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Abstract. Sexual selection is considered as one of the leading factors of evolutionary development. In the conditions 
of incessant competition, specialized methods of attracting individuals of the opposite sex as well as criteria for assess-
ing the quality of a sexual partner have been formed. In order for animals to rely on signaling from sexual partners, the 
signal must reflect the morpho-physiological status of animals. A high reproductive efficiency of male mice is a good 
advantage for mate selection and thus must be somehow demonstrated to potential mates. The aim of our study was 
to find out if male mice could demonstrate their reproductive efficiency through urine volatile organic compounds. 
The experiment implies cohabiting one male with two mature females for 6 days. The reproductive success of the male 
was assessed by the presence or absence of pregnant females. At the same time, naive females, who did not participate 
in reproduction, assessed the urine of the successful males as more attractive, which was expressed in shorter  Latency 
time of sniffs in the Olfactory test. Using a rapid headspace GC/MS analysis, we have found volatile organic compounds 
(VOCs) in male urine that correlated with female behavior. It turned out that these substances are derivatives of mouse 
pheromone 6-hydroxy-6-methyl-3-heptanone. The amplitude of peaks corresponding to this pheromone correlated 
with the testosterone level in blood and the weight of preputial glands. The amplitude of peaks increased in males 
after mating with whom the females turned out to be pregnant. It is important to note that body weight, weight of 
testes, weight of seminal vesicles, weight of preputial glands, and plasma testosterone level alone are not reliable 
indicators of male reproductive success. Thus, the content of the pheromone 6-hydroxy-6-methyl-3-heptanone in the 
urine of males can serve as a good predictor of the quality of the male as a sexual partner for female CD-1 mice.
Key words: chemical signals; dihydrofuran; GC/MS; 6-hydroxy-6-methyl-3-heptanone; mating preference; olfactory 
preference; reproductive success.
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Аннотация. Половой отбор рассматривается в качестве одного из ведущих факторов эволюционного разви-
тия. В условиях постоянной конкуренции сформировались специализированные способы привлечения особей 
противоположного пола, а также критерии оценки качества полового партнера. Самцы, способные оставить 
наибольшее количество потомков, должны быть более привлекательными половыми партнерами, что требует 
от них каким-либо образом демонстрировать самкам свои преимущества. При этом ключевое условие для реа-
лизации такого отбора – это способность сигнала достоверно отражать информацию о физиологическом со-
стоянии организма особи. У мышей одним из ведущих каналов передачи информации являются хемосигналы. 
Целью нашего исследования было выяснить, могут ли самцы мышей демонстрировать самкам свою репродук-
тивную эффективность через летучие органические соединения мочи. В ходе эксперимента самцу подсаживали 
двух половозрелых самок на шесть дней для размножения. Репродуктивный успех самца оценивали по нали-
чию или отсутствию потомства. В то же время половозрелые самки, ранее не участвовавшие в размножении, 
оценивали мочу этих самцов. Оказалось, что более привлекательной была моча самцов, способных оставить 
потомство. Это выражалось в более коротком латентном времени обнюхивания самкой мочи самца в ольфак-
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торном тесте. При помощи газовой хроматографии в моче самцов были обнаружены летучие органические 
соединения, которые коррелировали с поведением самок. Масс-спектрометрический анализ образцов мочи 
показал, что эти соединения являются производными феромона мышей 6-гидрокси-6-метил-3-гептанона. Ам-
плитуда пиков, соответствующих данному феромону, коррелировала с уровнем тестостерона в крови и мас-
сой препуциальных желез и была выше у самцов с фертильными покрытиями. Важно отметить, что ключевые 
морфофизиологические показатели, такие как масса тела, масса семенников, препуциальных желез, семенных 
пузырьков, а также уровень тестостерона в плазме крови самцов, не отражали их способность оставить потом-
ство. Таким образом, содержание феромона 6-гидрокси-6-метил-3-гептанона в моче самцов CD-1 может слу-
жить хорошим критерием их репродуктивной эффективности.
Ключевые слова: хемосигналы; дигидрофуран; ГХ/МС; 6-гидрокси-6-метил-3-гептанон; половое предпочтение; 
ольфакторное предпочтение; репродуктивный успех.

Introduction
Animal olfactory cues contain a vast amount of information 
that plays an important role in their life and population pro-
cesses. The odors play a special role in the relations between 
the sexes and ensure the process of mating (Brennan, Zufall, 
2006; Arakawa et al., 2008). Most often, the rodents use uri-
nary tags for information transfer (Hurst, Beynon, 2004). Urine 
could be considered as the body fluid with the highest capa-
bility to “yield” different volatile organic compounds (VOC) 
that could be used in chemocommunication (Novotny et al., 
1999b). The complexity of mouse urine volatile profile has 
been described in a number of publications (Novotny et al., 
2007; Schaefer et al., 2010). Through GC/MS analysis, more 
than two hundred VOCs were found on the chromatographic 
profiles of mouse urine, and for nearly half of them chemical 
structure was identified (Schwende et al., 1986; Jemiolo et al., 
1987; Röck et al., 2007; Zhang et al., 2007; Schaefer et al., 
2010; Liu et al., 2017). Several substances were described as 
unique mouse urine constituents, which are not present in urine 
of any other species – the mouse pheromones (Novotny et al., 
2007). The biological activity of their majority has already 
been studied (Novotny et al., 1985, 1990, 1999b; Jemiolo et al., 
1986). The role of other urinary volatile metabolites has been 
studied less than that of pheromones but they are also involved 
in the process of chemocommunication. Urinary metabolites 
form an odor background, which reflects individual features 
such as diet, stress level, genotype and others (Zhang et al., 
2007; Schaefer et al., 2010).

Most known male pheromones, such as: 2-sec-butyl-4,5-
di hydrothiazole and 3,4-dihydro-exo-brevicomine (Jemiolo et 
al., 1985), 1-hexadecanol and 1-hexadecanol acetate (Zhang et 
al., 2007), α- and β-farnesene (Jemiolo et al., 1991), MTMT 
(Lin et al., 2005), and darcin (Liu et al., 2017) are highly at-
tractive for female mice. A lot of male pheromones, such as: 
2-sec-butyl-4,5-dihydrothiazole, 3,4-dihydro-exo-brevico-
mine, α- and β-farnesene, 6-hydroxi-6-methyl-3-heptanone 
(Novotny et al., 1999a), and 2-isopropyl-4,5-dihydrothiazole 
have a stimulating effect on puberty in females (Osada et al., 
2008). Wherein some of them: 2-sec-butyl-4,5-dihydrothia-
zole, 3,4-dihydro-exo-brevicomine (Jemiolo et al., 1986), 
α- and β-farnesene (Ma et al., 1999) can stimulate the estrus 
synchronization in female population (Whitten et al., 1968). 
Now it is known as Whitten effect. Beside this, all above-
men tioned pheromones induce the estrus cycle (Jemiolo et 
al., 1986; Ma et al., 1999).

Moreover, it was shown that the females of mice, rats, 
and voles could discriminate males. For examples, only by 
the scent of urine females can discriminate the genotype of 

males (Penn, Potts, 1998; Roberts, Gosling, 2003; Ilmonen 
et al., 2009; Manser et al., 2015), their maturity (Osada et al., 
2003, 2008), hierarchy status (Drickamer, 1992; Veyrac et al., 
2011), parasite load (Kavaliers, Colwell, 1995; Willis, Poulin, 
2000), immunocompetence (Zala et al., 2004; Gerlinskaya et 
al., 2012), and infection status (Moshkin et al., 2001, 2002; 
Zala et al., 2015).

Now it is known that the free choice of a partner ensures the 
birth of the most viable offspring. In experiments on various 
species of animals it was shown that the survival rate from the 
moment of  birth till reaching sexual maturity is significantly 
higher in individuals born when mating occurs in accordance 
with the free behavioral choice of a partner, compared to that 
when crossing contrary to choice (Drickamer et al., 2000; 
Gowaty et al., 2007; Nelson et al., 2013; Raveh et al., 2014). 
However, this result was obtained in experiments where 
females had direct contact with a partner by hearing, seeing 
and sniffing them. In these experiments wild-caught animals 
or their outbred offspring were used. To explain the posi-
tive effect of sexual choice, the hypotheses of “good genes” 
(Kokko, 2001), phenogenetic complementarity of the mother 
and father (Andersson, 2006), heterozygosity (Ilmonen et 
al., 2009), and Fisher’s “attractive sons” (Kokko, 2001) are 
used. The basis of all these theories is the choice of a partner 
based on his genotype. Theoretically, paternal effects may 
be associated with traits acquired during ontogeny and not 
dependent on genes, but this theory has not enough evidence 
at the moment. Therefore, for this study, we chose CD-1 mice, 
which have genetic diversity and are a frequently used model 
object of research.

In this study we attempt to determine whether the females 
will be able to recognize the successfully mated males only by 
urine tag, and, moreover, what kind of components detected in 
their urine by gas chromatography correlate with attractiveness 
of males for females in Olfactory test.

Materials and methods
Mice and sample collection. We used 19 males and 86 
(38 + 48) females of an outbred CD-1 mouse strain (2–3 months 
old) from the Centre for Genetic Resources of Laboratory 
Animals at the Institute of Cytology and Genetics, Siberian 
Branch of RAS (Novosibirsk, Russia) in this study. All ani-
mals had SPF-status.

The experiment was carried out in the spring-summer pe-
riod. Mice were kept for 2 weeks in single-sex groups of 
four-five animals per standard cage (35 cm × 25 cm × 12 cm) 
with sawdust bedding at room temperature (20–22 °C) under 
a 14/10 h light/dark cycle (lights off at 18:00). Water and 
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food pellets (Zoomir, St. Petersburg, Russia) were available 
ad libitum. Following the recommendation of  Lombardi and 
Vandenbergh (Lombardi, Vandenbergh, 1977), we added 
soiled male bedding to female cages daily to support regular 
estrus cycles. Five days before the experiment males were 
placed into individual cages. On the day 1 of the experiment, 
2 females were placed into each male cage at the time of  lights 
off. Females were housed with males for 6 days, except for 
mated females (see below). Urine samples were collected on 
the 6th day. Urine was collected through gentle abdominal 
massage while the male was held over an Eppendorf micro-
centrifuge tube. The urine samples were divided into two 
ali quots, then immediately frozen and stored at –80 °C. Due 
to the fact that we did not spend more than 1 minute obtain-
ing a urine sample from an individual mouse, only 16 out of 
19 secondary aliquots were collected.

In procedures with animals, we used the principles specified 
in the European Convention for the Protection of  Vertebrate 
Animals used for Experimental and Other Scientific Purposes. 
All animal protocols were approved by the Institutional Bio-
ethics Committee of the Institute of Cytology and Genetics 
(No. 81).

Male reproductive success. Two females housed with 
males during 6 days were examined daily 2–3 hours after 
the lights were turned on for the presence of vaginal plugs. 
Females with vaginal plugs were removed and housed indi-
vidually. After 6 days males were removed and sacrificed to 
assess the testosterone level in blood, body weight, weight of 
testes, seminal vesicles and preputial glands. Seminal vesicles 
were removed and weighed together with coagulation glands. 
A male was considered reproductively successful if at least 
one female kept with him turned out to be pregnant. We got 
7 successful and 9 unsuccessful males. The time of cohabiting 
a male with females was chosen in accordance with (Gerlin-
skaya et al., 2012). Since in 96 % of females that have access 
to the smell of a male, the length of the estrous cycle does not 
exceed 5.5 days (Jemiolo et al., 1986), within 6 days, a female 
introduced at any stage of the cycle will be in oestrus at least 
once, which is necessary for fertile mating.

Olfactory test. Separate females, who did not participate in 
reproduction, were tested. In behavioral testing, a preliminary 
acquaintance with the smell of contaminated bedding can 
have a decisive effect on the ability of females to recognize 
and increase interest in the volatile components of male urine 
(Moncho-Bogani et al., 2002). Therefore, bedding contami-
nated by males was added to the cages of females on daily 
basis. The day before the experiment, the females were placed 
individually and the test was performed in a home cage. Urine 
was thawed for 20 minutes at room temperature. 20 µl of urine 
were applied to filter paper and placed in a vial (a single-use 
5 mm truncated tip of an automatic pipette). That is why the 
females had access only to the volatile compounds of urine. 
The tip was fixed to the mesh lid of the cage in the corner. 
Females observed one accidentally selected urine sample 
(Doug herty, Shuker, 2015; Dougherty, 2020). 16 samples 
were examined. During the 10-minute test, the number of 
approaches to sniff (number of sniffs), the time spent sniff-
ing the sample in seconds (total time of sniffs) and the time 
of the first approach to the stimulus in seconds (latency time 
of sniffs) were taken into account. After the test, a swab was 

taken from the females to determine the stage of the estrous 
cycle. A sample from each male was tested on 3 females, the 
data on their testing were averaged for further calculations (or 
Repeated measure ANOVA was used if specified). The stage of 
the cycle had a significant effect on the behavior of females: at 
the proestrus stage, the females approached the urine samples 
significantly earlier than the females at the diestrus stage 
( p = 0.039, LSD test). There were no significant differences 
in other stages and no effect on other types of behavior. To 
exclude the influence of the cycle stage on further statistical 
analysis, residual variances were used.

Preparation of urine samples and concentration proce­
dure. Mouse urine was thawed and 20 μl of urine from each 
male was then transferred to 7 ml glass vials with caps contain-
ing gastight PTFE/Silicone septum (Supelco). The vials with 
urine were then heated for 15 min at 40 °C for equilibration, 
and also for denaturation of urinary proteins that bind some 
volatiles. Immediately after the heating sample headspace 
was concentrated on 6 mg of Tenax (Chrompack, Nether-
lands) using special sorbent traps designed for EKHO- A-PID 
gas chromatograph (IPGG SB RAS, Novosibirsk, Russia). 
For concentration we used filtered air flow at flow-rate of 
40 ml/ min. In total we pumped 80 ml urine headspace and 
air mix through the sorbent layer.

The samples were thawed and prepared consistently one 
after another with 20 min intervals, so preparation of samples 
was done consecutively so each sample was run on the Gas 
Chromatograph (GC) within 20 min (including 15 min of 
heating) after defrosting. Filtered air samples were routinely 
run as a control.

GC analysis of urine VOCs and data preparation. An 
EKHO-A-PID gas chromatograph with original software 
(Sorbat, IPGG SB RAS, Novosibirsk, Russia) was used in our 
study. 19 samples of mouse urine were run in the GC using 
the non-polar GC column (polidimethylsiloxane polycapil-
lary, n = 920 capillaries) SE-30 22 cm × 0.6 mm with 40 µm 
coating (IPGG SB RAS). The temperature of the column was 
constant at 50 °C during the whole separation. The temperature 
of the injection port was set at 180 °C. Filtered ambient air 
with a constant flow-rate of 20 ml/min was used as a carrier 
gas throughout the analysis. The duration of each analysis 
was set at 300 s. For further statistical calculations, we used 
the amplitudes of the peaks.

MS analysis. Urine samples were treated on a custom-made 
GC/MS system (IPGG SB RAS, Novosibirsk, Russia), spe-
cialized for fast VOC analysis in air with a non-polar column 
HP-5 similar to SE-30 (Makas, Troshkov, 2004). Heated urine 
headspace was concentrated on Tenax as described above. 
A non-polar column HP-5, 15 m × 0.32 mm with 1 µm film 
(Agilent technologies, USA), was used for separation. The 
tem perature of the column was constant at 45 °C for 5 minutes, 
then it was programmed with the rate of 10 °C/min to 150 °C. 
The temperature of the injection port was set at 280 °C. He-
lium was used as the gas-carrier with a flow-rate of  2 ml/min.

The operating parameters for the mass spectrometer were 
set as follows: scan rate 0.5 s from 45 to 250 m/z; ion source 
temperature set to 180 °C, with electron impact ionization 
energy at 70 eV. Identification of compounds was performed 
using NIST/EPA/NIH libraries (ver. 2.0.2008) and information 
from literature (Schwende et al., 1986; Novotny et al., 2007). 
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The GC/MS data analysis was performed by the AMDIS pro-
gram (NIST, USA).

Additionally retention times of several standard compounds 
were analyzed on both columns to use them as reference 
points in subsequent procedures. The standard compounds 
were purchased from Acros Organics (Belgium) and Sigma-
Aldrich (USA). For each peak in question we found reference 
compounds among pure chemicals to make the retention time 
of the reference compound as close as possible to the retention 
time of the target peak. Thus, we were able to surround the 
target peaks on the chromatogram with one or two reference 
points. For this purpose benzene, toluene, m-xylene, 2,5-di-
methylpyrazine and nonane were chosen. Thus, we were able 
to confine the intervals where the target peaks could be found. 
Next, we compared the area and the amplitude of the peaks 
detected in the localized intervals with the same parameters 
of the target peaks obtained on EKHO-A-PID and found 
three peaks (RT 4.2, RT 7.9 and RT 87.7) caught on GC/ MS 
that satisfied all requirements. We identified the peaks as 
three dihydrofuran (DHF) derivatives – the dehydratation 
products of lactol – using data reported in the literature. The 
characteristic losses of m/z 126, m/z 111, m/z 97, m/z 83, 
m/z 69, and m/z 57 were identical to those obtained in the 
earlier studies with synthetic analogues of cyclic enol ethers 
(Novotny et al., 2007). Moreover, the ratio of target peaks in 
our study (1 : 0.32 : 0.12) was nearly the same as the ratio of 
cyclic enol ethers (1 : 0.30 : 0.10) in mouse urine calculated in 
one of the studies mention above (Harvey et al., 1989). This 
provides additional confidence that our target compounds 
were dihydrofuran derivatives: 5,5-dimethyl-2-ethyl-4,5- DHF, 
E-5,5-dimethyl-2-ethylenetetrahydrofuran, and Z-5,5-di-
methyl-2-ethylenetetrahydrofuran.

Statistical analysis. To analyze behavior, we used Repeated 
measure ANOVA, since each male sample was tested by 3 fe-
males. To compare the groups by the content of components, 
we used One way ANOVA. We used Spearman correlation 

Fig. 1. Behavioral reaction of naive females on smell of urine of male mice 
with various number of fertile matings: a, number of sniffs; b, total time of 
sniffs; c, latency time of sniffs.

N(No) = 9 ; N(Yes) = 7 ; ** p < 0.01, Repeated measure ANOVA.

Table 1. The relationship between the response of females in Olfactory test  
and the amplitude of chromatographic peaks in the urine of males

Peaks’ retention time (RT) Behavioral traits

Number of sniffs 
N = 16

Total time of sniffs 
N = 16

Latency time of sniffs 
N = 16

2.9 rs = –0.25, p = 0.351 rs = –0.14, p = 0.608 rs = –0.31, p = 0.247

3.3 rs = –0.23, p = 0.398 rs = –0.17, p = 0.537 rs = 0.16, p = 0.545

4.2 rs = 0.04, p = 0.880 rs = 0.15, p = 0.587 rs = –0.48, p = 0.063

5.4 rs = –0.39, p = 0.138 rs = –0.04, p = 0.879 rs = –0.03, p = 0.927

7.9 rs = 0.00, p = 0.991 rs = 0.04, p = 0.897 rs = –0.57, p = 0.021

9.9 rs = –0.38, p = 0.147 rs = –0.15, p = 0.579 rs = –0.27, p = 0.305

56.8 rs = –0.48, p = 0.060 rs = 0.09, p = 0.753 rs = –0.18, p = 0.513

64.8 rs = –0.03, p = 0.897 rs = 0.08, p = 0.762 rs = –0.06, p = 0.820

74.8 rs = –0.06, p = 0.824 rs = 0.12, p = 0.652 rs = 0.13, p = 0.637

87.7 rs = 0.04, p = 0.880 rs = –0.03, p = 0.922 rs = –0.68, p = 0.004

110.6 rs = 0.03, p = 0.914 rs = –0.24, p = 0.368 rs = –0.42, p = 0.107

170.45 rs = 0.29, p = 0.272 rs = –0.01, p = 0.983 rs = –0.47, p = 0.063

Note. Significant differences are given in bold.

coefficient to count correlation ratios in this study. No data 
were removed from calculations. All experimental data were 
obtained blindly, the belonging of the animals to the groups 
was indicated only at the stage of data analysis. The level of 
significance used was p < 0.05.

Results
In Olfactory test, females had a shorter latency time of sniffs 
when studying urine samples from males who had already 
successfully procreated offsprings after 6 days of  being kept 
with other females F1,14 = 0.00, p = 0.963 (Fig. 1, c). The 
presence of fertile matings in a male did not have a significant 
effect on the number of sniffs (F1,14 = 0.00, p = 0.963) and 
total time of sniffs (F1,14 = 0.00, p = 0.945).

Chromatographic study of volatile components of male 
urine samples revealed 12 peaks (Table 1). To understand 
whether the behavioral response of females is really related 
to differences in the content of the detected components, we 
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performed a correlation analysis of the behavior characteris-
tics and the obtained peaks of urine. A significant negative 
correlation was found between the latency time of sniffs and 
the amplitude of peaks RT 7.9 and RT 87.7 (see Table 1). No 
significant relationship was found between the amplitude of 
the peaks and the number of sniffs, as well as the total time 
of sniffs.

Mass spectrometric analysis of male urine samples showed 
that the RT 7.9 peak corresponds to the known compound 
E-5,5-dimethyl-2-ethylenetetrahydrofuran and the RT 87.7 
peak corresponds to Z-5,5-dimethyl-2-ethylenetetrahydro-
furan. At the same time, one more dihydrofuran derivative 
was identified: 5,5-dimethyl-2-ethyl-4,5-DHF, RT 4.2. This 
compound did not show a significant correlation value with 
the behavioral characteristics of females (see Table 1). All 
three compounds are derivatives of the known male mouse 
pheromone 6-hydroxy-6-methyl-3-heptanone (HMH) (Harvey 
et al., 1989).

We evaluated the relationship between the amplitude of the 
chromatographic peaks of dihydrofurans and the reproduc-
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Fig. 2. Amplitude differences in peaks RT 4.2 (a), RT 7.9 (b) and RT 87.7 (c) 
found in the urine of male mice that had or didn’t have fertile mating.
N(0) = 12 ; N(1) = 7 ; * p < 0.05, One way ANOVA.

Fig. 3. Sample chromatograms from a male with fertile mating (solid line) and without fertile mating (dotted line).

tive success of males. The amplitude of the RT 7.9 peak was 
found to be significantly higher in the urine of males who had 
fertilized at least one female, compared to the urine of males 
who had fertilized no females (Fig. 2, Fig. 3). The RT 4.2 and 
RT 87.7 peaks showed the same trend, but the p-value was 
below the threshold of statistical significance (F1,17 = 2.19, 
p = 0.157 and F1,17 = 4.20, p = 0.056, respectively).

Analysis of the relationship between the amplitude of the 
three peaks under study and the level of testosterone in the 
blood plasma showed significant positive correlation of the 
amplitude of the RT 4.2, RT 7.9 and RT 87.7 peaks. A similar 
correlation was observed for the relationship between prepu-
tial gland weight and the RT 4.2 and RT 7.9 peaks. Correla-
tion analysis of the studied peaks with body weight, weight 
of seminal vesicles and testes showed no significant values 
(Table 2).

It is important to note that body weight, weight of testes, 
seminal vesicles, preputial glands, and plasma testosterone 
level alone are not reliable indicators of male reproductive 
success (Table 3).

Discussion
Two decades ago, it was shown for the first time that females 
can identify males, mating with which leads to greater repro-
ductive success (Drickamer et al., 2000). This result has been 
repeated many times in different animal species (Drickamer et 
al., 2003; Gowaty et al., 2007; Nelson et al., 2013; Raveh et 
al., 2014). Nevertheless, direct contact with a partner and free 
access to all signals from a potential sexual partner in these 
experiments did not allow getting closer to the understanding 
of the selection mechanisms. In the present study, we used only 
volatile compounds of the male urine to be tested by females, 
and found that based on the smell of urine only, females could 
identify reproductively effective males. It turned out that the 
experimental females in Olfactory test approached the urine 
of successful males earlier (see Fig. 1, c) despite the fact that 
they performed an equal number of sniffs and had the same 
total time of sniffs (see Fig. 1, a, b).
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The search for markers of male reproductive efficiency 
using gas chromatographic analysis of male urine samples 
showed that the behavior of females correlated with the am-
plitude of the dihydrofuran peaks (see Table 1).

Previously, DHFs have already been detected in significant 
amounts in the chromatograms of male mouse urine (Schwen-
de et al., 1986; Jemiolo et al., 1987; Harvey et al., 1989; No-
votny et al., 1999b). While studying the origin of these cyclic 
enol ethers in mouse urine S. Harvey et al. (Harvey et al., 1989) 
showed that DHFs originate from the tautomeric mixture of 
6-hydroxy-6-methyl-3-heptanone and lactol via dehydratation 
in the inlet port of gas chromatograph under high temperature. 
It turned out that DHFs are not presented in the mouse urine 
by themselves, but their peaks in the chromatogram reflect the 
content of their precursor 6-hydroxy-6-methyl-3-heptanone 
(Harvey et al., 1989). Mutual precursors of target compounds 
explain very high coefficients of intercorrelation between these 
components, exceeding 0.90 ( p < 0.001). Thus, the behavior 
of females correlated with compounds that were previously 
shown to reflect the content of 6-hydroxy-6-methyl-3-hepta-
none in urine of males.

When studying the effects of HMH, it turned out that 
6-hyd roxy-6-methyl-3-heptanone interacts with vomeronasal 
receptors (Del Punta et al., 2002), and therefore can trigger 
behavioral and physiological responses in females. HMH is 
known as a male mouse pheromone that accelerates puberty 
in female mice (Novotny et al., 1999a). Here we demonstrated 
that quantity of HMH in urine of a male reflects its ability to 
make fertile matings (see Fig. 2). Males with a lower level 
of this pheromone did not mate any of the two females for 
6 days of joint maintenance. Perhaps exactly this indirectly 
explains the effect of a decrease in fertile matings in aged 

male mice, as shown earlier (Parkening et al., 1988), since 
HMH decreases in aged males (Osada et al., 2008; Varshavi 
et al., 2018), and in the work of Schaefer with colleagues 
HMH has been associated with the maturation state (Schaefer 
et al., 2010). In our work, when analyzing correlations with 
androgen-dependent characteristics of males, it turned out 
that amplitudes of the peaks correlated positively with plasma 
testosterone and weight of the preputial glands (see Table 2). 
However, reproductive success was not directly related to 
physiological characteristics of males (see Table 3). Taken to-
gether, these data show that 6-hydroxy-6-methyl-3-heptanone 
reflects reproductive quality of male mice.

On the other hand, it has previously been shown that HMH 
does not affect the attractiveness of male urine samples to 
females (Osada et al., 2008). These conclusions about male 
attractiveness were based only on the total time of sniffs, 
which is consistent with our results. We also demonstrated 
no relationship between the level of this pheromone in urine 
and the total time of sniffs (see Table 1). In addition to this, 
when assessing behavioral response of females to the stimulus, 
we found that the HMH content correlated with the latency 
time of sniffs (see Table 1), which indicates the importance 
of assessing other parameters of the females’ behavior, and 
not just the total time of sniffs.

Conclusion
Identification of markers of reproductively successful males 
is an important task. Its solution does not have only funda-
mental importance, but will also allow targeted selection of 
more successful males when breeding animals. Urine, which 
is an accessible and unlimited resource, is of greatest interest 
in this regard. The observed relationships between reproduc-

Table 2. Correlation between physiological characteristics, testosterone level  
and amplitudes of target peaks (Spearman correlation coefficients)

Physiological characteristics Target peaks

RT 4.2 
N = 19

RT 7.9 
N = 19

RT 87.7 
N = 19

Body weight, g rs = 0.21, p = 0.383 rs = 0.17, p = 0.491 rs = 0.18, p = 0.464

Weight of testes, mg rs = 0.11, p = 0.651 rs = 0.14, p = 0.579 rs = 0.10, p = 0.681

Weight of seminal vesicles, mg rs = 0.23, p = 0.339 rs = 0.26, p = 0.279 rs = 0.09, p = 0.713

Weight of preputial glands, mg rs = 0.57, p = 0.011 rs = 0.58, p = 0.010 rs = 0.48, p = 0.038

Plasma testosterone, ng/ml rs = 0.46, p = 0.046 rs = 0.51, p = 0.027 rs = 0.27, p = 0.260

Note. Significant differences are given in bold.

Table 3. Mean values of physiological characteristics depending on the reproductive success of males

Physiological characteristics Fertile matings, 
Mean ± SE

No fertile matings, 
Mean ± SE

One way ANOVA

Body weight, g    33.70 ± 1.09    32.54 ± 0.52 F1,17 = 1.17, p = 0.295

Weight of testes, mg 201.00 ± 8.29 210.75 ± 6.54 F1,17 = 0.84, p = 0.373

Weight of seminal vesicles, mg 177.57 ± 10.57 181.67 ± 9.15 F1,17 = 0.08, p = 0.781

Weight of preputial glands, mg    70.00 ± 6.79    61.50 ± 2.19 F1,17 = 2.11, p = 0.164

Plasma testosterone, ng/ml      6.28 ± 1.57      7.29 ± 1.35 F1,17 = 0.22, p = 0.642
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tive success and the HMH content in urine require further 
research to understand the dynamics of this compound ex-
cretion at different stages of male ontogenesis, with different 
reproductive experience, in different conditions of social and 
microbiological environment.

References
Andersson M. Condition-dependent indicators in sexual selection: de-

velopment of theory and tests. In: Lucas J.R., Simmons L.W. (Eds.) 
Essays in Animal Behaviour: Celebrating 50 Years of Animal Be-
haviour. Elsevier, 2006;253-267.

Arakawa H., Blanchard D.C., Arakawa K., Dunlap C., Blanchard R.J. 
Scent marking behavior as an odorant communication in mice. 
Neurosci. Biobehav. Rev. 2008;32(7):1236-1248. DOI 10.1016/ 
j.neubiorev.2008.05.012.

Brennan P.A., Zufall F. Pheromonal communication in vertebrates. 
 Nature. 2006;444(7117):308-315. DOI 10.1038/nature05404.

Del Punta K., Leinders-Zufall T., Rodriguez I., Jukam D., Wysocki C.J., 
Ogawa S., Zufall F., Mombaerts P. Deficient pheromone responses 
in mice lacking a cluster of vomeronasal receptor genes. Nature. 
2002;419(6902):70-74. DOI 10.1038/nature00955.

Dougherty L.R. Designing mate choice experiments. Biol. Rev. 2020; 
95(3):759-781. DOI 10.1111/brv.12586.

Dougherty L.R., Shuker D.M. The effect of experimental design on the 
measurement of mate choice: a meta-analysis. Behav. Ecol. 2015; 
26(2):311-319. DOI 10.1093/beheco/aru125.

Drickamer L.C. Behavioral selection of odor cues by young female 
mice affects age of puberty. Dev. Psychobiol. 1992;25(6):461-470. 
DOI 10.1002/dev.420250606.

Drickamer L.C., Gowaty P.A., Holmes C.M. Free female mate choice 
in house mice affects reproductive success and offspring viability 
and performance. Anim. Behav. 2000;59(2):371-378. DOI 10.1006/
anbe.1999.1316.

Drickamer L.C., Gowaty P.A., Wagner D.M. Free mutual mate prefe-
rences in house mice affect reproductive success and offspring per-
formance. Anim. Behav. 2003;65(1):105-114. DOI 10.1006/anbe. 
2002.2027.

Gerlinskaya L.A., Shnayder E.P., Dotsenko A.S., Maslennikova S.O., 
Zavjalov E.L., Moshkin M.P. Antigen-induced changes in odor at-
tractiveness and reproductive output in male mice. Brain Behav. 
 Immun. 2012;26(5):451-458. DOI 10.1016/j.bbi.2011.11.010.

Gowaty P.A., Anderson W.W., Bluhm C.K., Drickamer L.C., Kim Y.K., 
Moore A.J. The hypothesis of reproductive compensation and its 
assumptions about mate preferences and offspring viability. Proc. 
Natl. Acad. Sci. USA. 2007;104(38):15023-15027. DOI 10.1073/
pnas.0706622104.

Harvey S., Wiesler D., Novotny M. Formation of cyclic enol ethers 
from a labile biological precursor: an example of analytical arti-
facts. J. Chromatogr. 1989;491(1):27-36. DOI 10.1016/S0378-4347 
(00)82816-9.

Hurst J.L., Beynon R.J. Scent wars: the chemobiology of competi-
tive signalling in mice. Bioessays. 2004;26(12):1288-1298. DOI 
10.1002/bies.20147.

Ilmonen P., Stundner G., Thoß M., Penn D.J. Females prefer the scent 
of outbred males: good-genes-as-heterozygosity? BMC Evol. Biol. 
2009;9:104. DOI 10.1186/1471-2148-9-104.

Jemiolo B., Alberts J., Sochinski-Wiggins S., Harvey S., Novotny M. 
Behavioral and endocrine responses of female mice to synthetic 
analogues of volatile compounds in male urine. Anim. Behav. 1985; 
33(4):1114-1118. DOI 10.1016/S0003-3472(85)80170-6.

Jemiolo B., Harvey S., Novotny M. Promotion of the Whitten effect 
in female mice by synthetic analogs of male urinary constituents. 
Proc. Natl. Acad. Sci. USA. 1986;83(12):4576-4579. DOI 10.1073/
pnas.83.12.4576.

Jemiolo B., Andreolini F., Wiesler D., Novotny M. Variations in mouse 
(Mus musculus) urinary volatiles during different periods of preg-
nancy and lactation. J. Chem. Ecol. 1987;13(9):1941-1956. DOI 
10.1007/BF01014677.

Jemiolo B., Xie T.M., Novotny M. Socio-sexual olfactory preference 
in female mice: attractiveness of synthetic chemosignals. Phy-
siol. Behav. 1991;50(6):1119-1122. DOI 10.1016/0031-9384(91) 
90570-E.

Kavaliers M., Colwell D.D. Discrimination by female mice between 
the odours of parasitized and non-parasitized males. Proc. R. Soc. 
Lond. B. 1995;261(1360):31-35. DOI 10.1098/rspb.1995.0113.

Kokko H. Fisherian and “good genes” benefits of mate choice: how 
(not) to distinguish between them. Ecol. Lett. 2001;4(4):322-326. 
DOI 10.1046/j.1461-0248.2001.00224.x.

Lin D.Y., Zhang S.Z., Block E., Katz L.C. Encoding social signals in 
the mouse main olfactory bulb. Nature. 2005;434(7032):470-477. 
DOI 10.1038/nature03414.

Liu Y.J., Guo H.F., Zhang J.X., Zhang Y.H. Quantitative inheritance 
of volatile pheromones and darcin and their interaction in olfactory 
preferences of female mice. Sci. Rep. 2017;7(1):2094. DOI 10.1038/
s41598-017-02259-1.

Lombardi J.R., Vandenbergh J.G. Pheromonally induced sexual matu-
ration in females: regulation by the social environment of the male. 
Science. 1977;196(4289):545-546. DOI 10.1126/science.557838.

Ma W., Miao Z., Novotny M.V. Induction of estrus in grouped female 
mice (Mus domesticus) by synthetic analogues of preputial gland 
constituents. Chem. Senses. 1999;24(3):289-293. DOI 10.1093/
chemse/24.3.289.

Makas A.L., Troshkov M.L. Field gas chromatography-mass spectro-
metry for fast analysis. J. Chromatogr. B. 2004;800(1-2):55-61. DOI 
10.1016/j.jchromb.2003.08.054.

Manser A., König B., Lindholm A.K. Female house mice avoid fertili-
zation by t haplotype incompatible males in a mate choice experi-
ment. J. Evol. Biol. 2015;28(1):54-64. DOI 10.1111/jeb.12525.

Moncho-Bogani J., Lanuza E., Hernández A., Novejarque A., Martı́nez-
Garcı́a F. Attractive properties of sexual pheromones in mice: in-
nate or learned? Physiol. Behav. 2002;77(1):167-176. DOI 10.1016/
S0031-9384(02)00842-9.

Moshkin M.P., Kolosova I.E., Novikov E.A., Litvinova E.A., Mershie-
va L.V., Mak V.V., Petrovskii D.V. Co-modulation of the immune 
function and the reproductive chemosignals. Asian-Aust. J. Anim. 
Sci. 2001;14:43-51.

Moshkin M.P., Gerlinskaya L.A., Morozova O., Bakhvalova V., 
Evsikov V. Behaviour, chemosignals and endocrine functions in 
male mice infected with tick-borne encephalitis virus. Psychoneuro-
endocrinology. 2002;27(5):603-608. DOI 10.1016/S0306-4530(01) 
00096-8.

Nelson A.C., Colson K.E., Harmon S., Potts W.K. Rapid adaptation to 
mammalian sociality via sexually selected traits. BMC Evol. Biol. 
2013;13:81. DOI 10.1186/1471-2148-13-81.

Novotny M., Harvey S., Jemiolo B., Alberts J. Synthetic pheromones 
that promote inter-male aggression in mice. Proc. Natl. Acad. Sci. 
USA. 1985;82(7):2059-2061. DOI 10.1073/pnas.82.7.2059.

Novotny M., Harvey S., Jemiolo B. Chemistry of male dominance in 
the house mouse, Mus domesticus. Experientia. 1990;46(1):109-
113. DOI 10.1007/BF01955433.

Novotny M.V., Jemiolo B., Wiesler D., Ma W., Harvey S., Xu F., Xie T., 
Carmack M. A unique urinary constituent, 6-hydroxy-6-methyl-3- 
heptanone, is a pheromone that accelerates puberty in female mice. 
Chem. Biol. 1999a;6(6):377-383. DOI 10.1016/S1074-5521(99) 
80049-0.

Novotny M.V., Ma W., Wiesler D., Zidek L. Positive identification of 
the puberty-accelerating pheromone of the house mouse: the vola-
tile ligands associating with the major urinary protein. Proc. R. Soc. 
Lond. B. 1999b;266(1432):2017-2022. DOI 10.1098/rspb.1999.0880.

Novotny M.V., Soini H.A., Koyama S., Wiesler D., Bruce K.E., 
Penn D.J. Chemical identification of MHC-influenced volatile com-
pounds in mouse urine. I: Quantitative proportions of major chemo-
signals. J. Chem. Ecol. 2007;33(2):417-434. DOI 10.1007/s10886-
006-9230-9.

Osada K., Yamazaki K., Curran M., Bard J., Smith B.P., Beauchamp G.K. 
The scent of age. Proc. R. Soc. Lond. B. 2003;270(1518):929-933. 
DOI 10.1098/rspb.2002.2308.



Самки мышей CD-1 распознают репродуктивно успешных 
самцов по летучим органическим соединениям их мочи

А.С. Хоцкина, Е.Л. Завьялов, Е.П. Шнайдер … 
В.М. Грузнов, М.Л. Трошков, М.П. Мошкин

2023
27 • 5

487ГЕНЕТИКА ЖИВОТНЫХ / ANIMAL GENETICS

ORCID ID
A.S. Khotskina orcid.org/0000-0001-5379-9977
E.L. Zavjalov orcid.org/0000-0002-9412-3874
L.A. Gerlinskaya orcid.org/0000-0002-8118-1362
D.V. Petrovskii orcid.org/0000-0002-0623-0363
M.P. Moshkin orcid.org/0000-0002-5388-2946

Funding. The study of females behavior was supported by the budget project (FWNR-2022-0004). The GC/MS study was supported by the Russian Sci-
ence Foundation grant No. 20-14-00055. The studies are implemented using the equipment of the Center for Genetic Resources of Laboratory Animals 
at ICG SB RAS, supported by the Ministry of Science and Higher Education of Russian Federation (Unique identifier of the project RFMEFI62119X0023).
Acknowledgements. We thank Professor Milos Novotny for the data of mass-spectra of synthetic cyclic enol ethers obtained in his laboratory in Indiana 
University.
Conflict of interest. The authors declare no conflict of interest.
Received December 27, 2022. Revised March 10, 2023. Accepted March 13, 2023. 

Osada K., Tashiro T., Mori K., Izumi H. The identification of attractive 
volatiles in aged male mouse urine. Chem. Senses. 2008;33(9):815-
823. DOI 10.1093/chemse/bjn045.

Parkening T.A., Collins T.J., Au W.W. Paternal age and its effects 
on reproduction in C57BL/6NNia mice. J. Gerontol. 1988;43(3): 
B79-B84. DOI 10.1093/geronj/43.3.B79.

Penn D.J., Potts W.K. Untrained mice discriminate MHC-determined 
odors. Physiol. Behav. 1998;64(3):235-243. DOI 10.1016/S0031-
9384(98)00052-3.

Raveh S., Sutalo S., Thonhauser K.E., Thoß M., Hettyey A., Win-
kelser F., Penn D.J. Female partner preferences enhance offspring 
ability to survive an infection. BMC Evol. Biol. 2014;14:14. DOI 
10.1186/1471-2148-14-14.

Roberts S.C., Gosling L.M. Genetic similarity and quality interact in 
mate choice decisions by female mice. Nat. Genet. 2003;35(1):103-
106. DOI 10.1038/ng1231.

Röck F., Hadeler K.P., Rammensee H.G., Overath P. Quantitative 
analysis of mouse urine volatiles: in search of MHC-dependent dif-
ferences. PLoS One. 2007;2(5):e429. DOI 10.1371/journal.pone. 
0000429.

Schaefer M.L., Wongravee K., Holmboe M.E., Heinrich N.M., 
 Dixon S.J., Zeskind J.E., Kulaga H.M., Brereton R.G., Reed R.R., 
Trevejo J.M. Mouse urinary biomarkers provide signatures of matu-
ration, diet, stress level, and diurnal rhythm. Chem. Senses. 2010; 
35(6):459-471. DOI 10.1093/chemse/bjq032.

Schwende F.J., Wiesler D., Jorgenson J.W., Carmack M., Novotny M. 
Urinary volatile constituents of the house mouse, Mus musculus, and 

their endocrine dependency. J. Chem. Ecol. 1986;12(1):277-296. 
DOI 10.1007/BF01045611.

Varshavi D., Scott F.H., Varshavi D., Veeravalli S., Phillips I.R., Vesel-
kov K., Strittmatter N., Takats Z., Shephard E.A., Everett J.R. 
Metabolic biomarkers of ageing in C57BL/6J wild-type and flavin-
containing monooxygenase 5 (FMO5)-knockout mice. Front. Mol. 
Biosci. 2018;5:28. DOI 10.3389/fmolb.2018.00028.

Veyrac A., Wang G., Baum M.J., Bakker J. The main and accessory 
olfactory systems of female mice are activated differentially by 
dominant versus subordinate male urinary odors. Brain Res. 2011; 
1402:20-29. DOI 10.1016/j.brainres.2011.05.035.

Whitten W.K., Bronson F.H., Greenstein J.A. Estrus-inducing phero-
mone of male mice: transport by movement of air. Science. 1968; 
161(3841):584-585. DOI 10.1126/science.161.3841.5.

Willis C., Poulin R. Preference of female rats for the odours of non-
parasitized males: the smell of good genes. Folia Parasitol. 2000; 
47(1):6-10. DOI 10.14411/fp.2000.002.

Zala S.M., Potts W.K., Penn D.J. Scent-marking displays provide 
 honest signals of health and infection. Behav. Ecol. 2004;15(2):338-
344. DOI 10.1093/beheco/arh022.

Zala S.M., Bilak A., Perkins M., Potts W.K., Penn D.J. Female house 
mice initially shun infected males, but do not avoid mating with 
them. Behav. Ecol. Sociobiol. 2015;69:715-722. DOI 10.1007/
s00265-015-1884-2.

Zhang J.X., Rao X.P., Sun L., Zhao C.H., Qin X.W. Putative chemical 
signals about sex, individuality, and genetic background in the pre-
putial gland and urine of the house mouse (Mus musculus). Chem. 
Senses. 2007;32(3):293-303. DOI 10.1093/chemse/bjl058.


