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Abstract
Using operant conditioning procedures, we assessed the olfactory sensitivity of six CD-1 mice and three spider monkeys for 
mold-associated odorants. We found that with all eight stimuli, the mice detected concentrations as low as 0.1 ppm (parts 
per million), and with two of them individual animals even detected concentrations as low as 1 ppt (parts per trillion). The 
spider monkeys detected concentrations as low as 4 ppm with all eight stimuli, and with four of them individual animals 
even detected concentrations as low as 4 ppb (parts per billion). Between-species comparisons showed that with all eight 
odorants, the mice displayed significantly lower threshold values, that is, a higher sensitivity than the spider monkeys, but 
not than human subjects tested in previous studies. Analysis of odor structure–activity relationships showed that in both 
species, the type of oxygen-containing functional group and the presence versus absence of a double bond as well as the 
length of the carbon backbone of the odor stimuli had a systematic effect on detectability. We conclude that both mice and 
spider monkeys are clearly able to detect the presence of molds and thus to assess the palatability of potential food using the 
volatiles produced by molds during putrefaction.
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Introduction

Food selection is the process by which animals try to opti-
mize their energy yield, to meet their nutrient requirements, 
and to avoid ingestion of potentially harmful substances 
(Stephens and Krebs 1986). The vast majority of terrestrial 
mammal species rely on, or at least include, their sense of 
smell for food selection (Stoddart 1980; Hughes 1990). This 
should not be surprising given that fruits, for example, sys-
tematically change their odor in the course of maturation 
and thus provide an honest chemical signal of their nutri-
tional value (Goff and Klee 2006; Nevo and Valenta 2018). 
Similarly, the odor of animal prey changes systematically 
over time and thus allows predators or scavengers to assess 
its palatability (Vass et al. 2004; Forbes and Perrault 2014).

One of the most challenging tasks in the food selec-
tion process is for an animal to detect whether a potential 
food item is spoiled or rotten due to putrefaction, that is, 
the microbial decomposition of organic matter (Janzen 
1977) and accordingly, to decide for or against consump-
tion. In addition to bacteria, fungi such as molds are the 
major contributors to the degradation of proteins and thus 
to food spoilage (Pitt and Hocking 2009). Molds comprise 
a large and taxonomically diverse group of fungal species 
that grow in the form of filaments or hyphae. The inges-
tion of mold-infested food can cause severe health effects or 
even death due to highly toxic secondary metabolites such 
as aflatoxins or ergot alkaloids produced by molds (Mur-
phy et al. 2006). Chemo-analytical studies have identified a 
number of volatiles that are a product of the microbial deg-
radation of food and which humans perceive and describe as 
“moldy” (Kaminski et al. 1974; Chambers et al. 1998). The 
quantitatively predominant mold-associated odorants found 
in the headspace above fungal species such as Aspergillus, 
Penicillium, and Fusarium include, but are not restricted to, 
branched and/or unsaturated aliphatic ketones and alcohols 
(Börjesson et al. 1992; Schnürer et al. 1999; Li et al. 2016).
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It seems reasonable to assume that mammals feeding on 
plant material that is possibly infested by molds should be 
sufficiently sensitive to detect such mold-associated odor-
ants to avoid ingestion. This should be particularly important 
for mammal species lacking or having insufficient gastroin-
testinal detoxification mechanisms for aflatoxins and other 
harmful metabolites of molds (Wong and Hsieh 1980). It 
was, therefore, the aim of the present study to determine 
olfactory detection thresholds in a granivorous rodent, the 
house mouse (Mus musculus), and in a frugivorous primate, 
the spider monkey (Ateles geoffroyi), for an array of mold-
associated odorants. It is well established that both species 
strongly rely on their sense of smell in the context of food 
selection (Laska et al. 2007; Morris et al. 2012; Nevo et al. 
2015; Pablo-Rodriguez et al. 2015) and that both grains and 
fruits are prime targets of mold infestation (Jelen and Waso-
wicz 1998; Barkai-Golan and Paster 2008). A between-spe-
cies comparison of olfactory detection thresholds allowed us 
to evaluate whether neuroanatomical properties such as the 
size of olfactory brain structures or genetic properties such 
as the number of functional olfactory receptor genes corre-
late with olfactory sensitivity. To this end, we also compared 
the data obtained in the present study with data obtained 
with human subjects tested on the same set of odorants in 
previous studies. The fact that several of the odorants under 
investigation are structurally related and only differ from 
each other, e.g., in the type of oxygen-containing functional 
group, the presence versus absence of a double bond, or the 
length of the carbon backbone allowed us to additionally 
assess the impact of these molecular structural features on 
olfactory detectability.

Specifically, we tested the following predictions: (1) nei-
ther neuroanatomical nor genetic properties of a species are 
systematically linked with olfactory sensitivity; (2) molecu-
lar structural features of the odorants under investigation 
have a systematic effect on olfactory detectability; and (3) 
olfactory sensitivity is positively linked with the behavioral 
relevance of the odor stimuli.

Materials and methods

Animals

Testing was carried out using six male CD-1 mice (Mus 
musculus) and two female and one male spider monkeys 
(Ateles geoffroyi). The rationale for choosing this outbred 
strain of mice was to use animals with a genetic background 
that is diverse and more similar to that of wild mice than that 
of any inbred strain (Crusio et al. 2013). Care was taken to 
use animals that were not litter mates to minimize the prob-
ability of genetic similarity between individuals. The mice 
were 150–170 days at the beginning of the study.

The rationale for choosing spider monkeys was that data 
on olfactory detection thresholds for homologous series of 
aliphatic aldehydes (Laska et al. 2006b, c), carboxylic acids 
(Laska et al. 2004; Güven and Laska 2012), and ketones 
(Eliasson et al. 2015; Laska 2014), as well as for structur-
ally related aromatic aldehydes (Larsson and Laska 2011; 
Kjeldmand et al. 2011), alkylpyrazines (Laska et al. 2009), 
monoterpenes (Joshi et al. 2006), “green” odors (Løtvedt 
et al. 2012), amino acids (Wallén et al. 2012), and sulfur-
containing predator odorants (Sarrafchi et al. 2013) were 
obtained in earlier studies with both species, allowing for 
direct between-species comparisons of olfactory sensitiv-
ity. Furthermore, information about neuroanatomical and 
genetic properties of both species is at hand (Stephan et al. 
1988; Gilad et al. 2004; Hughes et al. 2018). The spider 
monkeys were 4, 9, and 11 years of age, respectively, at 
the beginning of the study. Maintenance of both species has 
been described in detail elsewhere (mice: Laska et al. 2006b, 
2003a, b; spider monkeys:).

Odorants

A set of eight odorants was used: 1-octen-3-ol (CAS# 3391-
86-4), 1-octen-3-one (CAS# 4312-99-6), 3-octanol (CAS# 
589-98-0), 3-octanone (CAS# 106-68-3), trans-2-octen-1-ol 
(CAS# 18409-17-1), 2-methyl-1-propanol (CAS# 78-83-1), 
2-methyl-1-butanol (CAS# 137-32-6), and 3-methyl-1-bu-
tanol (CAS# 123-51-3). The rationale for choosing these 
substances was to assess the olfactory sensitivity of the mice 
and spider monkeys for odorants known to be quantitatively 
predominant components of the odor produced by molds 
(Börjesson et al. 1992; Schnürer et al. 1999). All substances 
were obtained from Sigma-Aldrich (St. Louis, MO) and had 
a nominal purity of at least 99.5%. They were diluted using 
near-odorless diethyl phthalate (CAS# 84-66-2) as the sol-
vent. Gas-phase concentrations of the headspace above the 
diluted odorants were calculated using published vapor pres-
sure data (Dykyi et al. 2001) and corresponding formulae 
(Weast 1987), and were empirically verified using a min-
iPID Gas Sensor (Fast Response Miniature Photo-ionization 
Detector, model 200B, Aurora Scientific, Aurora, ON, Can-
ada). Figure 1 shows the molecular structure of the odorants.

Behavioral test

Olfactory sensitivity of the mice was assessed using an 
automated liquid-dilution olfactometer (Knosys, Tampa, 
FL) and an instrumental conditioning go/no-go procedure 
which has been described in detail elsewhere (Bodyak and 
Slotnick 1999). Briefly, animals were trained to insert their 
snout into the odor sampling port of a test chamber. This 
triggered a 2 s presentation of either an odorant used as the 
rewarded stimulus (S+) or a blank (headspace of the solvent) 
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used as the unrewarded stimulus (S–). Licking at a steel 
tube providing 2.5 µl of water reinforcement in response 
to presentation of the S + served as the operant response. 
Not licking in response to presentation of the S- was not 
rewarded. Incorrect responses were not punished. Forty such 
trials (20 S + and 20 S– trials in pseudorandomized order) 
using the same concentration of the S + were conducted per 
animal and condition. A total of 120 trials, subdivided into 
six blocks of 20 trials each, were performed per animal and 
day. To ensure reliable cooperation, the animals were kept 
on a water deprivation schedule of 1.5 ml of water per day. 
Part of this amount of water was consumed during the test 
session, and the rest was fed to the animal immediately after 
the end of the test session.

Olfactory detection thresholds were determined by test-
ing the animals’ ability to discriminate between increasing 
dilutions of the odorant used as S+, and the solvent alone 
used as S–. Starting with a gas-phase concentration of 1 ppm 
(parts per million), each stimulus was successively presented 
in tenfold dilution steps until an animal failed to significantly 
discriminate the odorant from the solvent. Subsequently, an 
intermediate concentration (0.5 log units between the low-
est concentration that was detected above chance and the 
first concentration that was not) was tested to determine the 
threshold value more exactly.

Olfactory sensitivity of the spider monkeys was assessed 
using a food-rewarded instrumental conditioning procedure 

which has been described in detail elsewhere (Laska et al. 
2003a). Briefly, the animals were trained to sniff at two simul-
taneously presented boxes equipped with absorbent paper 
strips that were impregnated with 20 µl of an odorant or the 
near-odorless solvent signalling either that they contained a 
food reward (S+) or that they did not (S–). Opening of one 
of the boxes served as the operant response. 30 such trials 
(15 S + and 15 S– trials in pseudorandomized order) using the 
same concentration of a given S + were conducted per animal 
and condition.

Olfactory detection thresholds were determined by testing 
the animals’ ability to discriminate between increasing dilu-
tions of an odorant used as S+, and the near-odorless solvent 
alone used as S–. Starting with a 100-fold liquid dilution, each 
stimulus was successively presented in 10-fold dilution steps 
until an animal failed to significantly discriminate the odorant 
from the solvent. Subsequently, an intermediate concentra-
tion (0.5 log units between the lowest concentration that was 
detected above chance and the first concentration that was not) 
was tested to determine the threshold value more exactly.

Data analysis

For each individual animal, the percentage of correct choices 
from 40 (mice) and 30 (spider monkeys) trials per dilution 
step was calculated. With the mice, correct choices consisted 
both of licking in response to presentation of the S + and not 
licking in response to the S–, and errors consisted of animals 
showing the reverse pattern of operant responses, that is: not 
licking in response to the S + and licking in response to the 
S–. With the spider monkeys, correct choices consisted both 
of animals opening a box equipped with the S + and fail-
ing to open a box equipped with the S−. Conversely, errors 
consisted of animals opening a box equipped with the S− or 
failing to open a box equipped with the S+. Significance 
levels were determined by calculating binomial z-scores cor-
rected for continuity from the number of correct and false 
responses for each individual and condition. All tests were 
two-tailed and the alpha level was set at 0.01. Possible dif-
ferences in sensitivity between the two species were assessed 
using the Mann–Whitney U test for independent samples. 
Possible differences in sensitivity between odorants were 
assessed using the Wilcoxon signed-rank test for related 
samples. Bonferroni corrections were used to counteract 
the problem of multiple comparisons wherever appropriate.

Results

CD‑1 mice

Figure 2 shows the performance of the mice in discrimi-
nating between various concentrations of a given odorant 

Fig. 1  Chemical structure of the eight mold-associated odorants used
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and the solvent. With all eight odorants, all six animals sig-
nificantly distinguished concentrations as low as 0.1 ppm 
(parts per million) from the solvent (binomial test, p < 0.01) 
and with two of them (1-octen-3-one and 1-octen-3-ol) indi-
vidual animals even detected concentrations as low as 1 ppt 
(parts per trillion).

The individual mice generally demonstrated similar 
detection threshold values with a given odorant and with 
four of the eight odorants (1-octen-3-ol, 3-octanol, 2-methyl-
1-butanol, and 3-methyl-1-butanol) they differed only by a 
dilution factor of 10 between the most- and the least-sensi-
tive animal. With one odorant (2-methyl-1-propanol), the 
range of threshold values was even only a dilution factor of 
3. The largest difference in sensitivity for a given odorant 
between individuals was a dilution factor of 100 and was 
found with 2-octen-1-ol.

Table 1 summarizes the threshold values of the mice 
for the eight odorants and shows various measures of cor-
responding gas-phase concentrations allowing readers to 
easily compare the data obtained in the present study tho 
those reported by other authors using one of these convert-
ible measures.

Spider monkeys

Figure 3 shows the performance of the spider monkeys in 
discriminating between various concentrations of a given 
odorant and the solvent. With all eight odorants, all three 
animals distinguished concentrations as low as 4 ppm (parts 
per million) from the solvent (binomial test, p < 0.01) and 
with four of them (1-octen-3-one, 3-octanone, 3-octanol, and 
2-octen-1-ol) individual animals even detected concentra-
tions as low as 4 ppb (parts per billion).

The individual spider monkeys generally demonstrated 
similar detection threshold values with a given odorant and 
with four of the eight odorants they differed only by a dilu-
tion factor of 3 (2-methyl-1-propanol, 2-methyl-1-butanol, 
3-methyl-1-butanol) or 10 (3-octanol) between the most- and 
the least-sensitive animal. With one odorant (1-octen-3-ol), 
all three animals even scored the same threshold value. The 
largest difference in sensitivity for a given odorant between 
individuals was a dilution factor of 100 and was found with 
2-octen-1-ol. Table 2 summarizes the threshold values of the 
mice for the eight odorants and shows various measures of 
corresponding gas-phase concentrations.

Comparison between species

Figure 4 compares the ranges of olfactory detection thresh-
old values of the mice and the spider monkeys obtained in 
the present study and corresponding data of human subjects 
obtained in previous studies for the eight mold-associated 
odorants tested. With all eight odorants, all six mice dis-
played significantly lower threshold values, that is, a higher 
sensitivity than the three spider monkeys (Mann–Whitney 
U test, p < 0.05 with all eight odorants). Accordingly, the 
ranges of threshold values with a given odorant did not over-
lap between Mus musculus and Ateles geoffroyi. A compari-
son between the olfactory detection threshold values of the 
mice and those of human subjects tested in previous studies 
(van Gemert 2011) shows that the ranges of threshold val-
ues overlap between the two species with all eight odorants. 
With six of the eight odorants (1-octen-3-one, 3-octanol, 
1-octen-3-ol, 2-methyl-1-propanol, 2-methyl-1-butanol, and 
3-methyl-1-butanol), the lowest mean human threshold value 
was even lower than the lowest individual mouse thresh-
old value. (Please note that human studies usually do not 
report threshold values of individual subjects, but only mean 
threshold values across groups of subjects. Thus, statistical 
comparisons between the olfactory sensitivity of humans 
and mice are not possible.) A corresponding comparison 
between the olfactory detection threshold values of the spi-
der monkeys and of human subjects shows that the ranges 
of threshold values overlap between the two species with 
four of the odorants (3-octanone, 2-octen-1-ol, 2-methyl-
1-propanol, and 2-methyl-1-butanol). With the remaining 
four odorants (1-octen-3-one, 3-octanol, 1-octen-3-ol, and 
3-methyl-1-butanol), Homo sapiens displays lower threshold 
values than Ateles geoffroyi.

Odorant structure–activity relationships

A comparison of the olfactory detection threshold values 
between odorants which only differed from each other in 
their functional oxygen-containing group (3-octanone 
versus 3-octanol, and 1-octen-3-one versus 1-octen-3-ol) 
showed that both the mice and the spider monkeys were 
significantly more sensitive for the ketones than for the 
corresponding alcohols (Wilcoxon, p < 0.05 with both spe-
cies). Similarly, the presence versus the absence of a dou-
ble bond (3-octanone versus 1-octen-3-one, and 3-octanol 
versus 1-octen-3-ol) had a systematic effect on olfactory 
detection thresholds in both species: the mice were sig-
nificantly more sensitive for odorants with a double bond 
compared to odorants without a double bond, whereas the 
spider monkeys displayed the opposite pattern of sensitivity 
(Wilcoxon, p < 0.05 with both species). The relative posi-
tion of the double bond and the functional alcohol group 
towards each other (1-octen-3-ol versus 2-octen-1-ol) and 

Fig. 2  Performance of the six CD-1 mice in discriminating between 
various concentrations of a mold-associated odorant and the solvent. 
Each data point represents the percentage of correct choices from a 
total of 40 decisions per individual animal. The six different symbols 
represent data from each of the six individual animals tested per odor-
ant. Filled symbols indicate concentrations that were not discrimi-
nated significantly above chance level (binomial test, p > 0.01)

◂



826 Journal of Comparative Physiology A (2018) 204:821–833

1 3

the position of the methyl group (2-methyl-1-butanol versus 
3-methyl-1-butanol) had a systematic effect on sensitivity in 
the mice (Wilcoxon, p < 0.05 with both odor pairs), but not 
in the spider monkeys (Wilcoxon, p > 0.05 with both odor 
pairs). Finally, the length of the carbon backbone system-
atically affected olfactory detection thresholds, with both 
mice and spider monkeys being significantly more sensitive 
for alcohols with a  C8 backbone (1-octen-3-ol, 3-octanol, 
and 2-octen-1-ol) compared to alcohols with a  C4 or  C5 
backbone (2-methyl-1-propanol, 2-methyl-1-butanol, and 
3-methyl-1-butanol) (Wilcoxon, p < 0.05 with both species).

Discussion

The results of the present study show that mice and spider 
monkeys have a well-developed olfactory sensitivity for 
mold-associated odorants. Furthermore, they demonstrate 
that mice are significantly more sensitive for this group of 
volatiles than spider monkeys and that molecular structural 
features of the odorants had a systematic effect on their 
detectability in both species.

Olfactory sensitivity

The interindividual variability of the detection threshold 
values for a given odorant and a given species in the pre-
sent study was low and considerably smaller than the range 
reported in studies on human olfactory sensitivity (Doty 
and Laing 2015). With the majority of odorants tested, the 
largest difference between the most- and the least-sensitive 
animal of a given species was a dilution factor of 10 or lower 
(see Figs. 2, 3). Therefore, the results can be considered as 
robust, even though only six mice and three spider monkeys, 
respectively, were tested. Furthermore, the animals’ perfor-
mance with the lowest concentrations presented dropped to 
chance level, suggesting that the statistically significant dis-
crimination between higher concentrations of an odorant and 
the solvent was indeed based on chemosensory perception 
and not on other cues.

Between‑species comparisons

A between-species comparison of the threshold values 
obtained with the mice and the spider monkeys in the present 
study shows that the former clearly outperformed the latter 

Table 1  Olfactory detection 
threshold values for mold-
associated odorants in CD-1 
mice, expressed in various 
measures of gas-phase 
concentrations

n number of animals, ppm parts per million

n Molec./cm3 air ppm Log ppm Mol/l Log Mol/l

1-octen-3-one 1 7.5 × 108 0.00003 − 4.52 1.3 × 10–12 − 11.87
2 7.5 × 107 0.000003 − 5.52 1.3 × 10–13 − 12.87
3 2.5 × 107 0.000001 − 6.00 4.5 × 10–14 − 13.35

1-octen-3-ol 2 2.5 × 108 0.00001 − 5.00 4.5 × 10–13 − 12.35
1 7.5 × 107 0.000003 − 5.52 1.3 × 10–13 − 12.87
3 2.5 × 107 0.000001 − 6.00 4.5 × 10–14 − 13.35

3-octanone 2 7.5 × 109 0.0003 − 3.52 1.3 × 10–11 − 10.87
2 7.5 × 108 0.00003 − 4.52 1.3 × 10–12 − 11.87
2 2.5 × 108 0.00001 − 5.00 4.5 × 10–13 − 12.35

3-octanol 1 2.5 × 1010 0.001 − 3.00 4.5 × 10–11 − 10.35
1 7.5 × 109 0.0003 − 3.52 1.3 × 10–11 − 10.87
4 2.5 × 109 0.0001 − 4.00 4.5 × 10–12 − 11.35

2-octen-1-ol 1 7.5 × 109 0.0003 − 3.52 1.3 × 10–11 − 10.87
1 2.5 × 109 0.0001 − 4.00 4.5 × 10–12 − 11.35
1 7.5 × 108 0.00003 − 4.52 1.3 × 10–12 − 11.87
1 2.5 × 108 0.00001 − 5.00 4.5 × 10–13 − 12.35
2 7.5 × 107 0.000003 − 5.52 1.3 × 10–13 − 12.87

2-methyl-1-propanol 1 2.5 × 1012 0.1 − 1.00 4.5 × 10−9 − 8.35
5 7.5 × 1011 0.03 − 1.52 1.3 × 10−9 − 8.87

2-methyl-1-butanol 1 2.5 × 1011 0.01 − 2.00 4.5 × 10–10 − 9.35
1 7.5 × 1010 0.003 − 2.52 1.3 × 10–10 − 9.87
4 2.5 × 1010 0.001 − 3.00 4.5 × 10–11 − 10.35

3-methyl-1-butanol 1 2.5 × 1010 0.001 − 3.00 4.5 × 10–11 − 10.35
2 7.5 × 109 0.0003 − 3.52 1.3 × 10–11 − 10.87
3 2.5 × 109 0.0001 − 4.00 4.5 × 10–12 − 11.35
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with all eight mold-associated odorants. Interestingly, how-
ever, the mice were not more sensitive compared to human 
subjects, the only other species for which olfactory detec-
tion thresholds with the mold-associated odorants tested 
here have been reported so far (see Fig. 4). This raises the 
question as to possible mechanisms underlying the observed 
differences and similarities in olfactory sensitivity between 
species.

Several studies have tried to link between-species dif-
ferences in olfactory sensitivity to neuroanatomical prop-
erties such as the relative or the absolute size of olfactory 
brain structures (Nummela et al. 2013). The present find-
ings only partially support the existence of such a link: our 
finding that the mice were clearly more sensitive for the 
mold-associated odorants than the spider monkeys fits to 
the fact that the relative size of the olfactory bulbs in Mus 
musculus (2.0% of total brain volume, Kovacevic et al. 2005) 
is clearly larger than that of Ateles geoffroyi (0.09% of total 
brain volume, Stephan et al. 1988). However, the finding 
that humans were at least as sensitive for these odor stimuli 
as the mice does not fit as the relative size of the olfactory 
bulbs in Homo sapiens (0.01%, Stephan et al. 1988) is the 
smallest of the three species. Similarly, a comparison of the 
absolute size of the olfactory bulbs in the three species does 
not support the notion of a positive correlation between this 
neuroanatomical property and olfactory sensitivity: mice 
have markedly smaller olfactory bulbs in terms of absolute 
size (8.3 mm3, Pomeroy et al. 1990) compared to both spider 
monkeys (90.4 mm3, Stephan et al. 1988) and human sub-
jects (114 mm3, Stephan et al. 1988). Previous studies also 
yielded inconclusive findings in this respect, with some of 
them supporting the notion of a positive correlation between 
the relative or the absolute size of the olfactory bulbs and a 
species’ olfactory sensitivity and some of them failing to do 
so (Hernandez Salazar et al. 2003; Joshi et al. 2006; Kjeld-
mand et al. 2011; Løtvedt et al. 2012). Future studies should, 
therefore, explore the possibility that the degree of neural 
connectivity rather than the absolute or relative numbers of 
neurons involved in olfactory processing may be relevant for 
the sensitivity of olfactory systems (Keverne 2004; Shepherd 
2005).

Other studies proposed that between-species differences 
in olfactory sensitivity might be linked to genetic properties 
such as the number of functional or the proportion of non-
functional olfactory receptor genes (Rouquier and Giorgi 
2007). Here, too, the findings of the present study only par-
tially support this notion as mice have a markedly higher 
number of functional genes coding for olfactory receptors 
(≈ 1230, Hughes et al. 2018) compared to both spider mon-
keys (≈ 900, Gilad et al. 2004) and human subjects (≈ 390, 
Hughes et al. 2018), but nevertheless, the mice were not 
more sensitive than the human subjects for the odorants 
tested here. Similarly, although mice have been reported to 

have a markedly lower proportion of non-functional olfac-
tory receptor genes (11.2%, Hughes et al. 2018) compared 
to spider monkeys (18.4%, Gilad et al. 2004) and human 
subjects (54.4%, Hughes et al. 2018), their olfactory detec-
tion thresholds for the mold-associated odorants did not sys-
tematically differ from those of the human subjects. This 
suggests that it may not necessarily be the absolute or the 
relative size, but perhaps, the composition of the repertoire 
of functional olfactory receptor genes that may determine a 
species’ olfactory sensitivity for a given odorant (Nei et al. 
2008; Hughes et al. 2018). In summary, these findings are 
in line with our first prediction that neither neuroanatomical 
nor genetic properties of a species are systematically linked 
with olfactory sensitivity.

Whether between-species differences in the ability to 
detoxify harmful mold-associated metabolites such as afla-
toxins might underlie the observed differences between 
mice, spider monkeys, and humans in their olfactory sen-
sitivity for mold-associated odorants is difficult to decide. 
The LD50 of mice for Aflatoxin B1, for example, is 9.0 mg/
kg of body weight, and thus, 25-times higher than the lethal 
dose of 0.36 mg/kg reported for this substance in humans 
(Dhanasekaran et al. 2011). No corresponding data for spi-
der monkeys are available. Future studies should, therefore, 
explore possible links between olfactory sensitivity for odor-
ants which are either toxic themselves or indicative of toxic 
food and the effectiveness of an organism’s detoxification 
mechanisms.

Finally, although we cannot completely exclude the pos-
sibility that differences between methods may have affected 
the animals’ performance, and thus, the comparability of 
our results, it should be considered that most of these dif-
ferences are necessary adaptations to meet the physiologi-
cal, anatomical, and behavioral needs and limitations of our 
study species to successfully cooperate in a behavioral test of 
sensory capabilities (Hastings 2003). Both the mice and the 
spider monkeys were tested using instrumental condition-
ing procedures which are commonly regarded as the gold 
standard in animal psychophysics (Pearce 2008) and which 
virtually exclude the possibility that differences in motiva-
tion may underlie the observed between-species differences 
in olfactory sensitivity. Similarly, we consider it as unlikely 
that the different modes of odor stimulus presentation used 
in the present study, an olfactometer with the mice and odor-
ized paper strips with the spider monkeys, systematically 
affected our findings. If that was the case, then it would be 
difficult to explain that spider monkeys have been reported to 
be more sensitive than mice, using exactly the same methods 
as in the present study, with at least 11 odorants that have 
been tested with both species (Laska and Hernandez Salazar 
2015; Laska 2017). Furthermore, we used a photo-ionization 
detector with both modes of odor presentation and verified 
that the gas-phase concentrations in the headspace above 
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the odorants that we calculated using published vapor pres-
sure data (Dykyi et al. 2001) and classical gas law formu-
lae (Weast 1987) corresponded well with the empirically 
obtained data.

All the factors mentioned above that may, or may not, 
affect the comparability of olfactory detection thresholds 
across species also apply to the comparisons between the 
olfactory sensitivity of our two study species and human 
subjects. The human data shown in Fig. 4, for example, 
were obtained using different modes of stimulus presenta-
tion which ranged from squeeze bottles to olfactometers (van 
Gemert 2011). Here, too, the authors tried their best to pro-
vide accurate gas-phase concentrations. Keeping all these 
caveats in mind, we still feel that between-species compari-
sons provide a valuable means to assess the neuroanatomical 
or genetic mechanisms that have been proposed to underlie 
between-species differences in olfactory sensitivity and are 
indispensable to elucidate the selective pressures acting on 
the olfactory systems of different species.

Odor structure–activity relationships

Both mice and spider monkeys displayed lower detection 
threshold values with the ketones tested here compared to 
the corresponding alcohols. This is in line with several pre-
vious studies which reported that the type of oxygen-con-
taining functional group had a systematic effect on olfactory 
detectability (mice: Güven and Laska 2012; Laska 2014; 
spider monkeys:; Hernandez Salazar et al. 2003; Laska et al. 
2006c). However, it is interesting to note that spider mon-
keys have also been reported to be more sensitive to aliphatic 
1-alcohols than to aliphatic 2-ketones (Eliasson et al. 2015). 
This finding, however, does not necessarily contradict the 
current results, but rather shows that molecular structural 
features such as the position of the functional group—which 
differs between the odorants used in the two studies—may 
also affect an odorant’s detectability.

Furthermore, we found that the presence versus the 
absence of a double bond also had a systematic effect on 
olfactory detection thresholds in both species tested. Previ-
ous studies failed to find such an effect in both mice and spi-
der monkeys when tested with aliphatic  C6-alcohols (Løtvedt 
et al. 2012) or acyclic monoterpene alcohols having or lack-
ing a double bond (Laska et al. 2006a). This suggests that 

the impact of the presence or the absence of a double bond 
on olfactory detectability may be chemical class-specific.

Finally, we found that the length of the carbon backbone 
systematically affected olfactory detection thresholds, with 
both mice and spider monkeys being significantly more 
sensitive for alcohols with longer-chained  (C8) compared to 
shorter-chained  (C4 or  C5) alcohols. This finding confirms a 
general pattern found with aliphatic substances containing 
an oxygen-containing functional group: in most mammal 
species tested so far with homologous series of aliphatic 
substances such as 1-alcohols, n-aldehydes, n-carboxylic 
acids, 2-ketones, or n-acetic esters, olfactory sensitivity 
increases with carbon chain length up to  C8. Such a positive 
correlation has been reported not only in mice and spider 
monkeys (Eliasson et al. 2015; Güven and Laska 2012; Her-
nandez Salazar et al. 2003), but also in other species such 
as squirrel monkeys (Laska and Seibt 2002, 2003), pigtail 
macaques (Laska et al. 2003b, 2005b), and human subjects 
(van Gemert 2011). It is important to note that this correla-
tion between carbon chain length and olfactory sensitivity 
is not a simple function of vapor pressure as several studies 
found that aliphatic odorants with carbon backbones longer 
than C8 are only detected at higher concentrations compared 
to shorter ones (e.g., Hernandez Salazar et al. 2003; Elias-
son et al. 2015). In summary, our findings are at least par-
tially consistent with our second prediction that molecular 
structural features of the odorants under investigation have 
a systematic effect on olfactory detectability.

Behavioral relevance of mold‑associated odorants

An increasing number of studies suggest that the behavio-
ral relevance of a given odor stimulus may determine an 
animal’s olfactory sensitivity for this stimulus. Rats, for 
example, have been found to be much more sensitive for 
trimethylthiazoline, a component of the feces of its natural 
predator, the fox, compared to mammals that are not prey 
species (Laska et al. 2005a). Similarly, highly frugivorous 
species such as spider monkeys have been found to detect the 
main components of fruit odors at markedly lower concen-
trations as compared to granivorous species such as rats or 
carnivorous species such as dogs (Hernandez Salazar et al. 
2003). Within-species comparisons of olfactory detection 
thresholds support the notion of a possible link between 
olfactory sensitivity and behavioral relevance: dogs, for 
example, are clearly more sensitive for short-chained car-
boxylic acids than for aliphatic esters (Laska 2017). This 
should not be surprising considering that the former are the 
main constituents of the body odor of their prey and thus 
presumably relevant for a carnivorous species, whereas the 
latter are plant-derived compounds and thus presumably not, 
or at least less relevant for dogs.

Fig. 3  Performance of the three spider monkeys in discriminating 
between various concentrations of a mold-associated odorant and the 
solvent. Each data point represents the percentage of correct choices 
from a total of 30 decisions per individual animal. The three differ-
ent symbols represent data from each of the three individual animals 
tested per odorant. Filled symbols indicate concentrations that were 
not discriminated significantly above chance level (binomial test, 
p > 0.01)

◂
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Among the 85 odorants for which olfactory detection 
thresholds have been published so far in mice (Laska 2017), 
there are only eight for which this species is more sensitive 
than for 1-octen-3-one and 1-octen-3-ol, the mold-associated 
odorants for which the mice of the present study displayed 

the lowest threshold values (see Table 1). This suggests that 
at least these two mold-associated odorants may be behav-
iorally relevant for mice. A corresponding within-species 
comparison shows that among the 89 odorants tested so far 
with spider monkeys (Laska and Hernandez Salazar 2015), 
the mold-associated odorant with the lowest threshold value 
in the present study, 3-octanone, ranks only as number 27 
concerning its threshold value. This suggests that the mold-
associated odorants tested here might not be particularly 
relevant for the spider monkeys.

However, two caveats should be considered with regard 
to the supposed link between olfactory sensitivity and 
behavioral relevance of odor stimuli: first, the eight odor-
ants tested here, although quantitatively predominant in the 
headspace above various species of mold (Börjesson et al. 
1992; Schnürer et al. 1999; Li et al. 2016), are not necessar-
ily those compounds that may trigger avoidance responses 
during food selection. Several studies have shown that trace 
components rather than quantitatively predominant com-
ponents of complex odor mixtures may be responsible for 
eliciting behavioral responses (e.g., pheromones that are part 
of body odors, Wyatt 2014). Second, we cannot exclude the 
possibility that the high sensitivity of the mice for 1-octen-
3-one and 1-octen-3-ol might be due to a behavioral context 
other than the avoidance of mold-infested food. Both com-
pounds have also been reported to naturally occur outside 
of the biochemical pathways involved in putrefaction, e.g., 
in certain fruit and vegetable flavors when these are ripe and 
not infested with mold (Hui 2010). In summary, the present 
findings partially support our third prediction that olfactory 

Table 2  Olfactory detection 
threshold values for mold-
associated odorants in spider 
monkeys, expressed in 
various measures of gas-phase 
concentrations

n number of animals, ppm parts per million

n Molec./cm3 air ppm Log ppm. Mol/l Log Mol/l

1-octen-3-one 1 1.1 × 1012 0.041 − 1.39 1.8 × 10−9 − 8.74
2 3.7 × 1010 0.0014 − 2.86 6.1 × 10–11 − 10.21

1-octen-3-ol 3 2.8 × 1012 0.10 − 0.98 4.6 × 10−9 − 8.33
3-octanone 1 3.7 × 1011 0.014 − 1.86 6.1 × 10–10 − 9.21

1 3.7 × 1010 0.0014 − 2.86 6.1 × 10–11 − 10.21
1 1.1 × 1010 0.00041 − 3.39 1.8 × 10–11 − 10.74

3-octanol 1 8.5 × 1011 0.031 − 1.50 1.4 × 10−9 − 8.85
1 2.8 × 1011 0.010 − 1.98 4.6 × 10–10 − 9.33
1 8.5 × 1010 0.0031 − 2.50 1.4 × 10–10 − 9.85

2-octen-1-ol 1 4.1 × 1012 0.15 − 0.82 6.8 × 10−9 − 8.17
1 1.4 × 1012 0.052 − 1.29 2.3 × 10−9 − 8.63
1 4.1 × 1010 0.0015 − 2.82 6.8 × 10–11 − 10.17

2-methyl-1-propanol 2 1.0 × 1014 3.70 0.57 1.7 × 10−7 − 6.78
1 3.3 × 1013 1.22 0.09 5.5 × 10−8 − 7.26

2-methyl-1-butanol 1 4.5 × 1013 1.67 0.22 7.5 × 10−8 − 7.13
2 1.5 × 1013 0.56 − 0.26 2.5 × 10−8 − 7.60

3-methyl-1-butanol 1 3.9 × 1013 1.44 0.16 6.5 × 10−8 − 7.19
2 1.3 × 1013 0.48 − 0.32 2.2 × 10−8 − 7.67

Fig. 4  Comparison of the olfactory detection thresholds of the CD-1 
mice and the spider monkeys for the eight mold-associated odorants 
and those of human subjects. Data points of the mice (circles) and the 
spider monkeys (squares) represent the highest and the lowest thresh-
old values of individual animals. Data points of the human subjects 
(triangles) represent the highest and the lowest mean threshold values 
reported in the literature (van Gemert 2011)
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sensitivity is positively linked with the behavioral relevance 
of the odor stimuli.

A recent study (Peris et al. 2017) reported that fungal 
infestation increased rather than decreased consumption of 
oranges (Citrus sinensis) by frugivorous non-primate mam-
mals and birds. However, the authors used ripe fruits that 
were artificially inoculated with Penicillium digitatum, and 
not overripe ones. Thus, it is possible that the honest odor 
signal of ripeness provided by the fruit itself may have over-
ridden the honest odor signal of putrefaction provided by the 
mold. Furthermore, the authors did not directly observe con-
sumption of such mold-inoculated fruits by frugivores, but 
concluded fruit consumption only indirectly from foot tracks 
and displacement of fruits. This illustrates the complexity of 
the decision that frugivorous or granivorous species have to 
make when assessing the palatability of mold-infested food. 
In any case, it should be emphasized that the vast major-
ity of studies on behavioral responses to mold-infested food 
report avoidance rather than attraction responses across a 
wide variety of taxa (Hughes 1990; Pitt and Hocking 2009).

Quantitative studies on the concentrations of mold-asso-
ciated odorants in the headspace above mold-infested foods 
are sparse (Börjesson et al. 1992; Schnürer et al. 1999). 
However, the few quantitative data that are available and 
the olfactory detection threshold values of the present study 
suggest that both mice and spider monkeys are clearly able 
to detect the presence of molds and thus to assess the pal-
atability of potential food using the volatiles produced by 
molds during putrefaction.

In conclusion, the results of the present study provide 
useful information for the choice of adequate stimulus con-
centrations in electrophysiological or imaging studies of 
the olfactory system or investigations of the discriminative 
abilities of mice and spider monkeys. Furthermore, they can 
be used as a basis for establishing dose–response curves in 
behavioral studies of the attractive or aversive properties of 
mold-associated odorants. Finally, they contribute to the still 
rather limited set of data on olfactory sensitivity in nonhu-
man species which can be used to further test hypotheses 
concerning the mechanisms underlying between-species dif-
ferences in olfactory capabilities and the selective pressures 
acting on olfactory systems.
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