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Abstract

More than 1 billion cattle are raised annually for meat and milk production. Dairy cows are repeatedly impregnated and
separated from their calves, usually within the first 24 h after birth. Here, I suggest that dairy cows undergo a procedure compa-
rable to the ‘Maternal separation combined with unpredictable maternal stress’ paradigm (MSUS), which is used to study the
non-genetic inheritance (NGI) of phenotypes in rodents. I discuss what research on dairy cows may bring to the research field
of NGI. The resulting research findings are likely to have benefits to our understanding of MSUS, NGI and consumer safety.
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Introduction

In 2017, 30.3 billion livestock animals were raised [1]. The most
abundant mammal on this list is cattle with an estimated 1–1.5
billion animals [1]. This prevalence of cattle underlines the im-
portance of establishing the best possible guidelines for their
living conditions. Furthermore, the well-being of cattle can have
an impact on the quality of resulting food products [2, 3]. While
there are national and international guidelines and laws in
place to secure living conditions that allow for cattle to express
‘natural’ or ‘innate behaviour’ [4, 5], definitions for what consti-
tutes such behaviour can vary substantially.

One practice of dairy farming, which restricts natural behav-
iours, is maternal separation of calves shortly after birth. This
procedure is conducted to maximize milk yield from the dam.
Since dairy cows spend the majority of their adult lives being
pregnant and/or lactating, they are in parallel exposed to stres-
sors such as exhaustion due to frequent milking and mastitis.

Therefore, maternal separation of calves combined with mater-
nal stress appear analogous to the maternal separation and
unpredictable maternal stress (MSUS) model, which is well
established in rodents. MSUS has been shown to not only in-
duce molecular and behavioural phenotypes in the maternally
separated offspring, but to ripple its effects across future gener-
ations as well. The underlying mechanisms involve non-genetic
inheritance (NGI), a rapid form of phenotypic transmission
across generations independent of genotypic changes.

While the molecular and behavioural consequences of MSUS
are beginning to be understood in rodent models, the conse-
quences on maternal separation in humans and other large
mammals are much less well documented. There is evidence
that maternal separation, maternal stress and early life trauma
have long-lasting effects on human health later in life and po-
tentially across generations [6–8]. However, for obvious ethical
reasons, these studies are purely correlative.
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In this perspective article, I discuss whether dairy cows
may be adequate model organisms for the study of MSUS and
NGI (Box 1). This neglected aspect of cattle research is likely to
open new perspectives for our understanding of the consequen-
ces of maternal separation in large mammals and may offer
new insight into the biological mechanisms underlying NGI.
Furthermore, since milk, a main transmitter of environmental
cues between dam and calf in natural settings, may be affected
by MSUS, these studies may be of interest to the dairy industry
as well as to the consumer.

What Is NGI?

One conundrum in the field of biology is how environmentally
induced phenotypes can be transmitted across generations
without altering the genomic sequence. This concept, called
NGI, is thought to prepare the offspring for an environment as
experienced by previous generations [9]. Since environmental
changes often occur on a faster scale than Darwinian evolution,
NGI acts complementary to the slower form of genetic inheri-
tance. The molecular basis of NGI and its implications on health
and behaviour are comparatively understudied. Heritable envi-
ronmental cues with an impact across generations can com-
prise diet, trauma and toxins including endocrine disrupting
chemicals [10].

There are different processes by which NGI can occur: Social
transmission allows for environmental cues to be communicated
from parents to the offspring, either by language or other
behaviours. Germline-transmission refers to alterations that are
carried across generations via sperm or oocytes. Since germ
cells, in particular those of male mammals, undergo heavy
chromatin remodelling, mechanisms underlying the persis-
tence of environmentally induced marks in the germline are a
heavily researched subject. Non-germline transmission relies on
the intergenerational transfer of environmentally induced

molecular alterations via body fluids such as milk or semen.
While the importance of breast milk to offspring health is
widely acknowledged (see below), mechanisms underlying the
transfer of phenotypes via milk remain largely unexplored.

NGI has been demonstrated in many laboratory species in-
cluding Caenorhabditis elegans [11], Drosophila [12] and mice [13]
and has been suggested to occur in humans [14]. However, be-
cause of the relatively long human life span and difficulties that
research on cohorts for longitudinal studies entails, data on NGI
in humans and other large mammals are scarce.

One of the main goals of the NGI research field is to identify
the biological substrate, which enables the intergenerational
transmission of phenotypes. Several mechanisms have been
suggested as biological mediators of NGI across generations.
The most promising concept to date is epigenetics, ‘the branch
of biology which studies the causal interactions between genes
and their products, which bring the phenotype into being’ [15].
Epigenetics comprises a group of mechanisms by which envi-
ronmentally regulated molecular cascades affects chromatin
structure and binding factors, resulting in changed transcription
and genome architecture [16].

Chromatin function can be altered by modifying DNA struc-
ture itself without affecting DNA sequence, for instance through
DNA methylation [17]. Chromatin also contains a multitude of
binding proteins, including histones or protamines as well as
transcription and structural factors, which may be potential car-
riers of environmentally induced epigenetic changes in germ
cells [18]. Additionally, chromatin can be regulated by RNA [18].
Such modifications in chromatin states can explain how envi-
ronmental stimuli can interplay with the genome to perma-
nently alter phenotypes, such as the pre-disposition for certain
disease risks.

The dairy industry has become interested in epigenetics to
explain variations in milk yield [19] and to identify potential
ways by which productivity and quality can be causally

Box 1: dairy cows as models for non-genetic inheritance?

Dairy farms as model for maternal separation have multiple benefits:

1. They are widely used for other purposes, so that no extra costs arise due to housing.
2. More than 99% of livestock are housed in large industrial farms under controlled conditions [94].
3. Dairy cows have been selectively bred for centuries, thereby reducing genotypic variability that may increase phenotypic variation.
4. Breeding, diet and other parameters are neatly documented in a longitudinal and multigenerational fashion.
5. Protocols for artificial insemination are established.
6. Cows are intelligent mammals and amenable to behavioural observation.
7. They provide large quantities of research material such as milk, blood semen and faeces over a lifetime, facilitating longitu-

dinal studies.
8. Maternal separation is a common practice, which has gained ethical approval.
9. Protocols for measuring the quality of milk and meat as well as certain behavioural tests have been established.

There are also drawbacks:

1. Compared with other animal models, cows have a long life span.
2. They are predominantly monotocous.
3. Intergenerational studies require that renewed exposure to maternal separation is excluded in offspring, which may result

in milk consumption by the calf and thereby reduced milk yield.
4. Composition of milk varies during milking, across milkings and is dependent on a variety of factors including season, food

intake, previous pregnancies and duration after birth.
5. The composition of body fluids including sperm can be highly dependent on external variables, which need to be tightly con-

trolled for.
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manipulated [20, 21]. In consequence, protocols for epigenetic
analysis in cattle are beginning to be established [20]. Compared
with rodent models, there is still little information on epigenetic
mechanisms underlying cattle health and behaviour, in particu-
lar in relation to stress [20]. However, since the rodent MSUS-
model has shown that NGI is accompanied with a variety of epi-
genetic modifications across generations [22, 18], this is likely to
be the case in cattle as well.

It is likely that behaviourally communicated information
about environmental states finds epigenetic analogues in the
brain as well. However, since this aspect of neuroscience is still
little understood, the term NGI is used instead of epigenetic in-
heritance to include the transfer of information about environ-
mental states via social communication as well.

A better understanding of NGI in dairy cows will benefit our
understanding of animal well-being, food quality and the bio-
logical basis of transmission of phenotypes across generations.

Evidence for NGI of Early Life Trauma and
Stress from Human and Rodent Studies
Humans

Early life trauma and early life stress have multiple consequen-
ces on the exposed individual’s mental state and risk for psychi-
atric conditions [6]. Stressors include war trauma, physical and
verbal abuse, heavy disease, as well as the loss of a caretaker.

For instance, children living in institutions that are charac-
terized by social and maternal deprivation often show substan-
tial psychiatric morbidity [23, 24]. Furthermore, it has been
shown that losing a parent during childhood significantly
increases the likelihood of developing major depression later in
life [25]. In the year following death of a loved one, grieving
adults have an elevated risk of illness and death themselves
[26] and it is well established that the effects of stressors in
general have more long-lasting and profound effects in
children [27].

Importantly, studies suggest that the effects of traumatic
experiences can be transmitted, at least in part, across genera-
tions. For example, racial discrimination across generations
may contribute to a variety of health risks in African Americans
[28]. There is a higher prevalence of depression and anxiety dis-
orders in descendants of Holocaust survivors [8]. Offspring from
the Tutsi tribe, whose parents suffered from the 1994 Rwandan
genocide, show a spectrum of symptoms for post-traumatic
stress disorder as well as hormonal and epigenetic markers [29].
It is important to note that these phenotypes may be transmit-
ted via a combination of social communication and molecular
mechanisms in bodily tissues.

Mother’s milk may transfer, at least in part, biological stress
markers to the infant, including epidermal growth factor [30],
immunoglobulins [31] and TGF-b [32]. Because studies on
humans are by nature correlative, they need to be comple-
mented with animal studies to untangle underlying causalities.

Rodents

Because humans represent a diverse genetic population with a
large variability in life styles, diet and living conditions, it is
crucial to perform studies on animals, which can take place
in more controlled environments and furthermore allow a
causal manipulation of molecular underlying pathways.
Understanding the risk for mental illness as well as the funda-
mental basis of NGI are the main motivation for these studies.

In rodents, early life trauma can be approximated with the
model of MSUS. Here, pups are separated for 3 h daily from the
dam and remain as a group in the nest, while the dam under-
goes a variety of unpredictable moderate stressors such as
tube restraint and swimming in a water-filled beaker [13].
Mice that have undergone MSUS during the first 14 days after
birth develop depressive-like behaviours and abnormal social
behaviours as adults. They also show alterations in risk assess-
ment and novel object recognition behaviours [13, 33–35].

Strikingly, some of these phenotypes can persist across
generations and are not prevented by cross-fostering [35],
suggesting a transgenerational inheritance independent of
social transmission. Transgenerational phenotypes are accom-
panied with epigenetic and transcriptional changes [13], includ-
ing altered expression and methylation of Crfr2 and Nr3c1 genes
in mice, which are implicated in the hormonal stress response
[13, 35].

Although the mechanisms underlying NGI are mostly studied
in male mice, MSUS induces long-lasting changes across genera-
tions in both sexes [13, 34, 35]. While the bulk of research has fo-
cused on germline transmission, this is not the only route.

Transmission of milk may be a possible route as well. In this
case both the amount of milk consumption as well as milk com-
position may be relevant to transgenerational effects [36]. For
instance, pups from stressed rat dams consume more milk in a
test for independent milk-digestion, while the dam’s milk con-
tains higher insulin levels [36].

Since rodents are pluriparous have a short life span and less
complex social interactions than large mammals, it is essential
to look for additional animal models that allow for a more so-
phisticated investigation of mother–infant bonding.

Natural Maternal Behaviour in Dairy Cows

In order to study the effects of maternal separation in dairy
cows, it is necessary to understand the natural maternal behav-
iour of cattle: After a pregnancy of nine months, cows give birth
to a single calf in an isolated location. There, the dam keeps the
calf hidden for two to ten days to protect it from predators and
to form a dam–calf bond, before rejoining the herd [37]. Cows
lick their calves for several hours post-partum to stimulate calf
breathing, circulation, urination, defecation and drying [38].
This behaviour also increases the calf’s absorption of colostrum
immunoglobulins [37], which are crucial for calf health. Cows
are natural hider species and are accustomed to periods of sepa-
ration. Therefore, distress due to separation is most strongly
displayed at 12–24 h after separation [37, 39].

Cows naturally wean their calves after nine to eleven months
[40]. During this time, they show extensive maternal care, includ-
ing licking, nursing and protective behaviour and help integrating
the calf into the herd [38]. The close proximity between dam and
calf also provides opportunities for the social transmission of in-
formation about the environment [41]. When separated, the dam
displays increased vocalization towards the calf, restlessness and
sniffing while the calf is suckling on random objects and vocaliz-
ing to communicate with the dam [37, 42]. Therefore, the dura-
tion of pregnancy, weaning and integration of the offspring into a
social network represent strong similarities to humans.

Maternal Separation in Dairy Farming

A common procedure in dairy farming is to repeatedly breed,
fertilize or artificially inseminate cows to ensure lactation after
a dry period of approximately three months [43]. Calves are

Dairy cows – an opportunity in the research field of non-genetic inheritance? | 3

D
ow

nloaded from
 https://academ

ic.oup.com
/eep/article/4/2/dvy014/5054861 by U

.S. D
epartm

ent of Justice user on 17 August 2022



typically removed from the dam within the first 24 h after birth
in order to avoid the formation of a dam–calf bond [37]. The calf
is fed the colostrum for the first eight milkings to meet crucial
nutritional needs. Severing dam and calf also allows the cow to
return to the oestrous faster so that she can be re-impregnated.
Calves are housed either in single pens, pair-housed or remain
in a herd of calves until they are either used for beef production
if male, are raised to be dairy cows themselves.

Artificial Weaning and Calf Housing after
Maternal Separation

Maternally separated calves are raised under specific living con-
ditions to keep them apart from the herd of the dam. Housing
conditions have a documented impact on calf stress and behav-
iour and need to be taken into consideration when designing
NGI experiments:

Single versus Group Housing of Calves

Single housing represents a stressor for animals that naturally
live in herds. While single housing is discouraged by animal
welfare regulations [44], it is still practice to separate calves in
single pens after weaning, under the rationale of reducing the
spreading of infections. In Europe �60% of calves are single-
housed [45]. This leads to measurable cognitive differences,
such as impaired novel object recognition and reversal learning
in 7-week old single housed calves [46]. Furthermore, single
housed calves show social anxiety when introduced to an unfa-
miliar peer [47]. To ameliorate animal wellbeing, pair housing is
conducted as an alternative approach. Paired housing addition-
ally benefits the physiological performance of calves including
milk consumption from teats before weaning, weight gain
and feeding after weaning, as well as the sociability of calves
[48, 49].

Environmental Enrichment and Maternal Separation

Enriched environments refer to living conditions that contain
adequate space, sensory stimulation and opportunities to freely
interact with objects as well as other individuals. Animals
reared in enriched conditions show lower levels of aggression,
fewer anti-social behaviours, higher maternal care towards
their own offspring and better coping with pre-mature weaning
[50–52].

Rodent studies indicate that phenotypes in the F1-offspring
of parents that had undergone MSUS can be ameliorated by
housing in an enriched environment [53]. Hence, enriched

environments are not only beneficial for the exposed animal,
but they may also help to reverse or overcome phenotypic
effects due to stress and maternal separation in previous gener-
ations. There is evidence that a calf’s prenatal environment
influences both the calf’s (F0) and its offspring’s (F1) subsequent
milk production [54]. Hence, the benefits of environmental en-
richment can be transmitted either via NGI or in utero (Box 2).
The authors demonstrated this effect in Jersey as well as
Holstein breeds across generations and suggest epigenetics as
an underlying mechanism.

Abrupt versus Gradual Weaning

Abrupt weaning refers to a complete exchange of milk against
solid food, whereas gradual weaning provides a transitory
phase in which both types of food are available. Milk can stem
from the dam, a foster dam or an artificial teat.

Early weaning at <24 h reduces stress in calves compared
with weaning after a few days [37]. However, in beef cattle, grad-
ually weaned calves are less stressed and vocalize less [55]. In
dairy calves, stereotypical sucking behaviour can be reduced by
allowing brief suckling from a cow post-milking [56, 57]. This
suggests that gradual weaning may be a more healthy process
than abrupt weaning. On the other hand, male beef calves that
were temporarily separated from their dams for ‘processing’
(ear-marking, vaccination, branding, dehorning and castration)
six weeks prior to weaning showed poorer weight gains after
weaning than those that were ‘processed’ at the time of wean-
ing [58]. However, it is unclear whether this effect is due to ma-
ternal separation during processing or due to the stress inflicted
to the dam during these procedures.

Consequences of Maternal Separation

Despite the positive economical aspects, maternal separation
has pre-dominantly negative consequences for dam and calf at
any stage [37, 42].

Dam

Dam and calf live in a relationship of mutual benefit. While the
dam is vital to the calf’s health, the presence of the calf after
birth also benefits the dam’s health: For instance, suckling by
the calf for several days accelerates the involution of the uterus
after birth and reduces the incidence of retained foetal mem-
branes [59]. In contrast, early weaning increases the risk of
post-calving disease and mastitis due to remaining milk in the
dam’s udder [37]. Furthermore, repeated stress such as

Box 2: potential evidence for non-genetic inheritance in dairy cows

1. A calf’s prenatal environment influences the milk production of the calf itself as well as grand calf [54]. This effect may be ei-
ther due to NGI or direct effects on germ cells in utero.

2. Prenatal lactation has intergenerational effects on the offspring [95].
3. Prenatal mastitis reduces the reproductive lifespan of the calf [95].
4. Persistent organic pollutants (POP) that occur in paints and sealants can be transmitted from dam to calf [96].

Very few studies have been performed on NGI in farming animals [90]. Importantly, these studies suggest that NGI does
occur in cows. However, the routes of transmission and molecular underpinnings are unclear. Given their abundance, con-
trolled environments, and large yields of research material, I encourage the scientific community to expand the research
of dairy cows in this field.
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separation from the calf may reduce future milk production in
the dam [60]. However, few studies investigate the consequen-
ces of maternal separation to the dam. It is likely to have effects
comparable to other chronic adult stressors (see paragraph 8).

Calf

Productivity
Maternally separated calves show reduced daily weight gain and
future productivity [37, 61, 62]. Additionally, they have a delayed
onset of fertility and reduced future milk production [62], indicating
that early maternal separation has chronic consequences (Fig. 1).

Health Status
Calves that are pre-maturely separated from the dam show
growth impediments [63], reduced immunity [63] and an in-
creased risk of diarrhoea for up to 3 weeks [37]. Female calves
later show a higher propensity for mastitis [64].

Behaviour
Maternally separated calves display multiple signs of stress [37],
such as an increased heart rate [42], reduced rumination [37],
sleep disturbances [65] and visible eye white [66]. Calves also
display abnormal licking behaviour [64] and suck on random
objects. When integrated into the main herd, they exhibit symp-
toms of anxiety, reduced social behaviour, increased social anx-
iety, reduced social skills, less time feeding and grooming, as
well as increased cortisol levels [37, 67]. When isolated again
later in life, maternally separated cows exhibit decreased socia-
bility and behavioural activity [68].

Interestingly, maternally separated calves display increased
negative emotional judgement during a go/no-go task, which is
in its magnitude comparable to the effects of hot-iron dehorning,
a procedure that is currently under scrutiny due to an infliction
of high levels of pain [69]. The authors of this study suggest that
this behaviour relates to negative interpretations of ambiguous
stimuli in judgement tasks, as seen in depressed patients [69, 70].

These data show that maternal separation in calves has
widespread physiological and behavioural consequences, which
are quantifiable and reproducible. Importantly, maternal sepa-
ration affects a female calf’s ability to nurse her own offspring
later in life [37], suggesting that transmission of phenotypes
across generations may occur.

The variety of phenotypes strongly suggests that underlying
biological pathways are implicated as well.

Unpredictable Maternal Stress

Since dairy cows are either pregnant or lactating during most of
their adult lives, stressors may have direct intergenerational
effects on the offspring when the dam’s milk is fed to the calves.
Additionally, they may impact the germline of the cow and
thereby affect future offspring.

The most common stressors of adult dairy cows include
branding, transport stress, limited living space, social stress,
unnatural food sources, sickness (e.g. mastitis), lameness, met-
abolic exhaustion due to constant milking, repeated impregna-
tion and heat-stress [71, 72]. Recommendations are in place to
reduce some of these stressors [4]; however, they can be at
times inevitable.

The best studied adult stressor in dairy cows is heat stress
[73] and its effects on milk are well characterized: Heat stress
increases total protein, albumin, glucose, pO2 and lowers lac-
tate levels [2, 3]. LC–MS mass spectrometry on milk from heat
stressed cows also reveals altered profiles of triacylglycerol
(TAG) and polar lipid profiles [74]. These effects may be in part
due to reduced food intake, and in part attributed to direct met-
abolic effects on the mammary glands [75, 76]. Studies on heat
stress demonstrate manifold effects on milk. They therefore un-
derline that environmental stressors can indeed affect milk
composition, which as the calves’ main food source is likely to
affect their health. Furthermore, research on heat stress offers
potential biomarkers that are responsive to environmental im-
pact and may be measures in studies of MSUS and NGI as well.

Stress:

Rumination
High cortisol

Visible eye white
Sleep disturbances

Increased heart rate

Decreased
Immunity

Generalized 
suckling behavior

Lower weight 
gain & growth

Negative emotional 
judgements

Sociability:

Social anxiety
Reduced social skills
Herd integration issues

Figure 1: consequences of maternal separation in calves

Dairy cows – an opportunity in the research field of non-genetic inheritance? | 5

D
ow

nloaded from
 https://academ

ic.oup.com
/eep/article/4/2/dvy014/5054861 by U

.S. D
epartm

ent of Justice user on 17 August 2022



Potential Impact of Early Life Separation on
Food Quality

The main deliverables from the dairy industry are dairy prod-
ucts and beef from male calves. Here, dairy is produced, at least
in part, by dams that are currently undergoing separation from
the calf, have experienced this process themselves and across
generations. Hence, it is important to know the consequences
of these practices on food quality and safety in current and fu-
ture generations of cattle.

Since humans and cows represent different species, it needs
to be addressed, whether factors in bovine products may be ac-
tive in the human body. This is the case for at least a percentage
of compounds. For instance, the first dose of insulin for human
use was extracted from cattle’s pancreas, suggesting that some
bovine hormones can function well when injected into the hu-
man body. Furthermore, ingested hormones may have indirect
effects on human health by altering the balance of the gut
microbiome [77]. Other routes include digestion and absorption
of molecules of bovine origin, however studies on the bioavail-
ability of those molecules to the human body via this route are
scarce.

Milk and Dairy

Milk is designed by nature to pass on nutrients, immunity and
non-genetic information about environmental states to the off-
spring. For this reason, breastfeeding mothers are encouraged
to pay attention to their nutrition and stress levels to ensure op-
timal infant health. Milk contains immunoactive components
including cytokines, hormones, anti-bodies, micro-RNA con-
taining exosomes and viable immune cells [78–82]. These same
components may be ingested by human consumers.

Most of the studies on hormone levels in dairy cows refer to
acute pre-slaughter and transport stress, which is why the
effects of chronic and intergenerational stress deserve further
investigation. Since milk is collected from the dam during or af-
ter maternal separation, the milked animal is exposed to a com-
bination of chronic and acute stressors. In mice, milk insulin
levels are increased in dams that underwent a combination of
high-fat diet and unpredictable stress (compared with either
condition alone this effect appeared to be cumulative) [36].
Oestrogen levels are affected by stress in rodent models [83] and
luteinizing hormone is affected by stress in beef cows [84].
Furthermore, a variety of hormones is altered in a stress-
dependent manner in human breast-milk (see above). Hence,
there is a variety of hormones within milk that can in principle
be affected by stressful events and further studies are necessary
to understand to what extend they are altered by MSUS.

It is unclear in how far altered milk composition may affect
the health status of calves. Furthermore, there is an increasing
dispute in how far hormones present in bovine milk may be
connected to consumer health. For instance, hormones in cow’s
milk may be a risk factor for human cancer [78, 85] and diseases
associated with a Western life style [86]. While some of them
may be inactive in the human body or destroyed by pasteuriza-
tion [87], this is certainly not the case for all hormones. For in-
stance, oestrogens are contained in pasteurized, commercially
available dairy products. While the concentration is substan-
tially lower than in human tissues, oestrogens are concentrated
in fat-rich foods such as butter [88]. Glucocorticoid hormones,
which are key mediators of the response in the body, are not af-
fected by pasteurization or skimming [89].

While hormones and other potentially active molecules are
present in bovine milk, it needs to be assessed, whether the
changes induced by stress would (i) increase hormone levels in
milk in a reproducible fashion and (ii) whether consumption of
this milk would affect and predict biomarkers in the consumer
in relevant amounts.

Taken together, it is crucial to obtain a more complete pic-
ture about the effect of stressors such as maternal separation
on dairy products, and by extension on calves and the human
body.

Discussion

Currently, no studies explore the intergenerational effects of
maternal separation stress in cattle [20, 90]. This is a missed op-
portunity for the field of NGI.

Firstly, cattle and humans have a similar duration of
pregnancy and weaning, they uniparous and highly social.
Therefore cows represent valuable models to causally link the
impact of mother–infant bonding on molecular and behavioural
phenotypes that may benefit our understanding of health in
large mammals. Secondly, there is an increasing interest of the
consumer to understand the welfare of livestock and any health
benefits or concerns associated with it. Thirdly, such studies
would help to fine tune welfare parameters recommendations
for the housing for dairy cows, especially for calves that are
bread from stressed dams and bulls. While stress should gener-
ally be minimized, breeding from non-stressed parents may po-
tentially have an impact as well.

Despite the relevance of NGI research on cattle, there is a va-
riety of reasons why such studies are scarce:

1. When designing experiments with cattle, variability needs to
be kept to a minimum. For instance, the breed and genetic line
of cattle should be specified to improve the reproducibility of
findings. The quality of bovine milk and semen is known to
vary with a plethora of factors, including season, temperature,
food, social status of the dam, disease of the dam due to
chronically increased energy expenditure via milking, freezing
protocol of the material and the relationship to caretakers (e.g.
[91, 92]). To circumvent these problems, studies would either
have to be performed on an experimental herd or very large
cohorts would need to be investigated, so that data could be
controlled for those variables.

2. Another challenge is to tear apart the impact of social and
biological factors of maternal separation. For instance, sepa-
rated calves are fed with formula (a combination from dried
milk of various dams) at fixed times of the day, while suck-
ling calves can drink ad libitum from milk that may vary in
composition. As a result, the food intake is altered. One ap-
proach would therefore be to cover the udder of the dam in
the non-separated cohort, to milk both cohorts of separated
and non-separated dams and to feed all offspring with a bot-
tle. While this is in principle possible, this setup can induce
certain effects of distress as well [93] and therefore compli-
cates the interpretation of data.

3. Cattle has been bred for centuries to maintain a docile na-
ture. Hence, it would need to be determined to what extend
environmental factors such as maternal separation can af-
fect cattle health and productivity across generations.

4. An additional concern is the generation time of cows, which
is substantially shorter than that of humans but consider-
ably longer than that of smaller mammals including
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rodents. Hence, NGI experiments on cattle would require
long-term planning and generous funding.

5. The gold standard to prove germ-line transmission is in vitro
fertilization. This approach limits the route of transfer to the
germ-cells and excludes factors such as seminal fluids. Cattle
can be routinely artificially inseminated. However, bovine
sperm quality can be highly variable, depending on factors
such as caretakers, time of last ejaculation and food intake.

In conclusion, given the long life span and phenotypic varia-
tion in cows, NGI experiments are unlikely to be implemented by
a single team of scientists and, while potentially relevant for our
understanding of NGI in large mammals as well as consumer
health, will take considerable time and funding to be realized.

While the studies on NGI in cattle are likely to be relevant to
help determine adequate living conditions for dairy cows and
their offspring, research findings will take years to be imple-
mented on a larger scale. The following strategies may be ap-
plied to ameliorate the effects of maternal separation at the
present time or in the near future:

1. Whenever maternal separation is conducted, calves should
not be single housed and should be exposed to enriched
environments.

2. Breeder animals may be selected in such way that predicts
the healthiest and most stress resilient phenotypes in the
offspring.

3. Since the negative physiological and behavioural effects of
maternal separation to the calf have been widely docu-
mented, the demand for products from maternally sepa-
rated cows such as dairy products and beef may be reduced
by the responsible consumer.

Given the number of >1 billion cows currently being kept for
food production, the proposed studies potentially have global
consequences for food quality as well as the health of dairy cows.

Acknowledgements

Work on this publication was supported by a UZH
Forschungskredit. I thank Prof. Heinrich Bollwein, Prof.
Martin Kaske and Dr Eleni Malama of Vetsuisse, UZH for de-
tailed discussions on this manuscript. Furthermore, I thank
Prof. Isabelle Mansuy (ETH Zurich, UZH) for her general sup-
port, Theodor Riley and Andrew McDonald (ETH Zurich,
UZH) for proofreading.

Conflict of interest statement. None declared.

References
1. United States Department of Agriculture Foreign. Livestock and

Poultry: World Markets and Trade, 2017.
2. Garcia AB, Angeli N, Machado L, de Cardoso FC, Gonzalez F.

Relationships between heat stress and metabolic and milk
parameters in dairy cows in southern Brazil. Trop Anim Health
Prod 2015;47:889–94.

3. Calamari L, Abeni F, Calegari F, Stefanini L. Metabolic condi-
tions of lactating Friesian cows during the hot season in the
Po valley. 1. Blood indicators of heat stress. Int J Biometeorol
2007;52:97–6.

4. World Organisation for Animal Health. Terrestrial Animal
Health Code. 1, 2017.

5. UK Department for Environment Food & Rural Affairs.
Animal Welfare Act. Chapter 45, 2006.
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