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Individual recognition by scent
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Individual recognition requires the ability to discriminate multiple animals according 
to their unique features. How animals do this will depend on the relative benefits to 
the evaluator and the cue-bearer; individuals may be discriminated either by the use 
of non-specific cues that are sufficiently variable to allow individual identification, or 
by a specific, evolved signal. Individuality information may be coded in a number of 
ways, although scent appears to be the primary modality for individual recognition in 
many species. We discuss the cue characteristics necessary to code individuality reli-
ably, and review the bioassays that have been used to assess individual recognition 
ability. Although there is much indirect evidence for individual recognition by scent, 
many of the widely-used paradigms focus on the detectability of differences between 
odours rather than their function, or are compromised by the differing familiarity of 
odours. Further work should concentrate instead on functional assays that can disen-
tangle odour discrimination from the role of odours in communicating individuality.

Individual recognition and scent 
cues

Individual recognition

Most animal species can discriminate between 
their conspecifics on the basis of a number of 
characteristics, which may include sex, reproduc-
tive status, dominance rank, familiarity, group 
membership, kinship and individual identity. 
With the exception of individual identity, each 
of these characteristics represents a class that 
may contain more than one animal. Conspecifics 
can usually be assigned to an appropriate class 
using a relatively simple distinction between a 
few — often only two — alternatives, such as 
“familiar” vs. “unfamiliar”, “male” vs. “female”, 
“group member” vs. “non-group member”. By 

comparison, individual recognition requires a 
number of animals to be identified uniquely. 
Because this calls for the assessment of many 
unique cues, it is likely to be a much more 
complex task requiring specific perception and 
discrimination abilities (see Mateo 2004). Nev-
ertheless, acquiring the capacity to discriminate 
individual conspecifics might bring considerable 
benefits, particularly if animals can remember 
and use information from previous encounters 
to moderate future responses towards the same 
individual. For example, recognizing individual 
identity could allow animals to avoid encounters 
with individuals to which they have previously 
lost contests, or to recognize long-term mating 
partners. Although the capacity to identify indi-
viduals should develop in such situations, rela-
tively little is known about how widespread 
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true individual recognition is. The first step in 
assessing individual recognition is to identify the 
means by which this information is transmitted.

Incidental cues versus evolved signals

For individual recognition to take place, each 
animal to be identified must carry its own unique 
identity information (the expression compo-
nent of recognition, see Tsutsui 2004). How 
this information is coded will depend in part 
on whether individuals benefit from advertising 
their identity. If there is no advantage to being 
recognized, animals are unlikely to deliberately 
advertise their identity and those attempting to 
discriminate (the evaluators) must do so without 
the benefit of cooperation from the cue-bearers. 
In this case, general characteristics of the indi-
vidual may be seconded to a role in individual 
recognition. Humans, for example, are able to 
discriminate individuals using broad character-
istics, such as gait or clothing, when the pri-
mary individual identity signal — the face — is 
obscured (Bruce & Young 1986). These general 
characteristics may primarily serve other signal-
ling functions or they may have no role in signal-
ling, but can nevertheless be utilised by other 
conspecifics and may be used to discriminate 
between individuals. This type of interaction is 
sometimes described as eavesdropping (Brad-
bury & Vehrencamp 1998), since the evaluator 
is detecting and using information that is not 
actively signalled to it by the cue-bearer.

While individual recognition may be pos-
sible without any cooperation from the animal 
being identified, there are many situations in 
which animals could benefit from actively adver-
tising their individual identity to conspecifics. 
Although predicting when the benefits of signal-
ling identity outweigh the costs can be difficult 
(Johnstone 1997), such advertisement is likely 
to be particularly advantageous in species with 
complex social interactions, where the ability 
to identify individuals allows the recognition of 
long-term partners, the establishment of domi-
nance hierarchies or other competitive relation-
ships based on individual identity, or the main-
tenance of delayed reciprocal altruism. Where 
individual recognition benefits both participants, 

selection should ensure that identity is reliably 
characterised and easy to assess. This could be 
achieved through the evolution of an individual 
identity signal if existing incidental cues are 
not sufficiently reliable for unambiguous iden-
tification, or do not allow efficient recognition 
in contexts where recognition is important (for 
example, at a distance or in the dark).

Information required for individual 
recognition

Any individuality cue, whether it is based on inci-
dental information or an evolved signal, should 
exhibit certain key characteristics in order to fulfil 
the requirement for reliability. Firstly, it should 
be relatively independent from other background 
variation: that is, it should be sufficiently distinc-
tive to be easily and reliably disentangled from 
all other types of information (Halpin 1986). For 
example, humans discriminate between familiar 
individuals on the basis of their facial characteris-
tics, an ability that appears to be relatively robust 
to changes in facial expression (Posamentier & 
Abdi 2003). Facial expressions are a source of 
short-term information about a person’s current 
emotional state, but the ability to recognize the 
individual producing different facial expressions 
is largely independent of such changes.

Secondly, reliable individuality signals 
should exhibit a high degree of diversity between 
individuals. However, it is usually unnecessary 
for every individual of a species to have a unique 
cue, because geographic and temporal isolation 
ensure that the majority of individuals of a spe-
cies will never meet. Thus, the diversity required 
will depend on each species’ social system and 
contact networks. Some degree of error may also 
be acceptable — for instance we know from per-
sonal experience that there are occasional errors 
in individual recognition among humans, but the 
system is sufficiently accurate to maintain a large 
range of social functions based on individual-
ity. The error rate depends on the combinatorial 
diversity of the cues available, with precision 
being maximised when each individual has a 
unique cue (Dale et al. 2001).

Finally, identity cues should exhibit temporal 
stability. While age, reproductive status, health 
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and social status vary through time, identity 
(species, sex, individual) remains constant. In 
order to maintain the association between the 
individual animal and its identity signal, the 
signal must remain stable despite variation in 
other characteristics reflecting the animal’s cur-
rent status and environment (it should be con-
dition-independent: Dale et al. 2001). It is not 
essential for an individual identity cue to remain 
fixed throughout life, as long as any changes take 
place sufficiently gradually to allow the evalu-
ators to adjust their recognition template (see 
Liebert & Starks 2004). The degree of stability 
required is thus a function of the rate of change 
in relation to opportunities to update the signal 
— a signal might be able to change more rap-
idly where frequent encounters ensure that each 
evaluator’s template remains updated, although 
a signal fixed for life would never need to be 
updated.

Any cue with these characteristics could be 
considered reliable for the purposes of individual 
recognition, whether this cue arises incidentally 
or has evolved specifically to provide a signal of 
identity. Signals that provide reliable information 
about the individual identity of the cue-bearer are 
likely to be found in a wide range of situations, 
but they are likely to be particularly important 
in cases where the signal is physically separated 
from the cue-bearer, as is often the case in com-
munication through scent.

The use of scent for signalling individual 
identity

Animals release odours from many sources 
including a wide range of scent glands and in 
faecal and urinary excretions (e.g. Brown 1979, 
1995, Brown & Macdonald 1985). In many 
cases, scents are deliberately placed in the envi-
ronment in the form of scent marks to provide 
information over a prolonged period of time, 
even when the owner is elsewhere. To provide 
information about the specific scent owner, a 
scent mark needs to include reliable and long-
lasting information about the owner’s identity 
when no other cues are available. For example, 
scent marks are used by many species to signal 
their ownership of territories, both to defend 

them from potential competitors and to attract 
potential mates. Only animals that can success-
fully protect their territory are able to ensure that 
their scent marks predominate (Gosling 1982) 
and, in order to ensure that their marks remain 
predominant, territory owners quickly counter-
mark any scent marks left by intruders (Johnson 
1973). The original mark, the intruder mark, and 
the countermark all persist in the environment, 
providing a lasting record of both the challenge 
and the response by the territory owner as long 
as the different owners of the scent marks can 
be identified (Hurst & Beynon 2004). Because 
scent marks are deliberately deposited as signals 
from the scent owner, we might expect to see the 
evolution of signal components that allow both 
efficient and reliable communication of the cue-
bearer’s identity (species, sex and individual).

Scent marks carry both fixed (genomic) 
and variable (metabolic) information about the 
owner. Metabolic fluctuations resulting, for 
example, from changes in health, reproductive 
status, diet, and social rank may all result in 
changes to the odour profile of an individual’s 
scent marks. In comparison, the invariant infor-
mation contained in scent relates to genetically 
fixed characteristics such as species, sex, and 
individual identity. For example, information on 
species and sex in the mouse are inherently 
coded in male mouse-specific signalling vola-
tiles expressed under androgen control that can 
easily be distinguished against the complex set 
of metabolites excreted in mouse urine (Harvey 
et al. 1989). However, it is not yet established for 
any species whether there are also specific genet-
ically-coded individuality signals in scent that 
are encoded independently of other variation. 
Detecting an individual identity signal is compli-
cated by the fact that animals may also be able 
to discriminate differences between individuals 
using incidental cues, which might include both 
metabolic and genetically determined scents. For 
example, the combination of sex, familiarity, 
age, and dominance status could be sufficient 
to assign approximate identities to several indi-
viduals in a small population. However the fluc-
tuating nature of metabolic cues is likely to make 
a system based entirely on such cues relatively 
unstable, and we might expect relatively high 
rates of identification error as a result. Further-
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more, variable metabolic cues also carry other 
useful information which is of interest in its own 
right. Animals need to recognise scent owner 
identity (species, sex and individual) and asso-
ciate this with additional information about the 
owner’s current status. A genetically-determined 
cue offers distinct advantages, overcoming both 
the problems of instability and of dual signalling 
roles. However, while many genes are likely to 
contribute indirectly to differences in the scents 
expressed by individuals through influencing 
levels of metabolites, these same components are 
also likely to be influenced by current physiolog-
ical state and may not be a stable characteristic 
of the animal despite a genetic influence (Hum-
phries et al. 1999, Hurst & Beynon 2004). To 
provide the necessary stability, a reliable scent 
cue ideally needs to be both genetically-deter-
mined and expressed independently of metabolic 
and environmental fluctuations in order to avoid 
the need to continually update the recognition 
template.

Assessing individual recognition

Although there is a strong basis for predicting 
that many species may be able to discriminate 
between individuals rather than classes of con-
specifics, it has proven difficult to determine 
empirically whether animals are able to iden-
tify individuals and which cues they use to 
do so. This is largely because of the difficulty 
in discriminating between responses to general 
changes in odour, and responses that are specifi-
cally related to individual recognition. While the 
need to distinguish between the two may seem 
self evident, it is not easy to eliminate potentially 
confounding variables. A particularly common 
problem is differing familiarity of the test scents 
to the subject. Under these circumstances, a dif-
ference in response to one scent compared with 
another could indicate recognition of familiarity 
rather than individuality. Designing experimental 
paradigms that eliminate differences in familiar-
ity has proven particularly difficult. In fact, it is 
virtually impossible to eliminate all differences 
between a pair of scents apart from those due to 
an individuality signal. This difficulty is likely 
to be particularly problematic in species where 

incidental cues are involved in the assessment 
of individual identity. Because incidental cues 
are likely to code a range of variable informa-
tion, detection of a change in these cues between 
two individuals does not necessarily indicate 
individual recognition. Animals are likely to be 
sensitive to changes in a range of scents or scent 
components, many of which will impart infor-
mation of considerable importance about the 
scent owner but are not concerned with the own-
er’s individual identity. Experimental paradigms 
thus need to distinguish between a response that 
is elicited merely by a change in scent, and a 
response which specifically indicates recognition 
of individual identity. In this context, functional 
responses that involve a reactive behavioural or 
physiological response which specifically relates 
to individual recognition are more informative 
than responses that reflect simple discrimination 
between scents. Nevertheless, responses that are 
based only on scent discrimination or investi-
gative behaviour have been used widely in the 
assessment of individual recognition, and we 
begin by discussing these types of test before 
considering functional paradigms.

Non-functional paradigms

Operant conditioning

By repeatedly presenting two odour stimuli 
simultaneously, one of which is coupled with a 
reward, it is possible to train rodents to respond 
differentially to a pair of odours. Training often 
begins with simple odours, such as juniper and 
cinnamon, or mouse odours from pairs of strains 
that are genetically very different. Subsequently, 
testing moves on to pairs of strains with more 
subtle genetic differences at the loci of interest. 
The training regime generally consists of depriv-
ing animals of water for several hours, then 
allowing access to a water droplet as a reward 
for a correct response. Often many hundreds of 
trials are required to achieve the predetermined 
concordance level, which is usually set at around 
80% or 90% (e.g. Yamaguchi et al. 1981, Yama-
zaki et al. 1990, 1994, Bard et al. 2000).

Operant conditioning experiments have pro-
vided some of the best evidence for the ability 
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of rodents to discriminate odours. These studies 
have particular value in determining the detec-
tion thresholds of various stimuli, and in this 
context they have been invaluable in demonstrat-
ing the acute sensitivity of mice and rats to small 
changes in both metabolically and genetically 
associated odours. In fact, these tests have dem-
onstrated olfactory acuity to be of such sensitiv-
ity that the vast majority of odours tested have 
been successfully discriminated (see Appendix 
1 for some of the major findings resulting from 
using this technique).

Habituation–dishabituation and habituation–
discrimination

The habituation–dishabituation bioassay pro-
vides an attractive alternative to operant con-
ditioning, and is perceived as being more nat-
ural than operant conditioning since it relies 
on spontaneous rather than trained behavioural 
responses (Brown et al. 1990, Penn & Potts 
1998b, Carroll et al. 2002). In this procedure, a 
stimulus is presented repeatedly until a habitu-
ation response is observed — that is, the inves-
tigation of the stimulus declines as it increases 
in familiarity. A test stimulus is then presented. 
If the subject detects a difference in the new 
scent as compared with the habituation scent, 
investigation increases to levels close to — but 
generally lower than — those observed in the 
first habituation presentation. This is the disha-
bituation response. The control test generally 
consists of a test sample derived from animals 
genetically identical to those that provided the 
habituation scent and maintained under similar 
conditions. To determine whether the response to 
the test odour is greater than that to the control, 
the magnitude of the dishabituation response is 
compared between the two tests. This is neces-
sary since the technique is extremely sensitive 
to small odour changes, and subjects typically 
dishabituate even to control samples (e.g. Penn 
& Potts 1998b). To reduce this response, each 
sample usually consists of pooled urine collected 
from several genetically identical animals. This 
has the effect of reducing the dishabituation to 
the control test, although even after pooling some 
residual level of response usually remains (Penn 

& Potts 1998b). In a variation on this procedure, 
the final test sample and the control sample are 
presented simultaneously. In this design, called 
habituation–discrimination, the responses to the 
habituated test scent and the control scent can be 
compared directly within a single trial (e.g. John-
ston & Jernigan 1994). Both the habituation–dis-
crimination and the more widely-used habit-
uation–dishabituation tests have been used to 
demonstrate that both mice and rats will respond 
spontaneously to a wide variety of subtle genetic 
and metabolic changes in odour (Appendix 2).

Limitations of non-functional tests

Operant conditioning studies conclude that two 
odours can be discriminated if subjects visit a 
rewarded odour at greater than chance levels. 
Although a powerful method for assessing the 
detectability of odour differences, it does rely 
on at least two markedly unnatural conditions. 
Firstly, the subjects are trained to associate a 
reward with a particular odour, a process which 
often takes several hundred trials to achieve. 
Apart from the artificial nature of this process, 
there is the additional problem that with suf-
ficient training mammals — including humans 
— can learn to detect at least some types of 
odours to which they are not normally sensitive 
(Wang et al. 1993). Secondly, subjects are typi-
cally water-deprived, and thus unusually highly 
motivated to acquire a water reward for compli-
ance. How this compares with the motivation 
to detect small odour differences under natural 
circumstances is unknown, but it may be sig-
nificant that even under the powerful motivating 
influence of acute thirst, mice and rats generally 
find the operant conditioning task difficult (as 
evidenced by the large number of training trials 
required). The circumstances of the operant con-
ditioning paradigm are far removed from any 
natural functional context — a limitation that has 
repeatedly been pointed out (e.g. Halpin 1980, 
1986, Schellinck & Brown 1992, Penn & Potts 
1998b). Furthermore, the non-functional nature 
of the test means that operant conditioning stud-
ies measure only whether an odour difference is 
detectable after intensive training, and not how 
relevant this difference is for individual recogni-
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tion. Operant conditioning studies nevertheless 
remain effective in determining whether pairs 
of odours can be detected (e.g. Lai & Johnston 
2002, Osada et al. 2003), and may act as a first 
step towards assessing any role such odours may 
play in social communication.

Habituation–dishabituation and habituation–
discrimination methods remove the complicat-
ing factors of training and motivation enhanced 
by water deprivation, but similarly suffer from 
a lack of functional context. In fact, by relying 
entirely on variation in a spontaneous inves-
tigation response, the habituation–dishabitua-
tion paradigm is based on somewhat less robust 
assumptions. In the majority of cases subjects 
dishabituate to the control as well as the test 
samples, illustrating the extreme sensitivity of 
the test — even genetically identical individuals 
from the same strain are often discriminated (e.g. 
Brown et al. 1990, Penn & Potts 1998b), and 
when urine from multiple individuals of the same 
strain is pooled to control for non-genetic varia-
tion, some degree of dishabituation still occurs 
(Penn & Potts 1998b, Carroll et al. 2002). The 
important point here is that rodents respond to 
virtually every odour tested using this paradigm, 
regardless of whether these odours are involved 
in individual recognition. So can this method be 
used to assess which odours are important for 
individual recognition? The usual mechanism 
for assessing the relative importance of odours is 
to compare the magnitude of the dishabituation 
response in test and control trials. Dishabituation 
to the control odours from genetically-identical 
individuals represents a response to non-genetic 
variable background information, which, while 
it may carry useful information on an animal’s 
current status, is unlikely to be the basis of a 
stable individuality signal. An increased mag-
nitude of response to strains that are geneti-
cally distinct is often interpreted as evidence for 
individual recognition, signalled by whichever 
genetic component differed between the pair of 
scents under test. However, it is inevitable that 
adding genetically-induced odour differences to 
those resulting from non-genetic sources will 
increase the magnitude of the disparity between 
odours, and hence the strength of the investiga-
tion response. If several genetic differences each 
lead to increased response over the control, the 

habituation–dishabituation test offers no mecha-
nism for determining their relative importance 
for detecting particular information, except by 
ranking the size of the dishabituation response. 
Unfortunately this assumes an unsupported rela-
tionship between dishabituation and relevance to 
individual recognition.

The problem of assessing the relative impor-
tance of two dishabituation responses highlights 
a broader limitation of the habituation–disha-
bituation paradigm. This type of test is based 
entirely on the measurement of investigation, 
which is an inappropriate measure for assess-
ing recognition. Investigation is associated with 
information gathering, which is part of the per-
ception component of scent assessment (Mateo 
2004). Increased investigation thus implies the 
recognition of novelty in a stimulus which stimu-
lates increased information gathering to allow 
perception of the cues, but unfortunately it does 
not tell us anything about the nature of the new 
information, nor its interpretation by the subject. 
A wide range of metabolically- and genetically-
influenced scents have elicited a response in 
habituation–dishabituation tests (Appendix 2). 
In order to determine which components of 
scent have meaning in individual recognition, 
we need to assess the action taken by the animal 
after it has perceived information on the identity 
of the scent owner (the action component, see 
Liebert & Starks 2004). Only by looking at spe-
cific functional responses elicited by individual 
recognition can we discriminate between scents 
that are novel but irrelevant, scents that provide 
information about the status of the scent owner, 
and scents that allow recognition of individual 
scent owners. Paradigms that attempt to assess 
the functional significance of odours by assess-
ing behavioural or physiological responses have 
been developed, and these are discussed below.

Mate choice and pregnancy block

Some of the first evidence that rodents discrimi-
nate among their conspecifics came from mate 
choice and kin selection studies. For example, 
mice of both sexes generally prefer mating part-
ners from different inbred strains to their own 
(Yamazaki et al. 1976, 1978, Egid & Brown 



ANN. ZOOL. FENNICI Vol. 41 • Individual recognition by scent 771

1989), while females nest preferentially with 
females genetically identical to themselves over 
those from a different strain (Manning et al. 
1992). Clearly both of these abilities could be 
explained without invoking individual recogni-
tion, as animals could select both mating and 
nesting partners on the basis of simple binary 
categorization into ‘different from self (or kin)’ 
and ‘similar to self (or kin)’. Indeed, mate choice 
studies do not generally test for the ability to 
recognise individuals, but rather the ability to 
classify conspecifics according to the sharing 
of particular characteristics (see Lewis et al. 
2004). Exceptions to this lie in those cases where 
potential partners do not differ from each other 
on the basis of their relatedness or familiarity to 
the subject, but have other characteristics which 
allow them to be uniquely identified. For exam-
ple, brief exposure to a male odour increases 
female preference for that male in a subsequent 
binary test, an effect that is strong enough to 
override the usual bias against parasitized males 
(Kavaliers et al. 2003). Although this particular 
design still suffers from the problem that males 
differ in their familiarity to the female (and 
indeed was not designed to test individual rec-
ognition), further work could refine such mate 
choice tests to overcome these difficulties.

Females tend to prefer males that advertise 
their territory ownership by maintaining exclusive 
scent-mark coverage (Rich & Hurst 1998, 1999; 
also see below). This requires females to exercise 
a choice of individual males, a behaviour which 
presents the opportunity to develop alternative 
mate-choice based bioassays of individual recog-
nition. For example, following exposure to a pair 
of scent-marked male territories, females express 
a subsequent preference for males whose terri-
tory is either exclusively marked by the owner, 
or where any intruder marks have been coun-
ter-marked, over those males owning territories 
that have been counter-marked by an intruder 
(Rich & Hurst 1998, 1999). Similarly, in species 
where males physically overmark intruder scent 
marks (placing their own scent directly on top 
of the intruder scent, rather than adjacent to it), 
females can discriminate between the original 
mark and the overmark, and again they prefer 
the overmarking male (Johnston et al. 1997). 
This bioassay overcomes the problem of unequal 

familiarity of subjects, since both the intruder 
mark and the countermark are of equal familiarity 
to the female. The results imply that females have 
recognized the individual identities of the two 
territory owners in order to discriminate, and that 
this recognition is independent of any differences 
in the familiarity of the male scents.

Pregnancy block, or the Bruce effect, has 
been used quite extensively to assess the scent 
cues that females use to recognize a familiar 
partner with which they have recently mated and 
the neurophysiological mechanism underlying 
individual recognition. If a pregnant female is 
separated from the stud male with which she has 
mated during the first few days after copulation 
and exposed to the odours of a novel male, a 
significant proportion of pregnancies fail (Bruce 
1959; reviewed by Brennan & Peele 2003). 
Shortly after mating, females form an olfactory 
memory of the stud male in the accessory olfac-
tory bulb (Brennan et al. 1990). Subsequent 
exposure to scent from an unfamiliar male of a 
different strain to the stud male within 5 days of 
mating disrupts prolactin release from the ante-
rior pituitary, causing failure of embryo implan-
tation in the uterus. By contrast, pregnancy is not 
blocked by the scent of males that are genetically 
identical to the stud male. This test therefore has 
been used to assess the genetically-determined 
olfactory cue by which a female recognises the 
stud male (Yamazaki et al. 1983b, 1989, Peele et 
al. 2003, Leinders-Zufall et al. 2004). The preg-
nancy block paradigm has an advantage over 
non-functional tests, since it measures a natural 
physiological response on encountering scents 
from genetically-distinct individuals. As a result, 
it can be applied to address the ability of females 
to discriminate familiar individuals (with which 
they have recently mated) from unfamiliar males, 
the molecular basis of the scents used in this 
recognition, and the neurophysiological mecha-
nisms underlying the recognition process.

However, some caution has been voiced con-
cerning the functional significance of the preg-
nancy block response, which is not as clear-cut 
as is sometimes suggested. Firstly, there is no 
useful model of how pregnancy block might 
operate in the wild. Although it has been sug-
gested that the mechanism allows females to 
upgrade their choice of mate should a new male 
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take over the local territory, this does not explain 
the observations that subordinate males are just 
as effective at blocking pregnancy as dominant 
males and exposure to subordinate males can 
even block pregnancies sired by dominant males 
(Labov 1981) while scent from males genetically 
identical to the female will block pregnancies 
sired by unrelated males (Parkes & Bruce 1961). 
In comparison, in pre-copulatory tests females 
show a strong and predictable preference for 
dominant over subordinate males, and for unre-
lated over closely related males. Additionally, 
the few field tests conducted so far have failed 
to demonstrate the existence of pregnancy block 
in semi-natural rodent populations (de la Maza 
et al. 1999, Mahady & Wolff 2002, Wolff 2003). 
Secondly, the pregnancy block response is not 
specific to exposure to odours from different 
individual males, and may also be a response 
to novelty or stress rather than individuality. 
For example, a variety of physical stimuli have 
been shown to cause pregnancy block (Weir & 
de Fries 1963). The response is strongest among 
sexually naïve females that had not previously 
encountered adult males, so that the novelty of 
the second male odour encountered might pos-
sibly be responsible for the effect rather than 
individual recognition per se. Finally, although 
pregnancy block measures a natural physiologi-
cal response, the test itself is not particularly 
natural. The test usually involves an exaggerated 
stimulation of the olfactory system through the 
application of large quantities of urine to the 
nose of the mated female, a situation that seems 
unlikely to occur in nature. Nevertheless, preg-
nancy block provides a very useful test to address 
the neural mechanism in the vomeronasal system 
that underlies recognition of a familiar stud male 
compared to a novel male.

A physiological response known as the 
Coolidge effect describes the phenomenon 
whereby males mated to satiety with one female 
will display renewed sexual interest when pre-
sented with a novel female (Dewsbury 1981). 
This mechanism has been interpreted as evidence 
for individual recognition (e.g. Petrulis & Eichen-
baum 2003). A test of individual recognition 
based on the Coolidge effect would benefit from 
the spontaneity of this behaviour, which has dis-
tinct functional benefits to the male. However any 

such bioassay suffers from the recurring problem 
of unequal familiarity — novel and previously-
mated females are not of equivalent familiarity to 
the subject. While it might be possible to alleviate 
this to some extent by allowing prior contact with 
both females, females still fall into two distinct 
classes of ‘previously mated’ and ‘not previously 
mated’. There also remains a possibility that the 
act of mating may in some way influence the 
female’s odour (perhaps by the deposition of the 
male’s own scent on to the female).

Territorial countermarking

Scent marks in the environment continue to 
provide information to other conspecifics when 
the owner is absent, and are used by territory 
owners to demonstrate their competitive supe-
riority by ensuring that their own marks are 
always the freshest and most abundant in their 
territory. This is a reliable signal of competitive 
ability, because success in defending the territory 
is a prerequisite for maintaining scent marking 
coverage of the defended area. This signal of 
competitive ability makes successful males more 
attractive to females (Engel 1990, Rich & Hurst 
1998, 1999). As a result, territorial animals are 
highly motivated to defend their ownership of 
territories through scent marking, and territory 
holders immediately countermark the marks of 
intruding males in order to emphasise ownership 
(Johnson 1973, Hurst & Rich 1999). However 
for territory marks to demonstrate ownership and 
competitive ability effectively, they must con-
tain an individuality signal that allows potential 
competitors and females to recognise the terri-
tory owner. Without this identity information, 
all the benefits of scent marking are lost. For this 
reason, territorial scent marks are an ideal cue in 
which to look for individual identity signals.

Furthermore, this counter-marking system 
represents a functional assay of individual own-
ership recognition (Hurst et al. 2001). While 
mice countermark the scent marks of other 
males, they investigate but do not countermark 
in response to their own scent. The fact that 
mice respond to intruder but not to own marks 
indicates that they can discriminate ownership 
at least into the binary categories of ‘self’ and 
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‘not self’. However the countermarking response 
can also be used to assess more sophisticated 
recognition tasks, including that of individual 
recognition. Because each territory typically bor-
ders those of several other males (Crowcroft & 
Rowe 1963, Wolff 1985, Hurst 1987), mice may 
benefit from an ability to identify each individual 
neighbour by scent since this would allow them 
to determine ownership of competitors’ marks 
deposited in their territory. In laboratory enclo-
sures, territorial male mice can correctly identify 
an intruder’s scent mark and will countermark 
next to the neighbour from which the scent mark 
originated (J. L. Hurst & R. Frost unpubl. data).

The chemical basis of individual 
identity

The tests described above have been used to 
address the odour sources and the mechanisms 
underlying individual recognition in a number of 
rodent species (e.g. golden hamsters Mesocrice-
tus auratus: Johnston & Bullock 2001, Petrulis 
& Eichenbaum 2003; mound-building mice Mus 
spicilegus: Gouat et al. 1998; giant kangaroo rats 
Dipodomys ingens: Murdock & Randall 2001; 
prairie voles Microtus ochrogaster: Mahady & 
Wolff 2002; gray-tailed voles Microtus cani-
caudus: de la Maza et al. 1999). However, by 
far the bulk of research has focused on the house 
mouse (Mus domesticus) and brown rat (Rattus 
norvegicus), partly due to the ready availability 
of genetically-defined inbred strains that differ 
from each other at specific loci. Here we review 
evidence for the chemical basis of cues used 
in individual recognition, largely derived from 
studies of these two main model species.

MHC-associated odours

Urine is the primary source of scent cues in 
the mouse and rat, and animals of both sexes 
use urine marks for conspecific communication 
(Dagg et al. 1971, Brown 1975, 1977, Maru-
niak et al. 1975). Many genetic loci influence 
the complex set of volatiles expressed in rodent 
urine (Boyse et al. 1987, Beauchamp et al. 
1990, Eggert et al. 1996), which is made up of 

metabolic by-products and chemical components 
specifically manufactured and added to urine to 
act as chemical signals. An individual-specific 
cue needs to be sufficiently diverse to ensure that 
animals within the same local group, many of 
which are likely to be related and from a limited 
genetic pool, have different and easily discrimi-
nated scent cues. Much attention has therefore 
focused on the highly polymorphic major histo-
compatibility complex (MHC, called H-2 in the 
mouse and RT1 in the rat) as the main source of 
individual-specific genetically-determined scents 
ever since Yamazaki and colleagues showed that 
mice can discriminate urinary odours from MHC 
congenic strains that differ only at loci within the 
MHC region (Yamazaki et al. 1982, 1983a). Rats 
have a similar ability to discriminate between 
urine scents of MHC congenic strains of both 
mice (Brown et al. 1996) and other rats (Brown 
et al. 1989, 1990, Schellinck et al. 1991). Indeed, 
subsequent studies have revealed that MHC type 
influences odours in a wide range of vertebrates 
(e.g. fish: Aeschlimann et al. 2003, Olsen et al. 
2002; lizards: Olsson et al. 2003; birds: Zelano 
& Edwards 2002; humans: Porter & Moore 1981, 
Wedekind et al. 1995, Jacob et al. 2002).

Given the extraordinary degree of poly-
morphism of the MHC, and the influence of 
MHC on odours across a broad range of spe-
cies, it has been suggested that MHC-associated 
odours might be used both for the assessment of 
close genetic relatedness (through shared MHC 
odours) and for individual recognition (through 
differences in MHC odours expressed by ani-
mals that are not closely related) (Yamaguchi 
et al. 1981, Brown et al. 1987, Beauchamp et 
al. 1990, Penn & Potts 1998b). Studies using 
functional tests of mate choice or kin recognition 
have confirmed that MHC-associated odours 
appear to play a role in the assessment of close 
genetic relatedness (reviewed by Penn & Potts 
1999, Penn 2002). For example, female mice 
prefer to nest communally with other closely 
related females, favouring females of the same 
MHC type as themselves (Manning et al. 1992). 
Conversely in mate choice studies, mice prefer 
the scents of potential mates of different MHC 
type to those of their parents, experienced during 
rearing (Yamazaki et al. 1978, Egid & Brown 
1989, Penn & Potts 1998a). This leads to MHC 



774 Thom & Hurst • ANN. ZOOL. FENNICI Vol. 41

disassortative mate preferences (Potts et al. 
1991), a mechanism that might also operate 
among humans (Wedekind et al. 1995, Jacobs 
et al. 2002). However, it is not clear whether 
animals use MHC type as a marker of gen-
eral relatedness or, more specifically, to promote 
diversity at the MHC (reviewed by Penn & Potts 
1999). In strong contrast to individual recogni-
tion, these tests all demonstrate that animals are 
able to recognise familiarity in scents across 
different individuals, assigning those individuals 
that match their own scent, or the highly familiar 
scent on which they imprinted during rearing, to 
one class while all other individuals are assigned 
to a different class.

Because unrelated individuals are all likely to 
express different MHC types, it has widely been 
assumed that MHC also provides the main source 
of variation in odours that are used for individual 
recognition. However, the significance of MHC 
in individual recognition remains unclear. This 
is due both to uncertainty about the mechanism 
of signalling identity through MHC associated 
odours, and a shortage of evidence demonstrat-
ing a link between MHC odours and individual 
recognition in a functionally meaningful context. 
Although there is considerable evidence for the 
ability to discriminate odours according to MHC 
type from both operant conditioning (Appendix 
1) and habituation–dishabituation (Appendix 2) 
studies, there is very limited evidence for the 
functional use of such information in individual 
recognition. One functional test of individual 
recognition that has been applied is the ability 
of MHC-associated odours to induce pregnancy 
block. Scent from an unfamiliar strain that dif-
fers from the stud male only at MHC is sufficient 
to induce failure of pregnancy (Yamazaki et al. 
1983b, 1986). However, the response differs in 
two critical ways from that induced by different 
strain males in many other studies, raising doubts 
about the mechanism of response to MHC-asso-
ciated scents. While many studies have shown 
that pregnancy block is a specific response to 
contact with androgen-dependent scents from 
unfamiliar males (e.g. Bruce 1960, Dominic 
1965, Hoppe 1975), scent from an unfamiliar 
MHC congenic strain induces pregnancy block 
whether scents are from males or from females 
(Yamazaki et al. 1983b). Further, recognition of 

an unfamiliar male’s scent is mediated through 
the vomeronasal system and requires contact 
with the male or with male urine odours (Bren-
nan & Peele 2003); airborne volatiles alone 
are not normally sufficient to induce pregnancy 
block (Dominic 1966, Rajendren & Dominic 
1984). However, airborne urinary odours from a 
strain MHC congenic to the stud male appear to 
be just as effective as direct contact (Yamazaki 
et al. 1983b). This unusual response to airborne 
odours from mice of different MHC type to the 
stud male might thus be more consistent with a 
general stress response on encountering an unfa-
miliar mouse odour through the main olfactory 
system rather than recognition of scent from a 
different individual to the stud male through the 
vomeronasal system.

An individual identity cue needs to be not 
only highly polymorphic, but should also be a 
stable characteristic of the individual that can 
be discriminated independently of changes in 
individual status and environment. While MHC 
fulfils the requirement of a polymorphic cue that 
will differ at least between unrelated individuals 
(close relatives may share the same MHC-associ-
ated odours as demonstrated by mate choice and 
kin recognition studies), the stability of MHC-
associated odours and independence from other 
non-genetic variation depends on the molecular 
basis of MHC odours.

The mechanism underlying the production 
of MHC-associated odours has not yet been 
elucidated, but MHC type is detected through 
airborne odours that appear to consist of a com-
plex set of volatile metabolites that are bound 
and released by urinary proteins (Singer et al. 
1993, 1997). Three mechanisms have been pro-
posed to explain how these MHC-associated 
odours might be produced. An early hypothesis 
suggested that MHC type determined the com-
mensal bacterial flora of the skin, urinary tract 
and gut due to the role of MHC in the immune 
response; thus, individual MHC types would be 
associated with unique flora. As a result, the vol-
atile odorants in urine might arise as secondary 
metabolites derived from these bacteria (Howard 
1977, Brown 1995). However, the composition 
of an individual’s bacterial flora is not constant 
through time, and a number of experiments have 
shown that the immune regulation of commen-



ANN. ZOOL. FENNICI Vol. 41 • Individual recognition by scent 775

sal flora is not necessary for the production of 
MHC-associated odours, thus disproving this 
hypothesis (reviewed by Singh 2001). Never-
theless it is still likely that MHC-dependent 
bacterial flora contribute to volatile odourants in 
rodent urine.

The “carrier hypothesis” (Singh et al. 1987, 
Singh 1999, 2001) instead proposes that large 
fragments of MHC proteins in urine act as odor-
ant carriers, binding a specific profile of volatiles 
from the complex mixture of metabolites in urine 
or serum. The allelic differences that specify 
MHC are concentrated within the antigen-bind-
ing cleft that normally binds foreign peptides. 
As MHC class 1 proteins undergo degradation in 
urine, the antigen-binding cleft opens, resulting 
in the loss of the bound peptide. According to the 
carrier hypothesis, this vacant peptide binding 
site then acquires a set of small volatile mol-
ecules with a binding specificity dictated by the 
allelic variant. A unique set of volatile odorants 
would thus be selected from a common pool of 
metabolites in urine, to which commensal flora 
may also contribute; this volatile mixture is then 
slowly and steadily released from the carrier 
protein fragments to provide an individual odour 
signature. At present, there has been no direct 
test of the carrier hypothesis although results of 
an indirect test by Pearse-Pratt et al. (1999) are 
consistent with such a mechanism. However, a 
limitation of the hypothesis is that it is unclear 
how low molecular weight volatiles (typically 
200–300 Da) could be specifically bound to class 
I MHC protein fragments that normally bind 
much larger peptides (typically around 1000 Da) 
(Singer et al. 1997).

Alternatively, MHC type is likely to have a 
direct influence on the pool of volatile metabo-
lites in rodent urine that bind to urinary proteins. 
MHC polymorphism is known to have a wide 
influence on organ development, growth and 
hormone levels and these developmental vari-
ations may give rise to a distinctive pattern of 
volatile metabolites (Boyse et al. 1987). While 
MHC proteins are designed to bind peptides, 
another set of proteins, present in rodent urine 
at very high concentrations, are designed to bind 
and release low molecular weight odorant mole-
cules. These proteins, termed major urinary pro-
teins (MUPs) in the mouse or a-2u globulin in 

the rat, are lipocalin proteins whose only known 
functions are in chemical signalling. These pro-
teins have a central cavity that binds small apolar 
ligands (Beynon & Hurst 2004). This cavity 
is flexible and is able to accommodate a wide 
range of small molecules including environmen-
tally derived chemicals (Robertson et al. 1998), 
reporter molecules (Marie et al. 2001) and a vari-
ety of specific pheromones (Novonty et al. 1999, 
Sharrow et al. 2002). One of the main functions 
of MUPs is to act as a vehicle to elicit the slow 
release of pheromones from scent marks (Hurst 
et al. 1998). This might also include the binding 
and release of volatile metabolites influenced 
by MHC type. This mechanism is particularly 
attractive as it would provide a close physical 
link between the highly polymorphic pattern 
of volatile metabolites expressed by individuals 
(influenced by MHC and many other genetic 
loci) with the highly polymorphic pattern of 
involatile urinary proteins that are also expressed 
by individuals (see below). As yet, there have 
been no tests to distinguish between this MUP 
carrier hypothesis and the alternative MHC pro-
tein carrier hypothesis.

Whichever mechanism applies to the pro-
duction of MHC-associated odours, MHC type 
appears to be characterised by a complex set of 
volatile metabolites. These metabolites are also 
likely to be influenced by variable non-genetic 
factors including hormonal status, diet and bac-
terial flora. This raises a question about how 
stable such odours are likely to be among ani-
mals that inhabit variable environments and how 
well cues indicating the individual identity of the 
cue-bearer could be separated from information 
concerning the bearer’s current status. Although 
highly familiar odours can be recognised in 
a constant laboratory environment, odour dis-
crimination tests suggest that changes in diet, 
for example, mask recognition of MHC type 
(Schellinck et al. 1997). Factors such as daily 
diet and bacterial flora picked up by individuals 
from the environment are likely to vary through 
time within an individual among opportunistic 
species like mice and rats, resulting in changes 
to the complex pattern of metabolites expressed 
in an individual’s urine. This may limit the 
long-term reliability of such cues for individual 
recognition, although MHC scents are likely to 
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contribute to the recognition of familiar indi-
viduals while these scent cues remain unchanged 
(see below).

Major urinary proteins (MUPs)

Recent studies have revealed that the pattern 
of MUPs expressed by individual mice is also 
extremely polymorphic (Robertson et al. 1997, 
Pes et al. 1999, Payne et al. 2001, Beynon et al. 
2002). MUPs appear to have ideal characteris-
tics for providing a stable and persistent indi-
vidual identity cue (Beynon et al. 2001) and their 
extreme polymorphism may have evolved for 
this purpose. Each individual typically expresses 
7 to 14 separate MUP bands when MUPs are 
separated according to charge by isoelectric 
focusing, and there is considerable combinatorial 
diversity between individuals even within geo-
graphically isolated populations where genetic 
heterogeneity is much reduced. The pattern of 
MUPs expressed in urine is a fixed, genetically 
determined characteristic that remains the same 
throughout adult life regardless of status changes 
or alterations in food resources. Once deposited 
in scent marks, the involatile MUPs can also 
persist without degradation over many weeks or 
months (Hurst & Beynon 2004). Unlike MHC 
and other genes that influence the profile of 
metabolites in urine, their only known role is in 
chemical signalling. Using competitive coun-
termarking as a functional assay of individual 
scent ownership recognition, Hurst et al. (2001) 
showed that MUP pattern was essential for the 
recognition of own urine marks and those of 
other males, despite many other genetic differ-
ences between outbred wild-derived mice. More 
recent tests from our laboratory have further 
confirmed that MUP pattern is responsible for 
the more general recognition of individual own-
ership signals from different conspecifics that are 
otherwise of equivalent familiarity and status (J. 
L. Hurst & R. Frost unpubl. data).

Behavioural, biochemical and neurophysi-
ological evidence indicate that individual scent 
ownership is signalled either by non-volatile 
MUP-ligand complexes or by the involatile MUPs 
themselves rather than by volatile ligands released 
from MUPs. Although there is good evidence 

that the affinity of different MUPs for natural 
or reporter ligands can vary (Marie et al. 2001, 
Sharrow et al. 2002), comparison of the release 
kinetics between mouse strains that express very 
different MUP patterns reveals no major differ-
ences in the rate of loss of two of the main male 
signalling volatiles, 2-sec-butyl-4,5-dihydrothia-
zole and 2,3-dehydro-exo-brevicomin (Robertson 
et al. 2001). Direct nasal contact with the scent 
source is essential to detect the individual scent 
ownership signal (Luo et al. 2003), both to induce 
pregnancy block (Brennan & Peele 2003) and to 
stimulate competitive countermarking of another 
male’s scent (Nevison et al. 2003), indicating that 
individual recognition involves non-volatile scent 
components. While airborne volatiles are detected 
through the main olfactory system, non-volatile 
scent stimuli are detected via the vomeronasal 
system (Halpern & Martinez-Marcos 2003). The 
individual recognition cue involved in pregnancy 
block is due largely to low molecular weight 
components (applied directly to the nares) but is 
enhanced when these are delivered in the context 
of urinary proteins (Peele et al. 2003). However, 
the molecular cues underlying individual recog-
nition in pregnancy block may differ from those 
involved in scent mark ownership signalling. 
Pregnancy block requires exposure to very fresh 
male scents — importantly, female reproductive 
strategy is not influenced by exposure to male 
scent marks that have aged (Parkes & Bruce 1961, 
Rajendren & Dominic 1984). Since the preg-
nancy block response occurs only over a short 
time period (within 5 days of mating), the cues 
used for individual recognition need only limited 
temporal stability and must involve only fresh 
signals to ensure that pregnancy is not influenced 
by old scent signals that will remain in the envi-
ronment over extended periods. By contrast, the 
ownership signal in territorial scent marks depos-
ited in the environment needs to be long-lasting. 
Intruder scents that have lost ligands through 
natural ageing over many days, or by chemical 
displacement, induce as strong a countermark-
ing response as do fresh signals (Humphries et 
al. 1999). This suggests that any MUP ligands 
involved in individual recognition of scent mark 
owners are relatively involatile and resistant to 
chemical displacement, or that mice are able to 
recognise the MUP patterns themselves. Although 
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vomeronasal receptors for MUPs remain to be 
identified, the anterior region of the accessory 
olfactory bulb receiving input from the vomero-
nasal organ respond preferentially to MUPs (and 
any strongly bound ligands) while the posterior 
region responds to the main MUP ligands 2-sec-
butyl-4,5-dihydrothiazole and 2,3-dehydro-exo-
brevicomin (Brennan et al. 1999).

An integrative model for individual 
recognition scents

The complex volatile and involatile components 
of scents such as rodent urine have different 
advantages and disadvantages for individual rec-
ognition. Airborne volatiles are detected much 
more rapidly, and at a distance, through the main 
olfactory system, without the requirement for 
physical contact with the scent source. However, 
while the complex volatile profile of an indi-
vidual is influenced by a wide range of genes 
including those of the highly polymorphic MHC, 
this will also be influenced by a wide range of 
other less stable factors, as discussed above. By 
their very nature, volatile components are also 
likely to be lost at different rates from scent 
marks, limiting the stability and persistence of 
such information. By contrast, highly polymor-
phic involatile components such as the MUPs in 
the urine of house mice appear to have evolved 
to provide a specific and highly stable chemical 
signal of individual identity that is a fixed char-
acteristic of the individual expressed independ-
ently of other factors, and is stable and persist-
ent when deposited in scent marks. However, 
involatile scents are undetectable at a distance 
and pumping them to the vomeronasal organ 
requires investigation through physical contact 
with the scent source. While direct contact with 
a scent mark (detected through the release of 
volatiles) is relatively easy if time consuming to 
achieve, physical contact with other conspecifics 
can be considerably more dangerous particularly 
if these are competitors.

Hurst and Beynon (2004) have suggested an 
integrative model for the recognition of individ-
uals through scents that is based on the oppor-
tunity for animals to learn associations between 
volatile and involatile scent profiles. Whenever 

animals detect some unfamiliarity in their scent 
environment through airborne volatiles, they 
generally approach the scent source to investi-
gate closely, providing them with the opportunity 
to also detect involatile components of the scent. 
Any difference in volatile scents compared with 
those they are highly familiar with is closely 
investigated, providing animals with the oppor-
tunity to detect involatile identity signals such as 
MUPs. While investigating an involatile signal 
detected through the vomeronasal system, ani-
mals have the opportunity to associate this with 
the complex volatile scent profile simultaneously 
detected through the main olfactory system (Guo 
et al. 1997). If they encounter the same complex 
volatile scent profile again, a memory of the 
involatile individual scent signal would obvi-
ate the need to contact the scent source to gain 
this information. Because volatile scent profiles 
are so complex and are affected by such a wide 
range of genetic and non-genetic factors, the 
same volatile profile is extremely likely to come 
from the same individual source. However, if a 
familiar volatile signal changes due to a change 
in the individual’s status, bacterial flora or food 
source for example, the induction of close con-
tact investigation by the now less familiar vola-
tile profile will allow animals to update the link 
between a highly stable involatile ownership 
signal and the animal’s current volatile profile. 
Fresh scent marks deposited around an animal’s 
territory would provide ample opportunity to 
continually update this association in advance 
of encountering the owner, so that animals could 
use volatile profiles alone to recognise famil-
iar conspecifics at a distance, without the need 
for direct contact. Thus, animals may gain the 
advantages of a quickly detected airborne signal 
that can be used to recognise and discriminate 
between highly familiar individuals, together 
with the stability and specificity of an involatile 
signal that will reliably indicate individual iden-
tity whenever volatile signals are ambiguous or 
unfamiliar.

Further, if the involatile MUP identity signal 
is largely responsible for the binding and release 
of volatile metabolites influenced by a wide 
range of genes as well as more specific pherom-
ones in the scent signal (as in the MUP carrier 
hypothesis discussed above), this would pro-
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vide a close physical link between the complex 
volatile and involatile profile of the individual. 
Although some closely related individuals are 
likely to inherit the same MHC type or MUP 
pattern, these two highly polymorphic gene 
complexes are inherited independently and their 
combinatorial diversity will be immense, making 
it very unlikely that even closely related individ-
uals would share the same combination of MUPs 
and MHC in outbred populations.

A recent study by Hurst et al. (2005) used 
a functional bioassay to assess the respective 
roles of the MHC and MUPs in scent owner rec-
ognition. Male mice regularly scent mark their 
territories and countermark the scents of other 
males, behaviour which minimises aggressive 
encounters with competitors and increases their 
attractiveness to females. The experiment exam-
ined the response of males towards urine which 
varied in the level of genetic similarity to the 
territory owner, sharing either the MHC, genetic 
background, both MHC and genetic background, 
or completely disparate genotypes. Male urine 
derived from animals of a different genetic back-
ground to the territory owner always stimulated 
increased scent marking as compared with the 
response to own. In contrast, urine from animals 
which differed only at the MHC failed to raise 
the countermarking response. Males did increase 
their investigation of urine from males which 
differed to them at the MHC, but — in accord-
ance with the predictions of the integrated model 
— only when this matched both the MHC and 
background of a familiar animal. Furthermore, 
having increased their level of investigation in 
response to odours of a different MHC type, they 
nevertheless failed to recognize these as differ-
ent to self. These data suggest that MHC odours 
alone are insufficient to allow recognition of 
individual scent owners, although they support 
the hypothesis that variation in volatile odours 
associated with the MHC may stimulate closer 
investigation if they are associated with an indi-
vidual of known genetic background.

Conclusions and future directions

While animals might often benefit from recog-
nizing individual conspecifics, the mechanism by 

which they do so will depend on the advantages 
of being recognized. If there is no advantage, 
recognition is likely to be based on incidental 
cues which serve other primary functions. When 
animals benefit from advertising their individ-
ual identity, and in the absence of reliable and 
easily recognised incidental cues, selective pres-
sure may lead to an evolved individual identity 
signal that allows easy and unambiguous recog-
nition. Genetically determined signals that are 
expressed independently of metabolic variation 
have the advantages of temporal stability, com-
binatorial diversity and clarity over other back-
ground information. Such signals are particularly 
likely to be found in scents that animals deposit 
in the environment to provide information about 
themselves to conspecifics even when the owner 
(cue-bearer) is absent, as scent marks can only 
provide information about a specific depositor 
if they contain reliable information about the 
owner’s identity. Two candidate systems have 
been proposed to carry a genetically coded indi-
vidual identity signal in mice: MUPs and MHC. 
Both involve a set of proteins coded by a multi-
gene complex resulting in a very high degree of 
combinatorial diversity, making them ideal for 
uniquely labelling a large number of individuals. 
MUPs bind and slowly release small molecular 
weight volatiles in mouse urine, while invola-
tile MUP-ligand complexes are also detected 
directly through contact with the urine, provid-
ing signals that clearly have evolved specifically 
for scent communication. Initial behavioural evi-
dence has confirmed that MUP polymorphism 
is involved in individual recognition, though 
pregnancy block responses suggest that MUPs 
may not be essential for recognition of familiar 
individuals. MHC also influences urinary odours 
in mice and many other species, although a 
specific mechanism of MHC odour expression 
has yet to be elucidated. If MHC influences the 
owner’s metabolic profile, which is also influ-
enced by non-genetic factors, this is likely to 
provide an unstable cue over the longer term. 
This might explain why MHC odour discrimi-
nation becomes much more difficult or impos-
sible when both the genetic and environmental 
background are not held constant. There is ample 
evidence for the ability to discriminate MHC-
associated odours and for a role in recognition of 
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kin or those expressing familiar, imprinted MHC 
types, but at present the role of MHC in indi-
vidual recognition remains uncertain due to the 
lack of functional tests in this context. This is not 
to suggest that MHC is not involved in individ-
ual recognition. Indeed, MUPs and MHC may 
interact to produce individual-specific odours. 
If MHC plays a role through its haplotype-spe-
cific influence on individual development and 
physiology (Iványi 1978), these changes could 
in turn influence the volatile metabolites which 
are then bound and released by MUPs (Beynon 
& Hurst 2004). Further, reference to a stable 
involatile individual identity signal — such as 
that provided by MUPs — may allow animals to 
learn the volatile scents associated with familiar 
individuals so that highly familiar animals can 
be recognised through more easily detected inci-
dental cues, even though these are unlikely to be 
stable throughout an individual’s life. The ability 
to refer to a stable MUP identity signal when 
other incidental cues are ambiguous would over-
come any problems with the stability of such 
incidental cues (Hurst & Beynon 2004).

A great deal of work to date has demon-
strated that even subtle non-genetic and genetic 
changes, including single amino-acid substi-
tutions in MHC peptides, produce detectable 
changes in the odour profile. Of these many 
detectable odour changes, which are relevant for 
individual recognition? In order to answer this 
question, novel empirical approaches specifi-
cally testing function, rather than discrimination 
ability, are required. Tests of function should 
also take into account the natural complexity of 
social odours to which animals are exposed in 
the wild. A particular scent cue may be used to 
discriminate individuals when no other informa-
tion is available, such as when the cue comes 
from highly inbred rodents maintained on iden-
tical diets. But is this cue obscured in the face 
of natural background variation in odours influ-
enced by diet, social status and health? If so, it 
is unlikely to be the primary basis for individual 
recognition.

New experimental paradigms must also meas-
ure the ability to identify a unique individual, 
rather than recognition based on cues which 
describe more than one animal (Halpin 1986, 
Sayigh et al. 1999). Experience to date has dem-

onstrated that it is surprisingly difficult to per-
fect empirical approaches which test true indi-
vidual recognition while eliminating the effects 
of familiarity and kinship. This confusion of 
familiarity, kinship and individual recognition 
incidentally raises the question of whether most 
animals actually have or require the ability to 
identify equivalent individuals. In non-social spe-
cies, for example, decisions related to competi-
tion and mate choice do not require the potential 
competitor or mating partner to be individually 
identified. Competitors need to be ranked in their 
ability relative to self, whereas mates need to be 
assessed on the basis of quality and relatedness to 
self. It is difficult to see how such choices would 
be facilitated by either the advertisement or the 
recognition of individuality. The cases where 
individual recognition might really be of advan-
tage are those in which animals repeatedly meet 
and interact with the same individuals, namely 
social species such as house mice and brown rats. 
Thus despite the inherent appeal of the idea that 
individual recognition is widespread in animals, 
this ability may in reality be quite restricted. 
Future research needs to focus on a much broader 
range of species than the laboratory mouse and 
rat, both to understand how widespread the abil-
ity to recognise individuals is and to what extent 
the mechanism of recognition is species specific 
or common across species.

It is now many years since Halpin (1986) 
reviewed the field of individual recognition by 
scent. Much progress has been made in estab-
lishing the extreme sensitivity of many rodents to 
small genetic and non-genetic changes in social 
odours, suggesting that a wealth of information 
is carried in these scents. However a number of 
the difficulties identified in Halpin’s paper have 
yet to be overcome. In particular, the focus on 
the detectability of odour differences rather than 
function has remained in many studies, and there 
is still a widespread reliance on investigation as 
a measure of odour significance, even though 
this relates to perception rather than action. Nev-
ertheless, these approaches have identified the 
range of social scents that are detectable by a 
number of rodent species, giving us a valuable 
starting point from which to search for those 
scents that function in individual recognition in 
the wild.



780 Thom & Hurst • ANN. ZOOL. FENNICI Vol. 41

Acknowledgements

We are grateful to the Biotechnology and Biological Sciences 
Research Council for the support of our research. Thanks to 
P. T. Starks and three referees for helpful comments.

References

Aeschlimann, P. B., Häberli, M. A., Reusch, T. B. H., Boehm, 
T. & Milinski, M. 2003: Female sticklebacks Gasteros-
teus aculeatus use self-reference to optimize MHC allele 
number during mate selection. — Behav. Ecol. Socio-
biol. 54: 119–126.

Bard, J., Yamazaki, K., Curran, M., Boyse, E. A. & Beau-
champ, G. K. 2000: Effect of B2m gene disruption 
on MHC-determined odortypes. — Immunogenetics 51: 
514–518.

Beauchamp, G. K., Yamazaki, K., Curran, M., Bard, J. & 
Boyse, E. A. 1994: Fetal H2 odortypes are evident in 
the urine of pregnant female mice. — Immunogenetics 
32: 109–113.

Beauchamp, G. K., Yamazaki, K., Duncan, H., Bard, J. & 
Boyse, E. A. 1990: Genetic determination of individual 
mouse odour. — In: Macdonald, D. W., Müller-Schwarze, 
D. & Natynczuk, S. E. (eds.), Chemical signals in verte-
brates, vol. 5: 244–254. Oxford University Press, Oxford.

Beauchamp, G. K., Yamazaki, K., Wysocki, C. J., Slotnick, 
B. M., Thomas, L. & Boyse, E. A. 1985: Chemosensory 
recognition of mouse major histocompatibility types 
by another species. — Proc. Natl. Acad. Sci. USA 82: 
4186–4188.

Beynon, R. J. & Hurst, J. L. 2004: Urinary proteins and the 
modulation of chemical scents in mice and rats. — Pep-
tides. [In press].

Beynon, R. J., Veggerby, C., Payne, C. E., Robertson, D. H. 
L., Gaskell, S. J., Humphries, R. E. & Hurst, J. L. 2002: 
Polymorphism in major urinary proteins: molecular het-
erogeneity in a wild mouse population. — J. Chem. 
Ecol. 28: 1429–1446.

Beynon, R. J., Hurst, J. L., Gaskell, S. J., Hubbard, S. J., 
Humphries, R. E., Malone, N., Marie, A. D., Martinsen, 
L., Nevison, C. M., Payne, C. E., Robertson, D. H. L. 
& Veggerby, C. 2001: Mice, MUPs and myths — struc-
ture-function relationships of the major urinary proteins. 
— In: Marchlewska-Koj, A., Müller-Schwarze, D. & 
Lepri, J. (eds.), Chemical signals in vertebrates, vol. 9: 
149–156. Plenum Press, New York.

Boyse, E. A., Beauchamp, G. K. & Yamazaki, K. 1987: The 
genetics of body scent. — Trends Genet. 3: 97–102.

Bradbury, J. W. & Vehrencamp, S. L. 1998: Principles of 
animal communication. — Sinauer Associates, Sunder-
land, Mass., USA.

Brennan, P. A. & Peele, P. 2003: Towards an understand-
ing of the pregnancy-blocking urinary chemosignals of 
mice. — Biochem. Soc. Trans. 31: 152–155.

Brennan, P. A., Kaba, H. & Keverne, E. B. 1990: Olfactory 
recognition — a simple memory system. — Science 250: 

1223–1226.
Brennan, P. A., Schellinck, H. M. & Keverne, E. B. 1999: 

Patterns of expression of the immediate-early gene egr-1 
in the accessory olfactory bulb of female mice exposed 
to pheromonal constituents of male urine. — Neuro-
science 90: 1463–1470.

Brown, R. E. 1975: Object-directed urine-marking by male 
rats (Rattus norvegicus). — Behav. Biol. 15: 251–254.

Brown, R. E. 1977: Odor preference and urine-marking 
scales in male and female rats: effects of gonadectomy 
and sexual experience on responses to conspecific odors. 
— J. Comp. Physiol. Psychol. 91: 1190–1206.

Brown, R. E. 1979: Mammalian social odours: a critical 
review. — Adv. Stud. Behav. 10: 103–162.

Brown, R. E. 1995: What is the role of the immune system in 
determining individually distinct body odours? — Int. J. 
Immunopharmacol. 16: 655–661.

Brown, R. E. & Macdonald, D. W. 1985: Social odours in 
mammals. — Oxford University Press, Oxford.

Brown, R. E., Roser, B. & Singh, P. B. 1989: Class I and 
class II regions of the major histocompatibility complex 
both contribute to indivual odors in congenic inbred 
strains of rats. — Behav. Genet. 19: 659–674.

Brown, R. E., Schellinck, H. M. & West, A. M. 1996: The 
influence of dietary and genetic cues on the ability of 
rats to discriminate between the urinary odors of MHC-
congenic mice. — Physiol. Behav. 60: 365–372.

Brown, R. E., Singh, P. B. & Roser, B. 1987: The major 
histocompatibility complex and the chemosensory rec-
ognition of individuality in rats. — Physiol. Behav. 40: 
65–73.

Brown, R. E., Singh, P. B. & Roser, B. 1990: The MHC 
and individual odours in rats. — In: Macdonald, D. W., 
Müller-Schwarze, D. & Natynczuk, S. E. (eds.), Chemi-
cal signals in vertebrates, vol. 5: 228–243. Oxford Uni-
versity Press, Oxford, UK.

Bruce, H. M. 1959: An exteroceptive block to pregnancy in 
the mouse. — Nature 184: 105.

Bruce, H. M. 1960: A block to pregnancy in the mouse 
caused by proximity of strange males. — J. Reprod. 
Fertil. 1: 96–103.

Bruce, V. & Young, A. 1986: Understanding face recognition. 
— Brit. J. Psychol. 77: 305–327.

Carroll, L. S., Penn, D. J. & Potts, W. K. 2002: Discrimina-
tion of MHC-derived odors by untrained mice is consist-
ent with divergence in peptide-binding region residues. 
— Proc. Natl. Acad. Sci. USA 99: 2187–2192.

Crowcroft, P. & Rowe, F. 1963: Social organization and terri-
torial behaviour in the wild house mouse (Mus musculus 
L.). — Proc. R. Soc. Lond. B 140: 517–531.

Dagg, A. I., Bell, W. L. & Windsor, D. E. 1971: Urine mark-
ing of cages and visual isolation as possible sources of 
error in behavioral studies of small mammals. — Labo-
ratory Animals 5: 163–167.

Dale, J., Lank, D. B. & Reeve, H. K. 2001: Signaling indi-
vidual identity versus quality: a model and case studies 
with ruffs, queleas, and house finches. — Am. Nat. 158: 
75–86.

de la Maza, H. M., Wolff, J. O. & Lindsey, A. 1999: Expo-



ANN. ZOOL. FENNICI Vol. 41 • Individual recognition by scent 781

sure to strange adults does not cause pregnancy disrup-
tion or infanticide in the gray-tailed vole. — Behav. 
Ecol. Sociobiol. 45: 107–113.

Dewsbury, D. A. 1981: Effects of novelty on copulatory 
behavior — the Coolidge effect and related phenomena. 
— Psychol. Bull. 89: 464–482.

Dominic, C. J. 1965: The origin of the pheromones caus-
ing pregnancy block in mice. — J. Reprod. Fertil. 10: 
469–472.

Dominic, C. J. 1966: Observations on the reproductive phe-
romones of mice. I. Source. — J. Reprod. Fertil. 11: 
407–414.

Eggert, F., Holler, C., Luszyk, D., Muller-Ruchholtz, W. & 
Ferstl, R. 1996: MHC-associated and MHC-independ-
ent urinary chemosignals in mice. — Physiol. Behav. 
59: 57–62.

Egid, K. & Brown, J. L. 1989: The major histocompat-
ibility complex and female mating preferences in mice. 
— Anim. Behav. 38: 548–549.

Engel, C. R. 1990: Scent marking, residency and female 
choice in the European rabbit (Oryctolagus cunicu-
lus). — In: Macdonald, D. W., Müller-Schwarze, D. & 
Natynczuk, S. E. (eds.), Chemical signals in vertebrates, 
vol. 5: 329–335. Oxford University Press, Oxford.

Gheusi, G., Goodall, G. & Dantzer, R. 1997: Individually 
distinctive odours represent individual conspecifics in 
rats. — Anim. Behav. 53: 935–944.

Gosling, L. M. 1982: A reassessment of the function of scent 
marking in territories. — Z. Tierpsychol. 60: 89–118.

Gouat, P., Patris, B. & Lalande, C. 1998: Conspecific and 
heterospecific behavioural discrimination of individual 
odours by mound-building mice. — CR Acad. Sci. III, 
Vie 321: 571–575.

Guo, J., Zhou, A. & Moss, R. L. 1997: Urine and urine-
derived compounds induce c-fos mRNA expression in 
accessory olfactory bulb. — Neuroreport 8: 1679–1683.

Halpern, M. & Martinez-Marcos, A. 2003: Structure and 
function of the vomeronasal system: an update. — Prog. 
Neurobiol. 70: 245–318.

Halpin, Z. T. 1980: Individual odors and individual rec-
ognition: review and commentary. — Biol. Behav. 5: 
233–248.

Halpin, Z. T. 1986: Individual odors among mammals: ori-
gins and functions. — Adv. Stud. Behav. 16: 39–70.

Harvey, S., Jemiolo, B. & Novotny, M. 1989: Pattern of 
volatile compounds in dominant and subordinate male-
mouse urine. — J. Chem. Ecol. 15: 2061–2072.

Hoppe, P. C. 1975: Genetic and endocrine studies of preg-
nancy-blocking pheromones of mice. — J. Reprod. 
Fertil. 45: 109–115.

Howard, J. C. 1977: H-2 and mating preferences. — Nature 
266: 406–408.

Humphries, R. E., Robertson, D. H. L., Beynon, R. J. & 
Hurst, J. L. 1999: Unravelling the chemical basis of 
competitive scent marking in house mice. — Anim. 
Behav. 58: 1177–1190.

Hurst, J. L. 1987: Behavioural variation in wild house 
mice (Mus domesticus Rutty): a quantitative assess-
ment of female social organization. — Anim. Behav. 35: 

1846–1857.
Hurst, J. L. & Beynon, R. J. 2004: Scent wars: the chemo-

biology of competitive signalling in mice. — Bioessays 
26. [In press].

Hurst, J. L. & Rich, T. J. 1999: Scent marking as competitive 
signals of mate quality. — In: Johnston, R. E., Müller-
Schwarze, D. & Sorenson, P. W. (eds.), Advances in 
chemical signals in vertebrates, vol. 8: 209–226. Plenum 
Press, New York.

Hurst, J. L., Robertson, D. H. L., Tolladay, U. & Beynon, 
R. J. 1998: Proteins in urine scent marks of male house 
mice extend the longevity of olfactory signals. — Anim. 
Behav. 55: 1289–1297.

Hurst, J. L., Thom, M. D., Nevison, C. M., Humphries, R. 
E. & Beynon, R. J. 2005: MHC odours are not required 
or sufficient for recognition of individual scent owners. 
— Proc. R. Soc. Lond. B. [In press].

Hurst, J. L., Payne, C. E., Nevison, C. M., Marie, A. D., 
Humphries, R. E., Robertson, D. H. L., Cavaggioni, A. 
& Beynon, R. J. 2001: Individual recognition in mice 
mediated by major urinary proteins. — Nature 414: 
631–634.

Iványi, P. 1978: Some aspects of the H-2 system, the major 
histocompatibility system in the mouse. — Proc. R. Soc. 
Lond. B 202: 117–158.

Jacob, S., McClintock, M. K., Zelano, B. & Ober, C. 2002: 
Paternally inherited HLA alleles are associated with 
women’s choice of male odor. — Nat. Genet. 30: 175–
179.

Janssen, E., Göhlen, B., Behrens, D., Richter, K. & Zava-
zava, N. 2001: Allogeneic recombinant soluble MHC 
class I molecules modify urinary odor cues in rats. 
— Physiol. Behav. 72: 107–114.

Johnson, R. P. 1973: Scent marking in mammals. — Anim. 
Behav. 21: 521–535.

Johnston, R. E. & Bullock, T. A. 2001: Individual recognition 
by use of odours in golden hamsters: the nature of indi-
vidual representations. — Anim. Behav. 61: 545–557.

Johnston, R. E. & Jernigan, P. 1994: Golden-hamsters rec-
ognize individuals, not just individual scents. — Anim. 
Behav. 48: 129–136.

Johnston, R. E., Sorokin, E. S. & Ferkin, M. H. 1997: Female 
voles discriminate males’ over-marks and prefer top-
scent males. — Anim. Behav. 54: 679–690.

Johnstone, R. A. 1997: Recognition and the evolution of dis-
tinctive signatures: when does it pay to reveal identity? 
— Proc. R. Soc. Lond. B 264: 1547–1553.

Kavaliers, M., Colwell, D. D., Braun, W. J. & Choleris, E. 
2003: Brief exposure to the odour of a parasitized male 
alters the subsequent mate odour responses of female 
mice. — Anim. Behav. 65: 59–68.

Labov, J. B. 1981: Male social status, physiology, and ability 
to block pregnancies in female house mice (Mus muscu-
lus). — Behav. Ecol. Sociobiol. 8: 287–291.

Lai, W. S. & Johnston, R. E. 2002: Individual recogni-
tion after fighting by golden hamsters: a new method. 
— Physiol. Behav. 76: 225–239.

Leinders-Zufall, T., Brennan, P. A., Widmayer, P., Chandra-
mani, S. P., Maul-Pavicic, A., Jäger, T., Li, X.-H., Breer, 



782 Thom & Hurst • ANN. ZOOL. FENNICI Vol. 41

H., Zufall, F. & Boehm, T. 2004: MHC class I peptides 
as chemosensory signals in the vomeronasal organ. 
— Science 306: 1033–1037.

Lewis, S. M., Cratsley, C. K. & Demary, K. 2004: Mate rec-
ognition and choice in Photinus fireflies. — Ann. Zool. 
Fennici 41: 809–821.

Liebert, A. E. & Starks, P. T. 2004: The action component of 
recognition systems: a focus on the response. — Ann. 
Zool. Fennici 41: 747–764.

Luo, M., Fee, M. S. & Katz, L. C. 2003: Encoding pheromo-
nal signals in the accessory olfactory bulb of behaving 
mice. — Science 299: 1196–1201.

Mahady, S. J. & Wolff, J. O. 2002: A field test of the Bruce 
effect in the monogamous prairie vole (Microtus ochro-
gaster). — Behav. Ecol. Sociobiol. 52: 31–37.

Manning, C. J., Wakeland, E. K. & Potts, W. K. 1992: Com-
munal nesting patterns in mice implicate MHC genes in 
kin recognition. — Nature 360: 581–583.

Manning, C. J., Potts, W. K., Wakeland, E. K. & Dewsbury, 
D. A. 1992: What’s wrong with MHC mate choice 
experiments? — In: Doty, R. L. & Müller-Schwarze, D. 
(eds.), Chemical signals in vertebrates, vol. 6: 229–235. 
Plenum Press, New York.

Marie, A. D., Veggerby, C., Robertson, D. H. L., Gaskell, S. 
J., Hubbard, S. J., Martinsen, L., Hurst, J. L. & Beynon, 
R. J. 2001: Effect of polymorphisms on ligand binding 
by mouse major urinary proteins. — Protein Sci. 10: 
411–417.

Maruniak, J. A., Darney, K. T. & Bronson, F. H. 1975: Olfac-
tory perception of the nonsocial environment by male 
housemice. — Behav. Biol. 14: 237–240.

Mateo, J. M. 2004: Recognition systems and biological orga-
nization: The perception component of social recogni-
tion. — Ann. Zool. Fennici 41: 729–745.

Monahan, E., Yamazaki, K., Beauchamp, G. K. & Maxson, S. 
C. 1993: Olfactory discrimination of urinary odor types 
from congenic strains (DBA/1bg and DDA1.C57BL10.
Y.Bg) of mice differing in their Y chromosomes. — 
Behav. Genet. 23: 251–255.

Murdock, H. G. & Randall, J. A. 2001: Olfactory communi-
cation and neighbor recognition in giant kangaroo rats. 
— Ethology 107: 149–160.

Nevison, C. M., Armstrong, S., Beynon, R. J., Humphries, 
R. E. & Hurst, J. L. 2003: The ownership signature in 
mouse scent marks is involatile. — Proc. R. Soc. Lond. 
B 270: 1957–1963.

Novotny, M., Ma, W. D., Wiesler, D. & Zidek, L. 1999: Posi-
tive identification of the puberty-accelerating pheromone 
of the house mouse: the volatile ligands associating with 
the major urinary protein. — Proc. R. Soc. Lond. B 266: 
2017–2022.

Olsen, K. H., Grahn, M. & Lohm, J. 2002: Influence of MHC 
on sibling discrimination in Arctic char, Salvelinus alpi-
nus (L.). — J. Chem. Ecol. 28: 783–795.

Olsson, M., Madsen, T., Nordby, J., Wapstra, E., Ujvari, B. 
& Wittsell, H. 2003: Major histocompatibility complex 
and mate choice in sand lizards. — Proc. R. Soc. Lond. B 
Suppl. 270: S254–S256.

Osada, K., Yamazaki, K., Curran, M., Bard, J., Smith, B. P. 
C. & Beauchamp, G. K. 2003: The scent of age. — Proc. 

R. Soc. Lond. B 270: 929–933.
Parkes, A. S. & Bruce, H. M. 1961: Olfactory stimuli in 

mammalian reproduction — odor excites neurohumoral 
responses affecting oestrus, pseudopregnancy, and preg-
nancy in the mouse. — Science 134: 1049–1054.

Payne, C. E., Malone, N., Humphries, R. E., Bradbrook, 
C., Veggerby, C., Beynon, R. J. & Hurst, J. L. 2001: 
Heterogeneity of major urinary proteins in house mice: 
population and sex differences. — In: Marchlewska-Koj, 
A., Müller-Schwarze, D. & Lepri, J. (eds.), Chemical 
signals in vertebrates, vol. 9: 233–240. Plenum Press, 
New York.

Pearse-Pratt, R., Schellinck, H. M., Brown, R. E., Singh, P. 
B. & Roser, B. 1999: Soluble MHC antigens and olfac-
tory recognition of genetic individuality: the mechanism. 
— Genetica 104: 223–230.

Peele, P., Salazar, I., Mimmack, M., Keverne, E. B. & Bren-
nan, P. A. 2003: Low molecular weight constituents of 
male mouse urine mediate the pregnancy block effect 
and convey information about the identity of the mating 
male. — Eur. J. Neurosci. 18: 622–628.

Penn, D. J. 2002: The scent of genetic compatibility: sexual 
selection and the major histocompatibility complex. — 
Ethology 108: 1–21.

Penn, D. J. & Potts, W. K. 1998a: MHC-disassortative 
mating preferences reversed by cross-fostering. — Proc. 
R. Soc. Lond. B 265: 1299–1306.

Penn, D. J. & Potts, W. K. 1998b: Untrained mice discrimi-
nate MHC-determined odors. — Physiol. Behav. 63: 
235–243.

Penn, D. J. & Potts, W. K. 1999: The evolution of mating 
preferences and major histocompatibility complex genes. 
— Am. Nat. 153: 145–164.

Pes, D., Robertson, D. H. L., Beynon, R. J. & Hurst, J. L. 
1999: How many MUPs are there? — In: Johnston, 
R. E., Müller-Schwarze, D. & Sorenson, P. W. (eds.), 
Advances in chemical signals in vertebrates, vol. 8: 
149–161. Plenum Press, New York.

Petrulis, A. & Eichenbaum, H. 2003: The perirhinal-entorhi-
nal cortex, but not the hippocampus, is critical for 
expression of individual recognition in the context of the 
Coolidge effect. — Neuroscience 122: 599–607.

Porter, R. H. & Moore, D. 1981: Human kin recognition by 
olfactory cues. — Physiol. Behav. 27: 493–495.

Posamentier, M. T. & Abdi, H. 2003: Processing faces and 
facial expressions. — Neuropsychol. Rev. 13: 113–143.

Potts, W. K., Manning, C. J. & Wakeland, E. K. 1991: Mating 
patterns in seminatural populations of mice influenced 
by MHC genotype. — Nature 352: 619–621.

Rajendren, G. & Dominic, C. J. 1984: Involvement of 
contact stimuli in the male-induced implantation block 
(the Bruce effect) in mice. — Anim. Reprod. Sci. 7: 
377–383.

Rich, T. J. & Hurst, J. L. 1998: Scent marks as reliable sig-
nals of the competitive ability of mates. — Anim. Behav. 
56: 727–735.

Rich, T. J. & Hurst, J. L. 1999: The competing countermarks 
hypothesis: reliable assessment of competitive ability by 
potential mates. — Anim. Behav. 58: 1027–1037.

Robertson, D. H. L., Hurst, J. L., Bolger, M., Gaskell, S. J. & 



ANN. ZOOL. FENNICI Vol. 41 • Individual recognition by scent 783

Beynon, R. J. 1997: Molecular heterogeneity of urinary 
proteins in wild house mouse populations. — Rapid 
Commun. Mass. Sp. 11: 786–790.

Robertson, D. H. L., Hurst, J. L., Hubbard, S. J., Gaskell, S. 
J. & Beynon, R. J. 1998: Ligands of urinary lipocalins 
from the mouse: uptake of environmentally derived 
chemicals. — J. Chem. Ecol. 24: 1127–1140.

Robertson, D. H. L., Marie, A. D., Veggerby, C., Hurst, J. L. 
& Beynon, R. J. 2001: Characteristics of ligand binding 
and release by major urinary proteins. — In: March-
lewska-Koj, A., Müller-Schwarze, D. & Lepri, J. (eds.), 
Chemical signals in vertebrates, vol 9: 169–176. Plenum 
Press, New York.

Sayigh, L. S., Tyack, P. L., Wells, R. S., Solow, A. R., Scott, 
M. D. & Irvine, A. B. 1999: Individual recognition in 
wild bottlenose dolphins: a field test using playback 
experiments. — Anim. Behav. 57: 41–50.

Schellinck, H. M. & Brown, R. E. 1992: Why does germfree 
rearing eliminate the odors of individuality in rats but 
not mice? — In: Doty, R. L. & Müller-Schwarze, D. 
(eds.) Chemical signals in vertebrates, vol. 6: 237–241. 
Plenum Press, New York.

Schellinck, H. M. & Brown, R. E. 2000: Selective deple-
tion of bacteria alters but does not eliminate odors of 
individuality in Rattus norvegicus. — Physiol. Behav. 
70: 261–270.

Schellinck, H. M., Brown, R. E. & Slotnick, B. M. 1991: 
Training rats to discriminate between the odors of indi-
vidual conspecifics. — Anim. Learn. Behav. 19: 223–
233.

Schellinck, H. M., Rooney, E. & Brown, R. E. 1995: Odors 
of individuality of germfree mice are not discrimi-
nated by rats in a habituation-dishabituation procedure. 
— Physiol. Behav. 57: 1005–1008.

Schellinck, H. M., Slotnick, B. M. & Brown, R. E. 1997: 
Odors of individuality originating from the major his-
tocompatibility complex are masked by diet cues in the 
urine of rats. — Anim. Learn. Behav. 25: 193–199.

Schellinck, H. M., West, A. M. & Brown, R. E. 1992: Rats 
can discriminate between the urine odors of genetically 
identical mice maintained on different diets. — Physiol. 
Behav. 51: 1079–1082.

Schellinck, H. M., Monahan, E., Brown, R. E. & Maxson, S. 
C. 1993: A comparison of the contribution of the major 
histocompatibility complex (MHC) and Y-chromosomes 
to the discriminability of individual urine odors of mice 
by Long-Evans rats. — Behav. Genet. 23: 257–263.

Sharrow, S. D., Vaughn, J. L., Zidek, L., Novotny, M. & 
Stone, M. J. 2002: Pheromone binding by polymor-
phic mouse major urinary proteins. — Protein Sci. 11: 
2247–2256.

Singer, A., Beauchamp, G. K. & Yamazaki, K. 1997: Vola-
tile signals of the major histocompatibility complex in 
male mouse urine. — Proc. Natl. Acad. Sci. USA 94: 
2210–2214.

Singer, A. G., Tsuchiya, H., Wellington, J. L., Beauchamp, 
G. K. & Yamazaki, K. 1993: Chemistry of odortypes in 
mice — fractionation and bioassay. — J. Chem. Ecol. 
19: 569–579.

Singh, P. B. 1999: The present status of the ‘carrier hypoth-

esis’ for chemosensory recognition of genetic individual-
ity. — Genetica 104: 231–233.

Singh, P. B. 2001: Chemosensation and genetic individuality. 
— Reproduction 121: 529–539.

Singh, P. B., Brown, R. E. & Roser, B. 1987: MHC antigens 
in urine as olfactory recognition cues. — Nature 327: 
161–164.

Tsutsui, N. D. 2004: Scents of self: The expression compo-
nent of self/non-self recognition systems. — Ann. Zool. 
Fennici 41: 713–727.

Wang, H., Wysocki, C. J. & Gold, G. H. 1993: Induction of 
olfactory receptor sensitivity in mice. — Science 260: 
998–1000.

Wedekind, C., Seebeck, T., Bettens, F. & Paepke, A. 1995: 
MHC-dependent mate preferences in humans. — Proc. 
R. Soc. Lond. B 260: 245–249.

Weir, M. W. & de Fries, J. C. 1963: Blocking of pregnancy 
in mice as a function of stress. — Psychol. Reports 13: 
365–366.

Wolff, J. O. 2003: Laboratory studies with rodents: facts or 
artifacts? — Bioscience 53: 421–427.

Wolff, R. J. 1985: Mating behaviour and female choice: their 
relation to social structure in wild caught house mice 
Mus musculus housed in a semi-natural environment. 
— J. Zool. 207: 43–51.

Yamaguchi, M., Yamazaki, K., Beauchamp, G. K., Bard, 
J., Thomas, L. & Boyse, E. A. 1981: Distinctive uri-
nary odors governed by the major histocompatibility 
locus of the mouse. — Proc. Natl. Acad. Sci. USA 78: 
5817–5820.

Yamazaki, K., Beauchamp, G. K., Bard, J. & Boyse, E. A. 
1989: Sex-chromosomal odor types influence the main-
tenance of early pregnancy in mice. — Proc. Natl. Acad. 
Sci. USA 86: 9399–9401.

Yamazaki, K., Beauchamp, G. K., Bard, J. & Boyse, E. A. 
1990: Chemosensory identity and the Y chromosome. 
— Behav. Genet. 20: 157–165.

Yamazaki, K., Beauchamp, G. K., Bard, J., Thomas, L. & 
Boyse, E. A. 1982: Chemosensory recognition of phe-
notypes determined by the Tla and H-2K regions of 
chromosome 17 of the mouse. — Proc. Natl. Acad. Sci. 
USA 79: 7828–7831.

Yamazaki, K., Beauchamp, G. K., Imai, Y., Bard, J. & Boyse, 
E. A. 1992: Expression of urinary H-2 odortypes by infant 
mice. — Proc. Natl. Acad. Sci. USA 89: 2756–2758.

Yamazaki, K., Beauchamp, G. K., Shen, F.-W., Bard, J. & 
Boyse, E. A. 1994: Discrimination of odortypes deter-
mined by the major histocompatibility complex among 
outbred mice. — Proc. Natl. Acad. Sci. USA 91: 3735–
3738.

Yamazaki, K., Beauchamp, G. K., Singer, A., Bard, J. & 
Boyse, E. A. 1999: Odortypes: their origin and composi-
tion. — Proc. Natl. Acad. Sci. USA 96: 1522–1525.

Yamazaki, K., Yamaguchi, M., Andrews, P. W., Peake, B. 
& Boyse, E. A. 1978: Mating preferences of F2 segre-
gants of crosses between MHC-congenic mouse strains. 
— Immunogenetics 6: 253–259.

Yamazaki, K., Beauchamp, G. K., Egorov, I. K., Bard, J., 
Thomas, L. & Boyse, E. A. 1983a: Sensory distinction 
between H-2b and H-2bm1 mutant mice. — Proc. Natl. 



784 Thom & Hurst • ANN. ZOOL. FENNICI Vol. 41

Acad. Sci. USA 80: 5685–5688.
Yamazaki, K., Beauchamp, G. K., Imai, Y., Bard, J., Thomas, 

L. & Boyse, E. A. 1992: MHC control of odortypes in 
the mouse. — In: Doty, R. L. & Müller-Schwarze, D. 
(eds.), Chemical signals in vertebrates, vol. 6: 189–196. 
Plenum Press, New York.

Yamazaki, K., Beauchamp, G. K., Wysocki, C. J., Bard, J., 
Thomas, L. & Boyse, E. A. 1983b: Recognition of H-2 
types in relation to the blocking of pregnancy in mice. 
— Science 221: 186–188.

Yamazaki, K., Beauchamp, G. K., Matsuzaki, O., Kup-
niewski, D., Bard, J., Thomas, L. & Boyse, E. A. 1986: 
Influence of a genetic difference confined to a mutation 
of H-2K on the incidence of pregnancy block in mice. 

— Proc. Natl. Acad. Sci. USA 83: 740–741.
Yamazaki, K., Boyse, E. A., Bard, J., Curran, M., Kim, D., 

Ross, S. R. & Beauchamp, G. K. 2002: Presence of 
mouse mammary tumor virus specifically alters the 
body odor of mice. — Proc. Natl. Acad. Sci. USA 99: 
5612–5615.

Yamazaki, K., Boyse, E. A., Miké, V., Thaler, H. T., Mathie-
son, B. J., Abbott, J., Boyse, J., Zayas, Z. A. & Thomas, 
L. 1976: Control of mating preferences in mice by genes 
in the major histocompatibility complex. — J. Exp. Med. 
144: 1324–1335.

Zelano, B. & Edwards, S. V. 2002: An MHC component to 
kin recognition and mate choice in birds: predictions, 
progress, and prospects. — Am. Nat. 160: S225–S237.



ANN. ZOOL. FENNICI Vol. 41 • Individual recognition by scent 785
A

p
p

en
d

ix
 1

. A
 s

um
m

ar
y 

of
 m

aj
or

 fi
nd

in
gs

 o
bt

ai
ne

d 
us

in
g 

th
e 

op
er

an
t c

on
di

tio
ni

ng
 p

ar
ad

ig
m

, w
ith

 m
ou

se
 a

nd
 r

at
 s

ub
je

ct
s.

T
es

t 
S

ub
je

ct
 

D
on

or
 

O
do

ur
 

D
on

or
 ty

pe
 

O
ut

co
m

e 
R

ef
er

en
ce

 
sp

ec
ie

s1  
sp

ec
ie

s2  
so

ur
ce

3  
 

 

E
ffe

ct
 o

f d
ie

t 
R

 £
 

M
 £

 
U

 
M

H
C

 c
on

ge
ni

c 
M

H
C

 c
on

ge
ni

c 
st

ra
in

s 
di

sc
rim

in
at

ed
 o

nl
y 

w
he

n 
B

ro
w

n 
et

 a
l. 

19
96

 
 

 
 

 
di

et
 is

 a
ls

o 
di

ffe
re

nt
; l

ea
rn

ed
 d

is
cr

im
in

at
io

n 
to

 d
ie

t 
 

 
 

 
 

cu
es

 tr
an

sf
er

re
d 

to
 d

on
or

s 
of

 d
iff

er
en

t s
tr

ai
n 

 
R

 £
 

?R
 

U
 

M
H

C
 c

on
ge

ni
c 

 
S

ch
el

lin
ck

 e
t a

l. 
19

97

D
is

cr
im

in
at

io
n 

of
 

R
 £

 
?R

 
A

 
O

ut
br

ed
 s

tr
ai

n 
T

w
o 

in
di

vi
du

al
s 

of
 o

ut
br

ed
 s

tr
ai

n 
di

sc
rim

in
at

ed
 

S
ch

el
lin

ck
 e

t a
l. 

19
91

ou
tb

re
d 

in
di

vi
du

al
s 

 
 

 
 

 

S
en

si
tiv

ity
 to

 c
ha

ng
es

 a
t 

M
 ¥

 
M

 £
 

U
 

M
H

C
 c

on
ge

ni
c 

M
H

C
 c

on
ge

ni
c 

st
ra

in
s 

di
sc

rim
in

at
ed

; b
ot

h 
w

ho
le

 
P

en
n 

&
 P

ot
ts

 1
99

8
m

ul
tip

le
 M

H
C

 lo
ci

 in
 

 
 

 
 

an
im

al
 a

nd
 u

rin
e 

di
sc

rim
in

at
ed

 
in

br
ed

 s
tr

ai
ns

 
 

 
 

 
 

 
?M

 
?R

 
A

 
 

 
B

ea
uc

ha
m

p 
et

 a
l. 

19
85

 
M

 £
¥

 
M

 £
 

U
 

 
 

Y
am

ag
uc

hi
 e

t a
l. 

19
81

 
R

 £
 

?R
 

U
 

 
 

S
ch

el
lin

ck
 e

t a
l. 

19
97

 
 

 
 

 
 

S
en

si
tiv

ity
 to

 M
H

C
 o

n 
M

 £
¥

 
M

 £
¥

 
? 

F
2 

se
gr

eg
an

ts
 fr

om
 

C
an

 d
is

cr
im

in
at

e 
M

H
C

-h
om

oz
yg

ou
s 

F
2 

se
gr

eg
an

ts
, 

Y
am

ag
uc

hi
 e

t a
l. 

19
81

ra
nd

om
 b

ac
kg

ro
un

d 
 

 
 

cr
os

se
d 

M
H

C
 c

on
ge

ni
c 

as
 w

el
l a

s 
F

2 
ho

m
oz

yg
ot

es
 fr

om
 h

et
er

oz
yg

ot
es

 
 

 
 

 
 

 
 

M
 £

¥
 

M
 £

 
? 

 
 

Y
am

az
ak

i e
t a

l. 
19

94

D
et

ec
tio

n 
of

 p
re

se
nc

e 
or

 
M

 £
¥

 
M

 ¥
 

U
 

In
br

ed
 s

tr
ai

ns
; k

no
ck

ou
t 

K
no

ck
ou

ts
 d

is
cr

im
in

at
ed

 fr
om

 p
ar

en
ta

l s
tr

ai
n;

 
B

ar
d 

et
 a

l. 
20

00
ab

se
nc

e 
of

 c
la

ss
 I 

M
H

C
 

 
 

 
st

ra
in

 n
ot

 e
xp

re
ss

in
g 

cl
as

s 
he

te
ro

zy
go

te
s 

fr
om

 k
no

ck
ou

ts
 b

ut
 n

ot
 fr

om
 p

ar
en

ta
l 

pr
od

uc
ts

 
 

 
 

I M
H

C
; F

1 
he

te
ro

zy
go

te
s;

 
st

ra
in

; k
no

ck
ou

t f
em

al
es

 m
at

ed
 w

ith
 p

ar
en

ta
l s

tr
ai

n 
 

 
 

 
kn

oc
ko

ut
 fe

m
al

es
 m

at
ed

 
m

al
es

 h
ad

 d
et

ec
ta

bl
e 

ur
in

ar
y 

M
H

C
 a

t 9
–1

2 
da

ys
 

 
 

 
 

w
ith

 n
or

m
al

 m
al

es
 

ge
st

at
io

n;
 k

no
ck

ou
t r

at
 u

rin
e 

di
sc

rim
in

ab
le

 
 

R
 

?R
 

? 
 

 
B

ro
w

n 
et

 a
l. 

19
87

D
et

ec
tio

n 
of

 c
ha

ng
e 

at
 

? 
? 

? 
S

in
gl

e 
M

H
C

 lo
cu

s 
M

ic
e 

su
cc

es
sf

ul
ly

 d
is

cr
im

in
at

ed
 b

et
w

ee
n 

m
ic

e 
Y

am
az

ak
i e

t a
l. 

19
82

,
si

ng
le

 M
H

C
 c

la
ss

 I 
ge

ne
 

 
 

 
m

ut
an

t/c
on

ge
ni

c 
di

ffe
rin

g 
by

 b
et

w
ee

n 
on

e 
an

d 
th

re
e 

am
in

o 
ac

id
s 

in
 

19
83

, 1
99

0
 

 
 

 
 

pr
ot

ei
ns

 c
od

ed
 fo

r 
at

 a
 s

in
gl

e 
M

H
C

 c
la

ss
 I 

lo
cu

s 
 

M
 £

 
R

 £
 

U
 

 
 

B
ea

uc
ha

m
p 

et
 a

l. 
19

90
 

R
 £

 
R

 £
 

U
 

 
 

S
ch

el
lin

ck
 e

t a
l. 

19
91

D
et

ec
tio

n 
of

 c
ha

ng
e 

at
 

? 
? 

U
 

S
tr

ai
ns

 c
on

ge
ni

c 
at

 a
 

S
tr

ai
ns

 d
iff

er
in

g 
at

 a
 s

in
gl

e 
M

H
C

 c
la

ss
 II

 lo
cu

s 
Y

am
az

ak
i e

t a
l. 

19
90

si
ng

le
 M

H
C

 c
la

ss
 II

 g
en

e 
 

 
 

si
ng

le
 M

H
C

 c
la

ss
 II

 lo
cu

s 
w

er
e 

su
cc

es
sf

ul
ly

 d
is

cr
im

in
at

ed
 

D
et

ec
ta

bi
lit

y 
of

 s
in

gl
e 

R
 £

 
M

 £
 

U
 

M
H

C
 c

on
ge

ni
c 

E
qu

al
ly

 d
iffi

cu
lt 

to
 d

is
cr

im
in

at
e 

st
ra

in
s 

di
ffe

rin
g 

at
 

B
ro

w
n 

et
 a

l. 
19

96
M

H
C

 c
la

ss
 I 

lo
cu

s 
vs

. a
ll 

 
 

 
 

3 
lo

ci
 a

s 
co

m
pa

re
d 

w
ith

 s
tr

ai
ns

 d
iff

er
in

g 
at

 1
 lo

cu
s 

3 
cl

as
s 

I l
oc

i 
 

 
 

 
 

E
xp

re
ss

io
n 

of
 M

H
C

 in
 

M
 £

¥
 

M
 £

¥
 

A
/U

 
M

H
C

 c
on

ge
ni

c 
W

ho
le

 a
ni

m
al

s 
no

t d
is

cr
im

in
at

ed
 a

t a
ge

s 
4 

or
 1

1 
da

ys
; 

Y
am

az
ak

i e
t a

l. 
19

92
a

in
fa

nt
s 

 
 

 
 

ho
w

ev
er

 u
rin

e 
fr

om
 a

ni
m

al
s 

at
 a

ge
 1

 d
ay

 d
is

cr
im

in
at

ed
 

co
nt

in
ue

d



786 Thom & Hurst • ANN. ZOOL. FENNICI Vol. 41
A

p
p

en
d

ix
 1

. C
on

tin
ue

d.

T
es

t 
S

ub
je

ct
 

D
on

or
 

O
do

ur
 

D
on

or
 ty

pe
 

O
ut

co
m

e 
R

ef
er

en
ce

 
sp

ec
ie

s1  
sp

ec
ie

s2  
so

ur
ce

3  
 

 

E
xp

re
ss

io
n 

of
 M

H
C

 a
s 

? 
? 

U
 

M
H

C
 c

on
ge

ni
c 

P
at

er
na

lly
-d

er
iv

ed
 fo

et
al

 M
H

C
 ty

pe
s 

ar
e 

B
ea

uc
ha

m
p 

et
 a

l. 
19

94
fo

et
us

 
 

 
 

 
di

sc
rim

in
at

ed
 fr

om
 d

ay
 9

 o
f g

es
ta

tio
n 

G
en

et
ic

al
ly

 id
en

tic
al

 in
di

vi
du

al
s 

R
 £

 
?R

 
U

 
In

br
ed

 s
tr

ai
ns

 
In

di
vi

du
al

s 
of

 s
am

e 
in

br
ed

 s
tr

ai
n 

di
sc

rim
in

at
ed

 
S

ch
el

lin
ck

 e
t a

l. 
19

91

W
ho

le
 a

ni
m

al
 o

do
ur

 
R

 £
 

R
 £

 
A

 
In

br
ed

 s
tr

ai
n 

R
at

s 
ca

n 
di

sc
rim

in
at

e 
in

di
vi

du
al

s,
 a

nd
 s

ub
se

qu
en

tly
 

G
he

us
i e

t a
l. 

19
97

 
 

 
 

 
on

 th
e 

ba
si

s 
be

dd
in

g 
od

ou
r 

al
on

e 

R
ol

e 
of

 b
ac

te
ria

l 
M

 £
¥

 
M

 £
 

U
 

M
H

C
 c

on
ge

ni
c 

(d
iff

er
in

g 
G

er
m

fr
ee

 M
H

C
 c

on
ge

ni
c 

m
ou

se
 s

tr
ai

ns
 

Y
am

az
ak

i e
t a

l. 
19

90
, 

in
fe

ct
io

n 
 

 
 

at
 e

ith
er

 s
in

gl
e 

or
 m

ul
tip

le
 

di
sc

rim
in

at
ed

; i
nd

iv
id

ua
ls

 tr
ai

ne
d 

on
 n

on
-g

er
m

fr
ee

 
Y

am
az

ak
i e

t a
l. 

19
92

b
 

 
 

 
cl

as
s 

I l
oc

i) 
M

H
C

 c
on

ge
ni

c 
m

ou
se

 s
tr

ai
ns

 tr
an

sf
er

re
d 

th
is

 
 

 
 

 
 

di
sc

rim
in

at
io

n 
ab

ili
ty

 to
 u

rin
e 

fr
om

 g
er

m
fr

ee
 M

H
C

 
 

 
 

 
 

co
ng

en
ic

s;
 in

 r
at

s,
 r

em
ov

al
 o

f G
ra

m
-p

os
iti

ve
 o

r 
 

 
 

 
 

G
ra

m
-n

eg
at

iv
e 

ba
ct

er
ia

 a
lo

ne
 a

lte
rs

 in
di

vi
du

al
 o

do
ur

 
 

 
 

 
 

bu
t i

ns
uf

fic
ie

nt
 to

 e
lim

in
at

e 
in

di
vi

du
al

ity
 o

do
ur

s;
 

 
 

 
 

 
ge

rm
fr

ee
 in

di
vi

du
al

 r
at

s 
m

or
e 

di
ffi

cu
lt 

to
 

 
 

 
 

 
di

sc
rim

in
at

e 
th

an
 c

on
ve

nt
io

na
lly

-h
ou

se
d 

 
R

 £
 

R
 £

 
U

 
 

 
S

ch
el

lin
ck

 e
t a

l. 
19

91
 

R
 £

 
R

 £
 

 
 

 
S

ch
el

lin
ck

 e
t a

l. 
20

00
 

R
 £

 
?M

 
U

 
 

 
S

ch
el

lin
ck

 &
 B

ro
w

n 
19

92

M
ou

se
 m

am
m

ar
y 

M
 ¥

 
M

 £
¥

 
U

/A
 

In
br

ed
 s

tr
ai

n;
 F

1 
se

gr
eg

an
ts

 
D

is
cr

im
in

at
ed

 b
et

w
ee

n 
un

in
fe

ct
ed

 s
am

pl
es

 a
nd

 
Y

am
az

ak
i e

t a
l. 

20
02

tu
m

ou
r 

vi
ru

s 
(M

M
T

V
) 

 
 

 
fr

om
 h

et
er

oz
yg

ou
s 

tr
an

sg
en

ic
 

th
os

e 
w

ith
 a

sy
m

pt
om

at
ic

 M
M

T
V

, w
he

th
er

 v
ira

lly
 

 
 

 
 

w
ith

 e
nd

og
en

ou
s 

M
M

T
V

 
or

 g
en

et
ic

al
ly

 a
cq

ui
re

d;
 b

ot
h 

w
ho

le
 a

ni
m

al
s 

an
d 

 
 

 
 

pr
ov

iru
s 

ur
in

e 
al

on
e 

di
sc

rim
in

at
ed

 

S
ex

 c
hr

om
os

om
es

 
? 

M
 

U
 

Y
 c

hr
om

os
om

e 
va

ria
nt

 
T

w
o 

st
ra

in
s 

w
ith

 d
iff

er
en

t Y
 c

hr
om

os
om

es
 c

an
 b

e 
S

ch
el

lin
ck

 e
t a

l. 
19

93
 

 
 

 
in

br
ed

 s
tr

ai
ns

 
di

sc
rim

in
at

ed
 

M
on

ah
an

 e
t a

l. 
19

93

C
om

po
ne

nt
s 

of
 u

rin
e 

?M
 

M
 £

 
U

 
M

H
C

 c
on

ge
ni

c 
V

ol
at

ile
 a

ci
ds

 n
ec

es
sa

ry
 a

nd
 s

uf
fic

ie
nt

 fo
r 

M
H

C
 

S
in

ge
r 

et
 a

l. 
19

97
 

 
 

 
 

di
sc

rim
in

at
io

n 
C

la
ss

 I 
m

ol
ec

ul
es

 p
ur

ifi
ed

 fr
om

 u
rin

e 
no

t 
 

 
 

 
 

di
sc

rim
in

at
ed

; r
em

ai
ni

ng
 fr

ac
tio

n 
of

 u
rin

e 
di

sc
rim

in
at

ed
 

 
R

 
R

 
U

 
 

 
B

ro
w

n 
et

 a
l. 

19
87

M
H

C
 a

ss
oc

ia
te

d 
od

ou
rs

 
 

 
 

M
H

C
 c

on
ge

ni
c 

M
ic

e 
un

ab
le

 to
 d

is
cr

im
in

at
e 

un
tr

ea
te

d 
se

ru
m

 fr
om

 
B

ro
w

n 
et

 a
l. 

19
87

in
 b

lo
od

 
 

 
 

 
co

ng
en

ic
 s

tr
ai

ns
, b

ut
 c

an
 d

is
cr

im
in

at
e 

se
ru

m
 tr

ea
te

d 
 

 
 

 
 

w
ith

 P
ro

na
se

 to
 li

be
ra

te
 b

ou
nd

 o
do

ra
nt

s 
 

M
 £

 
M

 £
 

U
 

 
 

Y
am

az
ak

i e
t a

l. 
19

99

1  
T

he
 s

pe
ci

es
 o

f s
ub

je
ct

 a
ni

m
al

; R
 =

 R
at

tu
s 

no
rv

eg
ic

us
; M

=
 M

us
 d

om
es

tic
us

; ?
 =

 n
ot

 s
ta

te
d 

(o
r 

am
bi

gu
ou

s)
.

2  
T

he
 s

pe
ci

es
 o

f d
on

or
 a

ni
m

al
, c

od
es

 a
s 

fo
r 

su
bj

ec
t c

ol
um

n.
3  

T
yp

e 
of

 o
do

ur
 u

se
d 

in
 th

e 
tr

ia
l: 

U
 =

 u
rin

e;
 A

 =
 w

ho
le

 a
ni

m
al

 u
se

d 
as

 a
n 

od
ou

r 
so

ur
ce

.



ANN. ZOOL. FENNICI Vol. 41 • Individual recognition by scent 787
A

p
p

en
d

ix
 2

. A
 s

um
m

ar
y 

of
 m

aj
or

 fi
nd

in
gs

 o
bt

ai
ne

d 
us

in
g 

th
e 

ha
bi

tu
at

io
n–

di
sh

ab
itu

at
io

n 
pa

ra
di

gm
, w

ith
 h

ou
se

 m
ou

se
 a

nd
 b

ro
w

n 
ra

t s
ub

je
ct

s.

T
es

t 
S

ub
je

ct
 

D
on

or
 

P
oo

le
d1  

D
on

or
 ty

pe
 

O
ut

co
m

e 
R

ef
er

en
ce

E
ffe

ct
 o

f d
ie

t 
R

 £
 

M
 £

 
N

 
In

br
ed

 s
tr

ai
n 

R
at

s 
di

sh
ab

itu
at

ed
 to

 g
en

et
ic

al
ly

 id
en

tic
al

 
S

ch
el

lin
ck

 e
t a

l.
 

 
 

 
 

in
di

vi
du

al
s 

m
ai

nt
ai

ne
d 

on
 d

iff
er

en
t d

ie
ts

 
19

92

R
ol

e 
of

 b
ac

te
ria

l 
R

 £
 

M
 £

 
N

 
M

H
C

 c
on

ge
ni

c 
st

ra
in

s 
G

er
m

fr
ee

 M
H

C
 c

on
ge

ni
c 

st
ra

in
s 

no
t 

S
ch

el
lin

ck
 e

t a
l.

in
fe

ct
io

n 
 

 
 

 
di

sc
rim

in
at

ed
 

19
95

D
is

cr
im

in
at

io
n 

of
 M

H
C

 
R

 £
 

M
 £

 
N

 
M

H
C

 c
on

ge
ni

c 
st

ra
in

s 
M

H
C

 c
on

ge
ni

c 
st

ra
in

s 
di

sc
rim

in
at

ed
 

S
ch

el
lin

ck
 e

t a
l.

co
ng

en
ic

 s
tr

ai
ns

 
 

 
 

 
 

19
95

 
R

 £
 

R
 £

 
N

 
M

H
C

 c
on

ge
ni

c 
st

ra
in

s 
M

H
C

 c
on

ge
ni

c 
st

ra
in

s 
di

sc
rim

in
at

ed
 

B
ro

w
n 

et
 a

l. 
19

90

G
en

et
ic

al
ly

 id
en

tic
al

 
R

 £
 

M
 £

 
N

 
In

br
ed

 s
tr

ai
ns

 
N

o 
di

sh
ab

itu
at

io
n 

to
 in

di
vi

du
al

s 
w

ith
in

 s
tr

ai
n 

S
ch

el
lin

ck
 e

t a
l.

in
di

vi
du

al
s 

(w
ith

in
 

 
 

 
 

 
19

95
, S

ch
el

lin
ck

st
ra

in
) 

 
 

 
 

 
et

 a
l. 

19
92

 
R

 £
 

R
 £

 
N

 
In

br
ed

 s
tr

ai
ns

 
D

is
ha

bi
tu

at
io

n 
to

 in
di

vi
du

al
s 

w
ith

in
 s

tr
ai

ns
 fo

r 
B

ro
w

n 
et

 a
l. 

19
90

 
 

 
 

 
1 

do
no

r 
st

ra
in

 w
ith

 o
ne

 s
ub

je
ct

 s
tr

ai
n 

on
ly

; n
o 

 
 

 
 

 
di

sh
ab

itu
at

io
n 

fo
r 

2 
ot

he
r 

do
no

r 
st

ra
in

s 
w

ith
 

 
 

 
 

 
ei

th
er

 o
f 2

 s
ub

je
ct

 s
tr

ai
ns

 
 

M
 ¥

 
M

 £
 

Y
/N

 
In

br
ed

 s
tr

ai
ns

 
D

is
ha

bi
tu

at
io

n 
to

 in
di

vi
du

al
s 

w
ith

in
 s

tr
ai

n,
 

P
en

n 
&

 P
ot

ts
 

 
 

 
 

di
sh

ab
itu

at
io

n 
to

 p
oo

ls
 w

ith
in

 s
tr

ai
n 

19
98

M
ul

tip
le

 s
am

pl
es

 fr
om

 
R

 £
 

R
 £

 
N

 
In

br
ed

 s
tr

ai
n 

S
ep

ar
at

e 
sa

m
pl

es
 fr

om
 s

in
gl

e 
in

di
vi

du
al

 n
ot

 
B

ro
w

n 
et

 a
l. 

19
90

si
ng

le
 in

di
vi

du
al

 
 

 
 

 
di

sc
rim

in
at

ed
2  

S
in

gl
e 

ge
ne

 k
no

ck
ou

t 
M

 ¥
 

M
 £

 
Y

 
S

in
gl

e 
M

H
C

 c
la

ss
 I 

ge
ne

 k
no

ck
ou

t 
D

is
ha

bi
tu

at
ed

 m
or

e 
to

 s
in

gl
e 

ge
ne

 k
no

ck
ou

t 
P

en
n 

&
 P

ot
ts

 
 

 
 

st
ra

in
 

st
ra

in
s 

th
an

 c
on

tr
ol

 (
w

ith
in

 s
tr

ai
n)

 
19

98

S
in

gl
e 

M
H

C
 c

la
ss

 I 
lo

cu
s 

R
 £

 
R

 £
 

N
 

M
H

C
 c

la
ss

 I 
co

ng
en

ic
 

D
is

cr
im

in
at

ed
 s

tr
ai

ns
 d

iff
er

in
g 

at
 s

in
gl

e 
M

H
C

 
B

ro
w

n 
et

 a
l.

 
 

 
 

 
cl

as
s 

I l
oc

us
 

19
89

, 1
99

0

S
in

gl
e 

lo
cu

s 
m

ut
an

t o
n 

 
M

 ¥
 

M
 £

 
Y

 
T

w
o 

si
ng

le
 lo

cu
s 

m
ut

an
t s

tr
ai

ns
  

M
ut

an
t s

tr
ai

ns
 d

is
cr

im
in

at
ed

 fr
om

 e
ac

h 
ot

he
r 

C
ar

ro
ll 

et
 a

l. 
20

02
ra

nd
om

 b
ac

kg
ro

un
d 

 
 

 
an

d 
pa

re
nt

al
 s

tr
ai

n;
 F

2 
se

gr
eg

an
ts

  
an

d 
fr

om
 p

ar
en

ta
l s

tr
ai

n;
 F

2 
se

gr
eg

an
ts

  
 

 
 

 
fr

om
 3

-w
ay

 b
ac

kc
ro

ss
es

 to
 c

on
tr

ol
  

di
sc

rim
in

at
ed

 fr
om

 e
ac

h 
ot

he
r 

bu
t n

ot
 fr

om
  

 
 

 
 

fo
r 

ba
ck

gr
ou

nd
 

pa
re

nt
al

 s
tr

ai
n 

R
ec

om
bi

na
nt

 M
H

C
 c

la
ss

 I 
R

 £
 

R
 £

 
N

 
In

br
ed

 r
at

s 
in

je
ct

ed
 in

tr
av

en
ou

sl
y 

 
U

rin
e 

of
 s

ub
je

ct
s 

in
je

ct
ed

 w
ith

 r
ec

om
bi

na
nt

  
Ja

ns
se

n 
et

 a
l. 

20
01

 
 

 
 

w
ith

 r
ec

om
bi

na
nt

 c
la

ss
 I 

M
H

C
  

co
ng

en
ic

 M
H

C
 m

ol
ec

ul
es

 d
is

cr
im

in
at

ed
 fr

om
  

 
 

 
 

m
ol

ec
ul

es
 

th
os

e 
in

je
ct

ed
 w

ith
 r

ec
om

bi
na

nt
 s

yn
ge

ni
c 

 
 

 
 

 
 

m
ol

ec
ul

es
 

1  
U

rin
e 

fr
om

 m
ul

tip
le

 in
di

vi
du

al
s 

po
ol

ed
 fo

r 
pr

es
en

ta
tio

n 
(Y

) 
or

 u
rin

e 
fr

om
 s

in
gl

e 
an

im
al

s 
us

ed
 w

ith
ou

t p
oo

lin
g 

(N
).

2  
N

o 
co

nt
ro

l t
es

t r
ep

or
te

d.

This article is also available in pdf format at http://www.sekj.org/AnnZool.html


