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Abstract 

Andersson, H. 2000. Photoperiodism in pigs. Studies on timing of male puberty 
and melatonin. Doctoral thesis ISSN 1401-6257, ISBN 91-576-5901-X. 

The routine castration of male piglets, which is performed in many countries to 
avoid boar taint in meat, is a cause for great concern in terms of animal welfare. 
Castrates also have reduced feed efficiency and more fat than do entire males. 
More of the ingested energy therefore goes to fat tissue than to muscle tissue. The 
European wild boar is a seasonal short-day breeder and although domestic pigs 
breed all year round there are indications that they remain responsive to 
photoperiod. Since boar taint is closely associated with male sexual maturation, 
the use of artificial light regimens to delay puberty could be a non-invasive 
method of reducing boar taint in entire males. Therefore, a series of experiments 
were performed in order to study photoperiodism in young pigs. 

In two experiments, matched winter-born siblings of crossbred males were 
allocated after weaning to either one of two light-sealed rooms with high-intensity 
light regimens or a conventional stable environment. In the first study, groups 
subjected to an 'artificial autumn' treatment and an 'artificial spring' treatment 
were compared with a 'natural spring' group. Animals in the 'artificial autumn' 
group were less sexually mature at the time of slaughter than were those of the 
'natural spring' group, which probably was due to the abrupt and large increase in 
photoperiod for the 'artificial autumn' group. 

At the start of the second experiment, animals were transferred from 6.5 h of 
natural light to 12 h of artificial light. Thereafter, the 'artificial winter' group were 
exposed to short days, whereas the 'artificial summer' group had long days and 
both were compared with a 'natural spring' group. At slaughter, the 'artificial 
summer' group showed immature spermatogenesis and less boar taint than did the 
'artificial winter' group. An interesting observation was that all three groups 
which were exposed to an abrupt shift in photoperiod at the start of the 
experiment ('artificial autumn', 'winter' and 'summer') showed a deviation from 
the normally parallel secretion of testicular steroids In these pigs, testosterone 
increased while oestrone-sulphate remained low. In contrast to wild pigs, a 
photoperiod-induced seasonal pattern in prolactin secretion has not been 
demonstrated for domestic pigs. Although both experiments showed tendencies of 
higher prolactin concentrations during long days, the results of these studies are 
not conclusive. 

Together, the two studies show that photoperiod influences the timing of 
puberty in boars. Short days stimulate puberty and long days delay sexual 
maturation and reduce boar taint. However, the pre-weaning photoperiod can 
influence the response to the subsequent photoperiod. 

In mammals, seasonal changes in photoperiod are mediated through the pineal 
hormone melatonin. Melatonin secretion is typically high during the dark hours 
and negligible during the day, and thus reflects the period of darkness. In pigs, 



there have been considerable difficulties to demonstrate a typical melatonin 
profile, which has led to speculation that impaired melatonin production accounts 
for the lack of a seasonal breeding pattern in domestic pigs. 

Two assays for human melatonin were compared in plasma from pigs that had 
been exposed to either standard stable lighting or artificial short days or long 
days. According to conventional laboratory evaluating procedures both assays 
performed well, but only one assay measured a typical circadian plasma 
melatonin profile entrained by the photoperiod for all individuals. The measured 
increase in melatonin secretion during the dark phase was low compared with that 
in other species. However, the variation in melatonin levels between animals was 
high and there were indications of a genetic background to this. 

To investigate whether the pineal melatonin synthesis has been impaired by 
domestication, European wild boars of both sexes and domestic gilts were 
cannulated and sampled for 48 h in four seasons. A circadian melatonin profile 
entrained by the photoperiod of the season was observed in all animals and there 
was no difference was seen between wild and domestic pigs. 

To further study the great variation between animals in the increase of 
nocturnal melatonin, blood from 48 piglets and their parents was sampled during 
the day and night. Although the sampling method occasionally appeared to cause 
overestimated values, differences between litters in nocturnal melatonin 
concentrations strengthen the hypothesis that the observed variation between 
animals of nocturnal melatonin secretion in pigs is genetically based. 
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Introduction 
Domesticated animals have lived in a world of secured food supply and protection 
from predators and competitors for thousands of generations, yet physiological 
responses to environmental factors bear witness to an adaptation to a life in a 
more variable milieu. The interaction between endogenous rhythms and the light- 
dark cycle enables animals not only to adapt to seasonal variations, but also, to 
predict these changes and adjust their metabolism, immune functions and 
reproductive activities accordingly. 

Photoperiodism 
To time the most energy-demanding stages of reproduction with the best 
environmental conditions for survival, photoperiod is widely used as a noise-free 
cue among seasonally breeding animals outside the equatorial region of the 
tropics. The spring is generally the most favourable time of the year for mammals 
to give birth and the length of the gestation period - including any delayed 
implantation or embryonic diapause - therefore determines when mating occurs. 
Based on the photoperiodic conditions at the time of the initiation of the mating, 
seasonally breeding mammals are traditionally referred to as 'long-day' (i.e. with 
long or increasing photoperiod) or 'short-day' (with short or decreasing 
photoperiod) breeders. This classification, however, does not always correspond 
to the photoperiodic signals that time reproductive events under natural 
conditions. For instance, in the short-day breeding ewe, it is the long days of 
spring, rather than the decreasing day length of autumn, that time the start of the 
ovulatory period (Malpaux et al., 1989; Woodfill et al., 1994; Barrel1 et al., 2000). 

Endogenously generated circannual rhythms have been demonstrated for 
breeding activity (Ducker et al., 1973), hibernation (Pengelley and Fischer, 1957), 
and migration (see Gwinner, 1995), as well as for various hormones (androgens, 
Michael and Bonsall, 1977; gonadotropins, Karsch et al., 1989; Concannon et al., 
1998; thyroid hormones, Concannon et al., 1999; prolactin, Howels et al., 1982; 
Karsch et al., 1989; Jackson and Jansen, 1991). In a constant environment, the 
circadian rhythm of melatonin secretion shows circannual changes (Thrun et al., 
1995). In the most illustrative examples, some animals put in a constant 
environment may undergo several periods of reproductive activity with 
intermediate periods during which they are sexually quiescent (e.g. 9 years in the 
East African stonechat, Gwinner, 1995), whereas other species such as the 
hamster require photoperiodic input in order to generate an additional complete 
reproductive cycle (see Gorman and Zucker, 1998). The ability of circannual 
rhythms to run free in a constant environment varies. Some circannual rhythms 
are only expressed under certain constant photoperiodic conditions and not under 
others (e.g. antler growth in the Sika deer, Goss, 1984), whereas in some species, 
a fi-ee-running pattern is observed in only certain individuals (e.g. ovulatory 
period in ewes; Jansen and Jackson, 1993). Except in North American ground 
squirrels and marmots, the duration of endogenous circannual rhythms typically is 
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shorter than 12 months (Turek and Van Cuter, 1994) and the role of photoperiod 
is to synchronize these rhythms to the geophysical year. 

The interaction between circannual rhythms and the light-dark cycle is 
dynamic and dependent on changes in day length as well as phases of sensitivity 
to photoperiod (Barrel1 et al., 2000). Animals that are exposed over a prolonged 
period of time to a fixed photoperiod of time will become unresponsive to the 
photoperiodic effect and proceed with the next phase of the reproductive cycle 
(also termed 'photorefractoriness', Turek et al., 1975; Almeida and Lincoln, 1984; 
Robinson and Karsch, 1984; Robinson et al., 1985; Karsch et al., 1986; Malpaux 
et al., 1987). Periods of photorefractoriness enable birds to migrate between the 
hemispheres and mammals to hibernate without being affected reproductively by 
the photoperiod of the winter residence or the darkness in the den (see Gwinner, 
1986). 

The effect of a photoperiod signal is dependent on previously experienced 
photoperiod. A certain photoperiod can induce a long-day or a short-day 
response, depending on whether the previous photoperiod was shorter or longer 
(Hoffman et al., 1986; Robinson and Karsch, 1987; Stetson et al., 1989; 
Niklowitz et al., 1994; Gorman and Zucker, 1997a). Such a photoperiodic history 
allows a greater refinement in predicting seasonal changes. In the uterus, 
information about the prevailing photoperiodic conditions is conducted to the 
foetus through maternal melatonin during late gestation. Thus, once the newborn 
can perceive photoperiod on its own it already has a photoperiodic history, which 
can influence the reproductive response to the post-natal photoperiod (Stetson et 
al., 1989). 

Whether it results in total azoospermia or merely in mild oligospermia, the 
circannual variation in activity of the hypothalamic-pituitary-testicular axis drives 
the seasonal reproductive changes. Circannual variation (e.g. in pulse frequency 
or basal levels) in luteinising hormone (LH) secretion and follicle-stimulating 
hormone (FSH) has been demonstrated and for at least for some species, the 
feedback of gonadal steroids on the hypothalamus or pituitary gland is central to 
expression of seasonality (e.g. horse, Irvine and Alexander, 1982; rams, Lincoln, 
1984). Since neither melatonin nor gonadal steroids act directly on gonadotropin- 
releasing hormone (GnRH) neurones in vivo (Herbison and Theodosis, 1992), 
afferent neural pathways must be involved in the regulation of seasonal variations 
in GnRH secretion. This conclusion is further supported by morphological 
observations of a seasonal plasticity in the ovine GnRH neuroendocrine system, 
with more synaptic input during the breeding season (Xiong et al., 1997). 

The investigations of possible neurotransmitters that may mediate 
photoperiodic effects on GnRH neurones have shown an opoidergic (i.e. 1- 
endorphin) inhibition of LH during autumn and winter in both the short-day 
breeding ram (Lincoln et al., 1987) and the long-day breeding stallion (Aurich et 
al, 1994a). This opoidergic inhibition of LH release requires the presence of 
gonads in both species (horse, Aurich et al., 1994a; Aurich et al., 1994b; ram, 
Ebling and Lincoln, 1985; and Lincoln et al., 1987). In sheep, dopaminergic 
pathways inhibit gonadotropin release during long days but not during short days 
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(Meyer and Goodman, 1985; Tortonese and Lincoln, 1994). The dopaminergic 
system further inactivates opoidergic effects on gonadotropins during the non- 
breeding season, which may explain the lack of opoidergic regulation of 
gonadotropins during long days in sheep (see Gerlach and Aurich, 2000). Also, 
Gamma-aminobutyric acid (GABA) appears to inhibit the gonadotropin release 
during the non-breeding season in ewes (Scott and Clarke, 1993). As no single 
pharmacological manipulation has been able to fully mimic the seasonal changes 
in gonadotropin secretion or sensitivity to steroid feedback (see Hileman and 
Jackson, 1999), photoperiodic effects on GnRH activity probably involve a 
complex of several neurotransmitter systems. 

Many mammals show a clear seasonal pattern in prolactin secretion, with a 
summer peak and a winter nadir. The spring increase in prolactin is luteotrophic 
and terminates embryonic diapause in the mink (Martinet et al., 1981; Murphy et 
al., 1981) and western spotted skunk (Berria et al., 1989). Also, the moult from 
winter to summer coat is induced by the spring rise in prolactin in several species 
including the blue fox (Smith et al., 1987) and red deer hind (Curlewis et al., 
1988), but for many species, any significance of the seasonal variations in 
prolactin has not been demonstrated (Curlewis, 1992). Photoperiod affects the 
circannual rhythm in prolactin rapidly (ViguiC et al., 1997) and independently of 
photoperiodic history (Hastings et al., 1989), via the melatonin profile. Melatonin 
binds to receptors in the pars tuberalis cells that secrete a factor 'tuberalin', which 
controls prolactin release from the lactotrophs in the pars distalis (see Morgan and 
Williams, 1996). The melatonin effect on prolactin occurs also in the absence of 
an intact hypothalamic-pituitary axis (Lincoln and Clarke, 1994), and therefore, 
independently of any reproductive effect of melatonin. New data suggest that the 
circannual rhythm of prolactin is generated within the pituitary gland itself 
(Lincoln and Clarke, 2000). European wild boars show a typical seasonal pattern 
in prolactin secretion, with a summer peak (Ravault et al., 1982; Mauget, 1985), 
whereas a clear prolactin rhythm has not been demonstrated for domestic pigs 
(Ravault et al., 1982). 

In some seasonal breeders, thyroid hormones and their binding proteins show 
seasonal variations, reflecting circannual changes in metabolism (Concannon et 
al., 1999). The presence of thyroid hormones is necessary for the termination of 
the breeding season in both birds and mammals (Nicholls et al., 1988), perhaps 
because they act permissively to a photoperiod-induced reorganization of the 
GnRH-regulating system (Dahl et al., 1995; Thrun et al., 1997). 

Melatonin 
The crucial role of the pineal hormone melatonin in conveying photoperiodic 
information in an endocrine signal which can synchronize circannual rhythms in 
mammals is well established (e.g. Hoffman and Reiter, 1965; Bittman et al., 
1983; Yellon and Foster, 1986; Hiebert et a]., 2000) and appears to be applicable 
to all mammalian species. Melatonin-binding sites have been identified in various 
parts of the central nervous system (CNS), with some species differences; 
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however, the anatomical connection between the melatonin receptors in the CNS 
and the GnRH-controlling neurones is yet to be elucidated. 

The indolamine melatonin acts as a signal for the duration of the dark period 
and during the light hours of the day, the pineal secretion is typically negligible. 
Melatonin (N-acetyl-5-methoxytryptamine) is synthesized from L-tryptophan via 
serotonin by 5-hyroxylation, decarboxylation, N-acetylation (the rate-limiting 
step) and 5-methylation by the corresponding enzymes in the pineal gland. The 
suprachiasmatic nucleus (SCN), the mammalian pacemaker of circadian rhythms 
in the hypothalamus, also termed the 'biological clock', generates the rhythm of 
melatonin secretion by regulating the activity of pineal N-acetyltransferase (NAT) 
(see Klein et al., 1997). 

The circadian melatonin rhythm is synchronized by the light-dark cycle to be in 
tune with the environment. Light signals are transmitted from photoreceptors in 
the retina via a neural pathway to the SCN (see Moore, 1996), where the circadian 
rhythm of pineal melatonin synthesis is entrained (see Figure 1). Light can also 
directly inhibit pineal NAT production and thus decrease melatonin release (Klein 
et al., 1997), and the shape of the melatonin profile as measured in peripheral 
blood is a result of an interaction between the entraining and suppressive effects 
of light (Picazo and Lincoln, 1995). 

Even though small amounts of extra-pineal melatonin are synthesized 
(Heuther, 1993; Bubenik et al., 1999), levels of melatonin in body fluids, such as 
blood, cerebrospinal fluid, saliva and - with some time delay - the urinary 
metabolite 6-sulphatoxymelatonin, directly reflect the pineal production since 
melatonin is released immediately after synthesis (see Pang et al., 1993). The 
duration of the nocturnal increase in melatonin secretion is considered to be the 
essential signal of the melatonin profile (Bittman and Karsch, 1984; Yellon et al., 
1985; Hoffman et al., 1986; Bartness et al., 1993; Gorman and Zucker, 1997b). If 
the melatonin level is kept constantly elevated by exogenous administration it will 
induce a short-day response (sheep, Kennaway et al., 1982; Lincoln and Ebling, 
1985; O'Callaghan et al., 1991; rat, Kennaway and Rowe, 1997). In addition to 
seasonal effects, maternal melatonin provides circadian information to the 
developing brain, as the retina-SCN pathway in the foetus is not yet functional 
(Davis and Mannion, 1988). 

Melatonin-binding sites in the pars tuberalis of the pituitary, the hypothalamus, 
and other parts of the brain have been identified in mammals (see Morgan et al., 
1994). In neonatal pigs, there are functional melatonin-binding sites in the pars 
tuberalis, as well as in many other sites within the brain, but very little specific 
binding in the hypothalamus (Williams et al., 1999), which has also been noticed 
in seasonally breeding mustelids (Weaver and Reppert, 1990; Boission-Agasse et 
al., 1992; Duncan and Mead, 1992; Bonneford et al., 1993). Two membrane- 
bound G protein (guanine nucleotide-binding protein)-coupled melatonin 
receptors, Mel1, and Mellb, have been demonstrated in mammals (Reppert, 
1997), and there is evidence that melatonin exerts its effect on reproduction 
through Mell, (Weaver et al., 1996; Pelletier et al., 2000). In hamsters, the 
melatonin receptors are co-localized with androgen receptors, and an influence of 
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melatonin on androgen feedback on GnRH release has been suggested (Maywood 
et al., 1995). No melatonin-binding sites on GnRH neurones have, however, been 
found. 

Melatonin-containing micro-implants have revealed the mediobasal 
hypothalamus as a likely neural region site where melatonin executes its effect on 
the reproductive system in male (Lincoln and Maeda, 1992) and female (Malpaux 
et al., 1993) sheep as well as in hamsters (Maywood and Hastings, 1995). Though 
in contrast to the adjacent pars tuberalis, the density of melatonin-binding sites is 
very low in the mediobasal hypothalamus. 

In pigs, there have been considerable difficulties in demonstrating a circadian 
melatonin pattern resembling that of other mammals (see Reiter, 1993) and 
several research reports have been published in which no clear circadian 
melatonin pattern could be found (McConnell and Ellendorff, 1987; Reiter et al., 
1987; Minton et al., 1989; Minton and Cash, 1990; Peacock et al., 1991, and 
1995; Diekman et al., 1992; Griffith and Minton, 1992; Green et al., 1996, and 
1999; Bassett et al., 1996; Bollinger et al., 1997; Diekman and Green, 1997; 
Lewczuk and Przybylska-Gornowicz, 1997; Bubenik et al., 2000). Klupiec et al. 
(1997) point out that this contradictory information has probably been created by 
methodological problems. Although the molecule structure of melatonin does not 
differ between species, some non-specific disturbance appears to be present in 
porcine blood, causing an overestimation of melatonin content in some assays. 
Pre-assay extraction is a common approach to overcome problems with unspecific 
disturbance and is important also for analysing porcine melatonin. 

The difficulties in demonstrating a typical circadian rhythm of porcine 
melatonin have led to the hypothesis that pineal melatonin secretion is impaired in 
domestic pigs and accounts for the lack of a strict seasonal breeding pattern in 
domestic pigs (Green et al., 1996; Slunner et al., 1999). Besides, exogenous 
administration of melatonin has shown varied results in pigs. In three independent 
studies, melatonin administered orally but not by implants have advanced puberty 
in gilts kept under long-day conditions (Diekman et al., 1991 and 1997; Paterson 
et al., 1992a). 

Puberty 
A general goal of domestication is to maximize reproductive performance and 
thus, to accelerate the onset of fertility. Selection for greater body weight has 
probably advanced puberty, as sufficient body condition is a threshold for 
allowing sexual maturation (Foster et al., 1985). Modern animal husbandry, 
including regular food supply and protection from a harsh environment, probably 
has downgraded or masked the environmental influence for many domesticated 
species. The environmental conditions of animal husbandry vary and, 
consequently, the responsiveness to environmental factors such as photoperiod 
may vary, depending on the breed (e.g. rams, Lincoln et al., 1990). 

Puberty in boars has been clearly advanced by domestication (Mauget and 
Boissin, 1987). The Meishan boar reaches puberty at almost half the age of 
European breeds (Lunstra et al., 1997) and crossbred boars reach puberty earlier 



than do purebred boars (Wilson et al., 1977). In Swedish crossbred boars, the 
germ cells begin to develop at around 115 days of age. This development is 
followed by a very rapid increase in the number of sperm cells, which continues 
until the cellular organization of the seminiferous tubules is sexually mature, with 
functional spermatogenesis, at approximately 180 days of age. A low 
concentration of spermatozoa can be found in the cauda epididymis at 125 days of 
age; thereafter, the quantity and quality (i.e. reduced abnormalities) improve over 
time (Malmgren et al., 1996). Although functional spermatogenesis has been 
established by 6 months of age in the domestic boar, sperm production does not 
reach its maximum until approximately 24 months of age (Kennedy and Wilkins, 
1984). 

Puberty can be viewed either as a period of accelerated reproductive 
development culminating in functional fertility or as the first time when an animal 
is capable of conception. Regardless of definition, puberty is the result of a series 
of progressive maturational changes in the central hypothalamic-pituitary-gonadal 
axis. The role of photoperiod in timing of reproduction varies not only between 
species but also between sexes and maturational stage. For instance, the Syrian 
hamster shows a seasonal photoperiod-entrained breeding pattern among adult 
animals but photoperiod has no effect on early sexual development (Gaston and 
Menaker, 1967; Darrow et al., 1980; Donham et al., 1994). The opposite applies 
to the domestic rat, in which pre-natal and early post-natal photoperiod influences 
the male sexual maturation (Jarrige et al., 1992), whereas reproduction in adults is 
unresponsive to photoperiod (Jarrige and Boucher, 1992). 

Sheep show a sexual dimorphism in the significance of photoperiod for 
pubertal timing. The female lamb requires a combination of the long days of 
summer and the decreasing day length of autumn to correctly time first ovulation 
with the breeding season (Yellon and Foster, 1985), whereas photoperiod has 
only a modifying influence on pubertal timing in ram lambs (Wood et al., 1991). 
The reproductive pattern of adult rams and ewes is seasonal, but there is a sexual 
differentiation of the neuroendocrine mechanisms regulating the seasonal changes 
of LH secretion (Lubbers and Jackson, 1993). The physiological mechanisms of 
the seasonal resumption of reproductive activity in adult animals are proposed to 
resemble puberty (e.g. Lincoln, 1981). In gilts, artificial short days, in contrast to 
long days, have been shown to advance first ovulation although the stimulating 
effect of boar contact can mask the photoperiodic effects (Paterson and Pearce, 
1990). A comparison of male piglets kept under natural photoperiods suggests a 
similar effect on puberty in boars (Claus and Weiler, 1985). Earlier studies have, 
however, indicated that supplemental light during decreasing photoperiod can 
advance puberty in boars (Berger et al., 1980). 

Pre-natal photoperiodic conditions can also be involved in timing puberty. 
Information to the foetus concerning the external photoperiod is mediated via 
maternal melatonin, which readily passes through the placenta (Klein, 1972; 
Reppert et al., 1979). A sensitive period for reception of a pre-natal melatonin 
signal which can provide the foetus with a photoperiodic memory has been 
defined in the Siberian hamster (Weaver et al., 1987). The significance of the pre- 
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natal photoperiod for pubertal timing can be sexually differentiated. In two such 
different species as the small, long day-breeding Siberian hamster and the large, 
short day-breeding red deer, there is a stronger influence of pre-natal photoperiod 
on male puberty (Siberian hamster, Shaw and Goldman, 1995a; Shaw and 
Goldman, 1995b; red deer, Adams et al., 1994; Adams et al, 1995). 

In the pubertal boar, there is a parallel secretion of a wide range of testicular 
steroids, reflecting the high activity of steroid synthesis by the Leydig cells in the 
interstitial testicular tissue. A pre-pubertal peak of steroid products in male piglets 
occurs at 2-4 weeks of age, followed by low concentrations until a marked 
increase around puberty (Schwarzenberger et al., 1993). Although the testicular 
volume percentage of Leydig cells decrease during pubertal development owing 
to the immense growth of the testes, the total number of Leydig cells in the 
porcine testis increase (Allrich et al., 1983). A dramatic and transient increase in 
the size of the Leydig cells occurs at the onset of puberty (Lunstra et al., 1986). 

Oestrogens, predominantly oestrone-sulphate (E1-SO& are present in high 
concentrations in boar blood. The aromatization of androgens to oestrogens in the 
boar takes place mainly in the testes, but also in peripheral tissue (Booth, 1980), 
as it does in male humans (Liebeman et al., 1984). The aromatization of 
testosterone to oestrogens in neural tissue is a prerequisite to expression of 
reproductive behaviour in both males and females. Other functions of oestrogens 
in boars that have been described, are support of the development of accessory 
sex organs (Booth, 1983) and, through oestrogens in semen, stimulation of the 
female reproductive tract at mating (see Claus, 1990). 

Hormones that are not part of the central endocrine axis, such as prolactin and 
thyroxine, have a broad metabolic influence, and effects on production. For 
instance, in the rat, prolactin stimulates testicular function during puberty 
(Dombrowicz et al., 1992). After high neonatal levels in pigs, prolactin decreases 
and remains low except for peaks around 10-16 weeks of age and at puberty 
(Meijer et al., 1988). Thyroxin is required for foetal and neonatal neural 
development (Granholm, 1985), is typically high in the neonatal and decreases 
with age (Irvine, 1984; Reimers et al., 1990). A thyroidectomy has been shown to 
advance pubertal testicular growth in the ram (Parkinson et al., 1995). 

Pig reproduction 
Through intensive management and breeding efforts, the great reproductive 
potential of pigs has been successfully utilized to make them reproduce all year 
round. More in-depth studies of reproductive performance over the year, 
however, have shown that although litters are born in all seasons the reproductive 
success rate varies. Together, observations from both hemispheres show that 
periods of decreased reproductive performance occur during summer and early 
autumn (Claus and Weiler, 1985). 

The European wild boar (Sus swofa) mates from late autumn to early winter 
and gives birth in late winter or early spring. Nutrition plays an important part in 
the reproduction of wild boars and if high-quality food is available in early 
autumn, mating and birth occurs earlier than in other years and a second litter 
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may be born in summer. Despite these opportunistic characteristics, all females 
are in anoestrus during summer and early autumn (Mauget, 1985) and male wild 
boars show a prominent seasonal variation in testis weight and testosterone, with 
peak values in mid-winter (Mauget and Boissin, 1987; Weiler et al., 1996). Since 
the seasonal infertility problems of modem pig production coincide with the 
anoestrus period of the European wild boar, the assumption, that vestiges of a 
seasonal breeding pattern may influence the reproductive performances of modem 
domestic pigs, appears reasonable. 

Seasonal infertility can be displayed as either reduced farrowing rate due to 
disrupted pregnancy, delayed female puberty (which to some degree can be 
overcome by the presence of a boar), a prolonged weaning-to-oestrus interval, 
reduced litter size (see Claus and Weiler, 1985; and Love et al., 1993), or reduced 
sperm quality and libido in the boar (Claus et al., 1985). Several environmental 
factors have been suggested to be responsible for these seasonal variations in 
fertility. Increased temperatures can cause heat stress and have a negative effects 
on reproduction in pigs (Omtvedt et al., 1971; Wettemann and Bazer, 1985), 
including boars (Malmgren and Larsson, 1984). Higher sensitivity to stress has 
been suggested as an explanation for why gilts are more susceptible to seasonal 
effects than are sows (Wan et al., 1994). Love et al. (1995) have shown that 
nutrition and management systems can mask seasonal effects on farms, as both 
higher feeding levels and individual housing of sows decrease problems of 
seasonal infertility. All these factors influence pig reproduction, and may be 
involved in modifying the photoperiodic effects on reproduction during late 
summer and early autumn. 

Boar taint 
In many countries, the release of an unpleasant odour ('boar taint') from meat 
during cooking has prevented the use of intact males in pork production. 
Although only a small proportion of the consumers are highly sensitive to boar 
taint and only a small percentage of the male finishing pigs have high levels of 
boar taint, male piglets are routinely castrated at a young age, which causes 
concern in terms of animal welfare. The lack of anabolic steroids in castrates 
results in decreased production efficiency and reduced feed efficiency (Newell 
and Bowland, 1972). Entire males also have less total fat than do castrates and the 
lipid fraction of boars contains a higher proportion of unsaturated fatty acids 
(Malmfors et al., 1978). Castrates tend to have less muscle tissue than do entire 
males. Therefore, more of the ingested energy goes to fat tissue than to muscle 
tissue. 

Boar taint can mainly be attributed to the accumulation of 3-methyl-indole 
(skatole) and the testicular steroid androstenone (5a-androstenone) in adipose 
tissue (Lundstrom et al., 1988). Skatole has a faecal odour and in monogastric 
animals, is produced fi-om L-tryptophan by microbes in the large intestine 
(Yokoyama and Carlson, 1979). Entire males have higher fat skatole levels than 
do castrates and gilts, possibly because testicular steroids cause increased gut 
formation (Claus and Raab, 1999) or reduced liver degradation of skatole (Babol 
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et al., 1998). The biosynthesis and secretion of androstenone are parallel with 
those of testicular steroid hormones (Gower, 1972; Claus et al., 1983). 
Androstenone is then transported to the saliva glands where it binds to a specific 
binding protein, pheromaxein (Booth and White, 1988). After its release into the 
saliva, androstenone acts as a pheromone, stimulating both attraction to the male 
and receptive mating behaviour in oestrous females (see Booth and Signoret, 
1992). Owing to its hydrophobic character, androstenone is accumulated in fat 
(Brooks and Pearson, 1986) and after slaughter, when meat from entire males is 
heated, fat androstenone will cause an odour of 'boar' or 'urine'. 

Many strategies for dealing with the boar taint problem have been suggested. 
Since skatole levels are strongly influenced by environmental factors, such as 
water levels in feed, cleanness, ventilation, feed composition and feed antibiotics 
(Lundstrom et al., 1988; Hansen et al., 1994; Claus et al., 1994; Andersson et al., 
1997), management systems can attribute to reducing its levels in fat. Fat 
androstenone levels are, however, less affected by management, although in 
same-sex groups, the presence of a strongly tainted boar has been seen to increase 
the taint levels of the other males (Giersing et al., 2000). Other approaches to 
reduce fat androstenone, such as immunocastration (immunization against 
gonadotropins, Bonneau et al., 1993), treatment with GnRH depot formulation 
(Schneider et al., 1998) and treatment with a GnRH agonist (Xue et al., 1994), 
have been investigated. There are breed differences in tissue levels of boar taint 
compounds (Xue et al., 1996) and Sellier et al. (2000) have shown that fat 
androstenone levels can be reduced by selection. 

Aims 
The routine castration of male piglets is performed in many countnes to avoid 
boar taint in meat. In addition to causing great concern in terms of animal welfare, 
castrates have reduced feed efficiency and more fat than do entire males. Since 
boar taint is closely associated with male sexual maturation, and there are 
indications that domestic pigs remain responsive to photoperiod, the use of 
artificial light regimens to delay puberty could be a non-invasive method to 
reduce boar taint. The primary objective of this study was therefore to investigate 
whether photoperiod influences reproductive development and thus, boar taint in 
entire males. 

In mammals, pineal melatonin mediates photoperiodic information and 
synchronizes circannual rhythms. However, in pigs, there have been considerable 
difficulties in demonstrating a typical melatonin profile which reflects the period 
of darkness. An additional objective was therefore to find and evaluate a reliable 
assay for porcine melatonin, and to investigate whether pigs are capable of 
transforming photoperiodic information into an endocrine signal (the 'circadian 
melatonin profile'). To be able to evaluate lighting requirements on farms we 
wanted to measure melatonin secretion in relation to the light-dark cycle in a 
conventional stable environment. Further, as the European wild boar is a seasonai 
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short-day breeder, we wanted to compare melatonin profiles between wild and 
domestic pigs in order to establish the level at which artificial selection has 
altered the seasonal breeding pattern in pigs. 

Methodological Considerations 
The thesis is based on five studies (papers I-V) referred to by their Roman 
numerals. Detailed descriptions and references of materials and methods used are 
given separately in each paper. 

Timing of male puberty 
In papers I and 11, intact crossbred males born during winter (i.e. the short-day 
photoperiod) were divided into three groups after weaning. A control group (the 
'natural spring' group) were maintained in a room with windows, and exposed to 
approximately 150 lx of supplementary light during working hours. The other two 
groups were maintained under artificial photoperiods in light-sealed rooms. The 
artificial light sources, fluorescent tubes with a spectrum closer to sunlight than 
standard fluorescent lamps, created a light intensity of approximately 1400 lx at 
the level of the pigs' eyes. The photoperiod was adjusted weekly. Both 
experiments began in January/February (in January/February at 60°N there are 6- 
7 h of daylight/day), when the pigs were between 5 and 9 weeks old, and 
continued until mid-June. 

In other short-day breeding ungulates, exposure to a decreasing photoperiod 
(i.e. long days followed by short days) is necessary to correctly time puberty (e.g. 
female sheep, Yellon and Foster, 1985). Therefore, in Paper I, the 'artificial 
autumn' group was started off with 17 hours of light and 7 hours of darkness 
(equivalent to July at 6 O O N ) ;  thereafter, the photoperiod was gradually decreased. 
The 'artificial spring' group were exposed to an increasing photoperiod that was 
equivalent to the natural changes in photoperiod experienced by the 'natural 
spring' group (Figure 2). 

After having observed the outcome of Paper I, different light regimens were 
used in the following study (Paper 11). Conditions for the 'natural spring' group 
were as in the first study, but the 'artificial summer' group were exposed to a 
photoperiod that simulated natural changes in day length from the vernal equinox 
(mid-March) to August at 60"N. The 'artificial winter' group were exposed to a 
photoperiod that simulated natural changes in photoperiod from the autumnal 
equinox (mid-September) to February at 60"N. By this approach, both the 
artificial light regimen groups were exposed to the same shift in photoperiod at 
the start of the experiment (Figure 2). 

In both papers I and 11, the animals were weighed and blood was collected 
biweekly until slaughter at 115 kg. The plasma samples were analysed for content 
of total testosterone using a radioimmunoassay (Diagnostic Product Corporation, 
Los Angeles, CA, USA, 1982), oestrone-sulphate using double antibody 
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enhanced luminescence immunoassay, total thyroxin using enhanced 
luminescence immunoassay (Amerlite, Johnson and Johnson Clinical Diagnostics 
Ltd, Amersham, UK, 1994) and prolactin using an end-point enzyme 
immunometric assay for canine prolactin (Diagnostic Product Corporation, Los 
Angeles, CA, USA, 1994) and a porcine standard. In Paper I, plasma 5a- 
androstenone was analysed by double antibody-enhanced luminescence 
immunoassay . 
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Figure 2. Light regimens in papers I and 11. Unmarked lines represent natural photoperiod 
at 60"N. Filled squares show 'artificial spring' in Paper I and 'artificial summer' in Paper 
11. Open circles show 'artificial autumn' in Paper I and 'artificial winter' in Paper 11. 
Control groups were exposed to the natural photoperiod in both studies. 
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To estimate the activity of the anterior pituitary gland and the testicular Leydig 
cells, LH and testosterone release after GnRH challenge was studied in Paper 11. 
Using information about the temporal pattern of testicular steroids from Paper I, 
nine animals were allocated to individual pens in March and plasma samples were 
collected every 15 minutes for 6.5 h. At this time, the 'natural spring' group were 
exposed to 12 h of light, the 'artificial summer' group to 18 h of light and the 
'artificial winter' group to 6 h of light. After 1.5 h of sampling a GnRH-analogue, 
Buserelin (ReceptalB vet.) was injected intravenously. Since we hypothesized 
that at this age (100-1 10 days), some animals had started the pubertal increase in 
Leydig cell numbers, whereas other animals still had pre-pubertal capacity steroid 
synthesis, a fairly high dosage of GnRH (50 pg) was used to distinguish between 
pubertal and pre-pubertal animals. After the sampling period the catheter was 
removed and the animals were immediately returned to their group. Testosterone 
was analysed as above and LH was analysed using a heterologous 
radioimmunoassay . 

The testes, epididymides and bulbourethral glands were weighed after 
slaughter. Lean meat percentage was estimated (papers I and 11). In Paper I, 
reproductive organ development relative to carcass weight was estimated. 

Skatole concentration in fat was measured with spectrophotometry and the 
concentration of Sa-androstenone in fat was determined by gas chromatography 
(papers I and 11). A trained sensory-evaluation panel of five (Paper 11) to seven 
(Paper I) assessors scored fat samples heated to melting point for boar taint on a 
scale of 1 (no taint) to 5 (very strong taint). 

To gain a better estimate of pubertal maturation, tissue specimens fi-om two 
parts of the testes (proximal and distal) and semen from the cauda epididymis 
were collected for light microscopy in Paper 11. Cross-sections of testicular 
tubules were examined for maturation of the seminiferous epithelium and in the 
semen samples, special attention was given to abnormalities related to sexual 
maturation of the spermatozoa. The maturity of spermatogenesis was classified 
into four classes: not in puberty, immature, almost mature or mature. 

All statistical analyses were made by analysis of variance (ANOVA) using the 
MIXED procedure of SAWSTAT (SAS Institute Inc., 1989 and 1997) and the 
least squares means option was used to compare different means. Treatment and 
group within treatment were tested for difference in all models. For repeated 
measurements, effect of time of measurement, individual animal within treatment, 
and the interaction between treatment and time of measurement were considered. 
Effects of litter (mother) and age, where appropriate, were included in the model 
for measurements obtained at slaughter. Spermatogenesis maturity scores were 
ranked before analysis, which equals a Kruskal-Wallis test. The taint scores were 
tested for differences of treatment, group within treatment, and assessor. 

Melatonin 
To establish whether domestic pigs show a circadian melatonin profile in 
agreement with the light-dark cycle, three male siblings from each of six litters in 
papers I and 11, were sampled hourly for 24 h (Paper 111). In addition, three 
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younger, unrelated males were sampled for 48 h, to study repeatability of the 
circadian rhythms. The animals were kept in their groups until the day before 
blood sampling, when they were allocated to an individual pen in the same room. 
During the last day of February and the first days of March, when the three boars 
used for a 48-h study were 12 weeks old blood samples were collected at 2-h 
intervals for 48 h. Blood was sampled with a jugular catheter and low-intensity 
red light (<5 lx) was used in order to facilitate night sampling. In May, when the 
remaining 18 animals were 5 months old, blood samples were collected hourly for 
24 h. At this point, the 'natural long-day' group were receiving 16 to17 h of light, 
the 'artificial long-day' group were exposed to 17 h of light, and the 'artificial 
short-day' group were given 8 h of light 

A comparison of melatonin profiles between European wild boars (both males 
and females) and crossbred domestic gilts was made in southern Finland during 
four seasons (Paper IV). The blood samples were collected at the vernal and 
autumnal equinoxes and the summer and winter solstices. The wild boars were 
purebred European wild boars living in a semi-natural environment. During the 
experiment the wild boars were housed under natural lighting conditions in small 
individual stalls located outdoors. The domestic gilts were housed indoors in 
individual pens. Lights were switched on between 06:OO and 18:00, except during 
the winter sampling when lights were on between 09:OO and 21:00, because of 
technical difficulties with the catheters. The indoor supplementary light at the 
level of the pigs' eyes was approximately 120 Ix. The light intensity was measured 
at each blood sampling using a digital light intensity meter. Blood samples from 
the wild boars were obtained via medial saphenous arterial catheters and from the 
domestic gilts, via ear vein catheters. Blood samples were collected at 2-h 
intervals for 48 hours. 

To further study melatonin levels in a conventional piggery environment, 31 
female Yorkshire pigs, and three Hampshire boars were bled during November- 
February at 60"N (Paper V). In August, 48 crossbred piglets, 24 females and 24 
males (10-14 weeks of age), offspring of four gilts, four sows and two boars from 
the winter bleeding, were bled. The animals were kept under standard stable 
management, with windows and additional light (light bulbs) during working 
hours. Daytime light intensity varied, depending on weather conditions, between 
150 lx and 300 lx, with occasional higher intensities. Overall night-time light 
conditions for the gilts and piglets were very low (< 5 lx). The sows and boars 
had low-intensity night illumination (light bulbs), creating a night-time light 
intensity between 5-10 lx. Three daytime samples and three night-time samples 
from each animal were collected by jugular venipuncture between 1O:OO and 
15:OO and 22:OO and 03:00, respectively, with approximately 1-h intervals. To 
facilitate sampling during the night, dim red light and a small flashlight were 
used. 

Plasma melatonin samples in Paper 111 were first analysed by 
radioimmunoassay (Nichols Institute Diagnostics BV, Wijchen, The 
Netherlands), using a rabbit anti-melatonin antiserum, according to the 
manufactures' instructions. Before assay, controls and samples were extracted 
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twice in diethyl ether. Serial dilutions of pig plasma containing high 
concentrations of melatonin produced displacement curves parallel to the standard 
curve. The intra-assay and inter-assay coefficients of variation for 16 assays were 
6.3 % and 14.7 % (42.4 pg/ml), respectively and the sensitivity of the assay was 
1.3 pg/ml. The specificity of the assay has been evaluated by Nichols Institute 
Diagnostics and shows 1 % cross-reactivity with 6-hydroxy-melatonin, whereas 
all other measured compounds show less than 0.05 % cross-reactivity. Selected 
samples were re-analysed using the same assay on a later occasion, in order to 
confirm previous findings. 

Although conventional assay evaluation indicates that the Nichols assay 
performs well with pigs, we were not content with the results. Therefore, all 
melatonin samples in papers 111-V were reanalysed by a radioimmunoassay for 
human melatonin (Biihlmann Laboratories AG, Switzerland), with a caprine 
against melatonin conjugated to bovine thyroglobulin anti-melatonin antiserum, 
Kennaway G280 (Vaughan, 1993), according to the manufactures' instructions. 
Before assay, controls and samples were extracted twice in diethyl ether. Serial 
dilutions of pig plasma containing high concentrations of melatonin produced 
displacement curves parallel to the standard curve. The intra-assay and inter-assay 
coefficients of variation for 20 assays were 13.1 % and 8.2 % (2.4 pg/ml), and 8.4 
% and 8.0 % (19.5 pg/ml), respectively. The sensitivity of the assay was 0.3 
pg/ml. The specificity of the assay has been evaluated by Buhlmann Laboratories 
AG and all measured compounds show less than 0.05% cross-reactivity. 

For a circadian 'reference', plasma cortisol, which in pigs shows a morning 
peak and an evening nadir (Barnett et al., 1981; Janssens et al., 1995), was 
analysed by a luminescence immunoassay (Amerlite, Kodak Clinical Diagnostics 
Ltd., UK) in Paper 111. Standards and controls were provided in human plasma. 
Before assay, standards, controls and samples were extracted twice in diethyl 
ether. 

In study I11 and V, the statistical analyses were made by ANOVA using the 
MIXED procedure of SAS/STAT (SAS Institute Inc., 1997) and the least squares 
means option was used to compare different means. Melatonin concentrations 
among the matched siblings (Paper 111) were tested for differences between phase, 
treatment, father, litter nested with father, the interaction between phase and 
treatment, and the interaction between phase and father. Plasma cortisol 
concentrations were tested for differences between phase, treatment, father, litter 
nested with father, and the interaction between phase and treatment. 

In Paper V, melatonin fiom the winter bleeding was tested for effects of time of 
day, sampling order within time of day, sex and age within sex. Melatonin of the 
gilts was also tested for the effect of mother (litter). Melatonin levels from the 
summer bleeding were analysed for effects of time-of-day, sampling order within 
time of day, sex, father, mother (litter) within father and the interaction of mother 
litter) and time of day. 

In the wild boar study (Paper IV), the statistical analyses were carried out using 
the Stata Intercooler, version 5 .O statistical package (Stata Corporation, Texas, 
U.S.A.). In the model, effects of season, breed, individual animal and night were 
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checked for source of variation. An ANOVA with repeated measures (Gill and 
Hafs, 1971) was used to study variation in night-time melatonin levels. 
Differences in duration of nocturnal melatonin secretion between summer and 
winter in both animal groups were analysed using Student's t-test. 

Results and Discussion 

Timing of male puberty 
As the wild ancestor of modern pig breeds is a seasonal short-day breeder, we 
hypothesized that a decreasing the photoperiod would stimulate, and a increasing 
the photoperiod would inhibit, male reproductive development. After weaning, 
when winter-born male piglets were exposed to either an 'artificial autumn' or an 
'artificial spring' treatment, or kept under a 'natural spring' conditions, the 
longitudinal measurements of hormones showed an accelerated increase of 
testosterone in the 'artificial autumn' group. A parallel increase in oestrone- 
sulphate was not observed in this group. In fact, at the time of the peripubertal 
increase in testicular steroid production, oestrone-sulphate was lower in the 
'artificial autumn' group. In the 'artificial spring' and 'natural spring' groups, 
secretion of testicular steroids was parallel, as previously observed 
(Schwarzenberger, 1993). Plasma prolactin was generally low, as reported in 
other studies (Ravault et al., 1982; Meijer et al., 1988). However, at the start of 
the experiment, when the 'artificial autumn' group were exposed to long days and 
the other groups were exposed to short days, prolactin levels were higher in the 
'artificial autumn' group. Some months later, when the 'artificial spring group' and 
the 'natural spring' group were exposed to long days and the 'artificial autumn' 
group, to short days, the situation was the reversed. 

At slaughter, the weight of the epididymis was lower in the 'artificial autumn' 
and 'artificial spring' groups than in the 'natural spring' group, and testis weight 
tended to be lower in the 'artificial autumn' group than in the 'natural spring' 
group. Correspondingly, the percentage of proximal droplets was higher in the 
'artificial autumn' group than in the 'natural spring' group, indicating that animals 
in the 'artificial autumn' group were less mature. The 'artificial autumn' and the 
'artificial spring groups had lower meat percentage than did the 'natural spring' 
group. Skatole concentrations in fat were higher in the 'natural spring' group than 
in the 'artificial autumn' and 'artificial spring' groups, and fat androstenone tended 
to be higher in the 'natural spring' group than in the 'artificial autumn' group. 

Together, the results from Paper I showed, that although testosterone increased 
at an earlier age in the 'artificial autumn' group, the animals in the 'natural spring' 
group were more sexually mature at slaughter. The 'artificial autumn' treatment 
therefore appears to have delayed puberty instead of having stimulated it. These 
results are the opposite of those reported in a previous study comparing entire 
males raised under natural spring or autumn conditions (Claus and Weiler, 1985). 
Our 'artificial autumn' group had been switched from 7 h of daylight to 17 h of 
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between treatments (papers I and 11). In many seasonal breeders, weight or spatial 
measurements of the testes show prominent seasonal changes and have been 
useful in research (see e.g. red deer, Lincoln, 1971; rock hyrax, Millar and 
Glover, 1973; ferret, Neal et al., 1977; rhesus monkey, Chik et al., 1992). 
However, weight, length or width of the testes did not reveal any significant 
differences between treatments in our studies. The endocrine response to GnRH 
challenge did not reveal any difference between treatments, but since only nine 
animals were studied, photoperiodic effects on the maturation of the pituitary- 
testicular axis cannot be dismissed (Paper 11). 

Table 1. Maturity of spermatogensis, bulbourethral gland weight and boar taint 
in pigs exposed to an 'artificial summer' or an 'artificial winter' (Paper 11). 

Summer Winter 

Frequency of mature 
spermatogenesis 13 % 57 % *** 

Bulbourethral gland (g) 
(mean f SD) 46f 10 63 f 24 ** 

Taint evaluation (1 -5) 
(mean f SD) 1.7 f 0.6 2.5 f 1.0 * 

SD = standard deviation. 
* = P<0.05, ** = P<O.Ol and *** = P<O.OOl. 

All three groups that were subjected to an abrupt increase in photoperiod when 
allocated to the experimental rooms showed a transient increase in plasma 
testosterone, but this was not accompanied by a parallel increase in oestrone- 
sulphate (papers I and 11). A similar phenomenon has previously been observed in 
adult boars exposed to an abrupt shift in photoperiod (Claus et al., 1985). Gradual 
(natural) versus abrupt changes in photoperiod have shown differential effects on 
reentrainment of circadian rhythms, as well as on reproductive responses in 
Siberian hamsters (Gorman et al., 1997). Oestrogens are synthesized in porcine 
testicular Leydig cells from 19-norandrogens by aromatase (Raeside et al., 1989). 
The discrepancy between testicular androgen and oestrogen secretion may be due 
to a time delay in the reaction to the photoperiodic shift between the 
hypothalamus-pituitary-testicular axis and some other (possibly endocrine) factor 
which plays a role in the aromatization in testicular tissue. Normally, 
aromatization takes place in the Leydig cells but there are indications that the 
Sertoli cells have the capacity to aromatize androgens during sexual development 
(Dorrington et al., 1978). The animals which experienced a large photoperiodic 
shift (i.e. of 10 h) showed a delay in sexual development. When two groups were 
exposed to a smaller, abrupt increase in photoperiod ( 5  h), effects on the 
endocrine pattern were noted but no effects of reproductive development could be 
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main factors causing the problems of measuring porcine melatonin with 
radioimmunoassays. Unfortunately, these disturbances are not always revealed by 
conventional technical evaluation steps such as parallelism and sensitivity. Thus, 
to confirm these findings, very sensitive non-immunologically based methods 
therefore need to be applied. 

Using the Buhlmann assay, we could demonstrate a typical circadian melatonin 
profile, with low levels during the day and increased secretion during darkness, as 
described by Paterson et al. (199213). Since the Buhlmann assay is very sensitive 
we could measure dark-phase melatonin concentrations even in animals with a 
very low nocturnal secretion, which has been difficult in other studies (Paterson et 
al., 1992b; Klupeic et al., 1997). Dark-phase melatonin concentrations were 
higher in the 'natural long-day' group than in the 'artificial long-day' and 'artificial 
short-day' groups (Figure 3). The six sons of Father I had higher dark-phase 
melatonin concentrations than did the nine sons of Father I1 and the two sons of 
Father 111. An evaluation of individual melatonin profiles showed that the 
duration of the elevated melatonin phase was synchronized to the period of 
darkness in the artificial light regimens. The recorded timing of the evening 
increase and of the morning decline in melatonin among the animals in the 
'natural long-day' varied between individuals, but for all animals in this group, 
both the evening increases and the morning decreases in melatonin took place 
when the supplementary light was off, and before sunset and after sunrise. The 
duration of the elevated melatonin phase was 15-17 h in the 'artificial short-day' 
group, 7-12 h in the 'artificial long-day' group and 12-14 h in the 'natural long- 
day' group (Figure 3). 

In all three groups, cortisol showed a typical diurnal pattern of circadian 
rhythmicity, with a morning peak and an evening nadir (Barnett et al., 1981; 
Janssens et al., 1995). The 'natural long-day' group had higher light-phase peak 
concentrations in cortisol than did the 'artificial long-day' and 'artificial short-day' 
groups, but there was no difference in cortisol levels between treatments during 
the dark phase (Figure 3). 

After having observed the abstruse results from the first assay (Paper 111), we 
hoped that synchronous measurement of melatonin in both wild and domestic 
pigs would show whether the Buhlmann assay is practicable for measuring 
porcine melatonin. It would be highly unlikely that the temperate, seasonally 
breeding European wild boar would not express a typical melatonin profile 
entrainable by photoperiod. The study was to reveal whether domestication has 
altered melatonin secretion in pigs. 

The study showed a circadian melatonin profile entrained by the photoperiod 
for both the European wild boars and the domestic gilts. There was no apparent 
difference between wild and domestic pigs, although large differences between 
individual animals in the increase of nocturnal melatonin secretion were again 
observed (Figure 4). 

When plasma melatonin was compared among a larger number of domestic 
pigs in a conventional piggery, night-time melatonin concentrations were clearly 
higher than daytime melatonin levels. An unexpected finding was that the three 
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Among the 48 piglets tested, there was an interaction between light phase and 
litter, as night-time but not daytime melatonin concentrations differed between 
litters. However, in contrast to Paper 111, the effect of father in Paper V was not 
quite significant (FO. 12). There was no difference in melatonin concentrations 
between the male and female piglets. 

A relatively low amplitude of dark-phase melatonin secretion seems 
characteristic to pigs (papers 111-V), and has probably been one factor which has 
contributed to the difficulties of measuring porcine melatonin in blood. A 
genetically determined capacity for pineal melatonin synthesis is responsible for 
the individual levels of dark-phase melatonin in sheep (Zarazaga et al., 1998a; 
Zarazaga et al., 1998b). Differences in nocturnal melatonin levels between sibling 
groups in papers I11 and V, suggest that the genetic effect is important also in 
pigs. 

Wild boars Domestic gilts 
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Figure 4. Individual melatonin patterns in summer in three wild boars and three domestic 
gilts (Paper IV). 

In the rat, the rate of melatonin synthesis is regulated mainly by NAT (Klein et 
al., 1997) but in the Siberian hamster, which has higher levels of nocturnal 
melatonin during short days than during long days, there are indications that it is 
the pineal enzyme hyroxyindole-0-methyltranseferas (turning N-acetyl-serotonin 
into melatonin) which drives the photoperiodic changes in nocturnal melatonin 
(Ribelayga et al., 2000). The pineal enzyme(s) responsible for the low levels of 
nocturnal melatonin secretion in pigs is not known and, in contrast to findings 
reported for the Siberian hamster, we did not find any seasonal differences in 
levels of nocturnal secretion (Paper IV). The lower levels of nocturnal melatonin 
in animals kept under high-intensity light conditions (Paper 111) may point to 
quality effects, such as light intensity and the gradual changes of dawn and dusk, 
rather than to a duration effect of the light environment on porcine melatonin 
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exposure to long days over a prolonged period of time have not been studied in 
pigs, but would probably only result in photorefractoriness. 

Stable windows make the use of artificial light regimens to stimulate pig 
reproduction more complicated. Only during the darker part of the year can 
artificial light regimens be used to create long-day exposure followed by short 
days and thus stimulate reproduction. Such a programme could be used to 
stimulate puberty in gilts (Paterson and Pearce, 1990), but since many other 
stimulative options, such as contact with a boar, or relocation, are available, short 
daylight regimens would probably be of limited additional benefit. Unless the 
period of natural light can be regulated, it is difficult to see how artificial short 
days could be used to decrease the problems of seasonal infertility during summer 
and early autumn, as the long natural photoperiod probably would undermine the 
influence of the lighting regimens. If, however, the access to natural light could 
be restricted to 6-8 h per day (short days), a gradual shift from artificial long days 
to natural short days 1-2 months before mating or artificial insemination (AI) may 
possibly have a positive effect on the pregnancy rate. Mimicking short days by 
exogenous administration of melatonin (Paterson et al., 1992a) could have a 
positive effect on seasonal infertility problems, if the melatonin is administered 
well in advance of the time of desired effect. Examples of other management 
tools to reduce problems with seasonal infertility are cooling systems (Wettemann 
and Bazer, 1985), feeding (Love et al., 1995) and exogenous oxytocin (Pena et 
al., 1998). 

Seasonality and domestication 
Many mammals, both seasonal and non-seasonal breeders, show a photoperiod- 
regulated seasonal prolactin secretion, which is high during long days and shows 
a nadir during short days, a pattern also observed in European wild boars (Ravault 
et al., 1982). We measured low concentrations of prolactin (papers I and 11) but 
somewhat higher levels were observed among animals kept under long-day 
conditions in both studies. As neither a typical circadian melatonin rhythm nor a 
circannual prolactin rhythm had previously been described for modern pig breeds, 
the hypothesis that domestication has disrupted all seasonal patterns in domestic 
breeds has been proposed (see, e.g., Green et al., 1996). Since both wild and 
domestic pigs express a typical circadian melatonin rhythm entrainable by 
photoperiod (papers I11 and IV) and functional melatonin binding sites in the pars 
tuberalis have been identified in neonatal pigs (Williams et al., 1999), it is 
unlikely that impaired pineal synthesis is the cause of reduced seasonality in the 
breeding pattern or prolactin secretion of domestic pigs. The reduction in 
seasonality caused by artificial selection of pigs therefore probably occurs post- 
pineally, at the level of the hypothalamus or the pituitary, respectively. In contrast 
to the seasonal regulation of GnRH release, photoperiod, through melatonin, acts 
directly on the pituitary gland, and entrains the circannual prolactin rhythm 
(Lincoln, 1999). During the domestication of pigs, alterations of the circannual 
prolactin rhythm may therefore have occurred separately from effects on the 
reproductive system. 
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