 2013).

Canada

Dairy farmers of Ontario are paid according to but-
terfat, protein, and other solids supplied with their
raw milk; therefore, this system indirectly accounts for
lactose. The values for fat, protein, and other solids
(lactose 4+ minerals) used in May 2018 were CA$10.63,
6.39, and 1.36 (2018 average: CA$1 = US$0.7786), re-
spectively (Dairy Farmers of Ontario, 2018).

CONCLUSIONS AND FUTURE CHALLENGES

So far, any genetic selection scheme for production
that includes udder health and metabolic diseases ac-
counts for LY or LP in dairy cattle worldwide (Interbull,
2018). Considering that both phenotypic and genetic
correlations of LY with milk yield are close to unity, an
indirect selection for LY already exists in these indexes,
putting both positive and negative emphasis on milk
yield. On the other hand, LP is moderately to highly
heritable and genetically correlated with 2 important
health traits, namely mastitis and ketosis. Nowadays,
there is concern that selection based only on SCC/SCS
will lead to a progressive loss of immune ability and im-
munological response to infections in subsequent gener-
ations (Rainard et al., 2018). Although this idea is still
under debate and there is no consensus yet (Rainard
et al., 2018), LP could be a potential additional trait
for inclusion in udder health indexes along with SCC/
SCS. Breeding for LP makes sense in this perspective.
As reported by Martin et al. (2018), the addition of
new traits such as LP in selection indexes will improve

the EBV accuracy and allow for faster genetic improve-
ment of traits of interest, such as mastitis resistance,
udder health, and energy balance in future generations
of dairy cows. However, reliable estimations of proper
weights and economic values through population-level
simulations are required. Economic values for LP and
LY should be developed, taking into account specific
objectives, dairy outputs, processing costs, and market
prices, adapting and updating the model proposed by
Garrick and Lopez-Villalobos (2000) in the desired direc-
tions. In New Zealand, Sneddon et al. (2016) estimated
the correlated responses in LY, LP, and protein-to-pro-
tein-plus-lactose ratio following selection for breeding
worth, breeding worth plus LY, breeding worth plus
LP, and breeding worth plus protein-to-protein-plus-
lactose ratio. The reason for these selection indexes
was to evaluate whether cows might produce milk with
the right protein-to-protein-plus-lactose ratio: that is a
more suitable milk composition for the production of
whole milk powder. Those authors concluded that the
New Zealand dairy industry could reduce the import
of foreign lactose by 6 to 11% per ton of whole milk
powder by including lactose in the breeding objective,
if compared with selection on solely breeding worth.
However, before a new trait is included in any selec-
tion index for specific breeding goals, an evaluation of
the potential pleiotropic effects is essential; therefore,
further phenotypic and genetic investigations of LP
and LY are required. In the era of big data, modern
hi-tech milking systems can provide daily information
about milk from individual cows; this would allow for
a better understanding of the phenotypic and genetic
“behavior” of milk lactose within and across lactations.
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