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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.
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AHHoTayums. [Tonoson OT60p pPaccMaTprBaeTCA B KayecTBe O4HOIo 13 Beayumx d)aKTOpOB SBOJTIOUMOHHOIO pa3su-
TmA. B ycnosuax NOCTOAHHOW KOHKYypeHuunn Cd)OpMI/IpOBaJ'II/ICb cneunannmsnpoBaHHble cnocob6bl npuenevyeHnA ocobei
NMPOTUBOMOJIOKHOTIO MOJ1a, a TakXKe KPUTEPUN OLEHKN KadecCTBa MOJIOBOro naptHepa. Camupl, CrnocobHble 0CTaBUTb
Hambosnbluee KOMYEeCTBO MOTOMKOB, AOJIXKHbI 6bITb Gonee npuefiekaTeNlbHbIMW MNONIOBbIMU NapTHEPaMu, YTO Tpe6yeT
OT HUX KaKUM-nn6o o6pa30M OEMOHCTPUPOBATb CaMKam CBOU nNpenmMyLecTea. anI 3TOM KJIKOYEBOE yCcnoBue ana pea-
nnsaynn Takoro 0T60pa — 3TO CMOCOBHOCTb CMrHana OOCTOBEPHO OTpaaTb |/|H¢opmauvno o d)I/I3I/IOJ'IOFI/NECKOM co-
CTOAHUN OpraHn3ma ocobu. Y mbiwen OHUM 13 BeAYyLWKNX KaHaANoB nepefayvn VIH¢OpMaL|,VIVI ABJIAOTCA XeMOCUTHabl.
Llenbio Hawero nccnegoBaHus Oblf10 BbIACHUTD, MOTyT I caMLubl MbiLLeln OEMOHCTPUPOBaTb CaMKam CBOKO penpoayk-
TUBHYIO Bq)d)eKTVIBHOCTb yepes ieTyyme opraHnvyeckme coegnHeHna moyn. B xone SKCNneprnmMmeHTa camuy noacakmpanu
ABYX MONOBO3pPeEbIX CaMOK Ha WecCTb ,qu|7| ANA Pa3sMHOXKeHUA. PeI'IpO,quTI/IBHbII;I ycnex caMmua oueHmBanay no Hanu-
YN0 U OTCYTCTBUO MOTOMCTBaA. B 10 Xxe BpeMA NnoJioBO3pesible CaMKK, paHee He y4aCTBOBaBLWME B PAa3MHOXEHNN,
oueHmeann Mo4y 3Tnx camuoB. Okasanocb, Yto 6onee nprneKaTeanoM 6blfa Moya camMuos, CNOCOGHBIX OCTaBUTb
NOTOMCTBO. JTO BblpaKanocb B 6onee KOPOTKOM NNaTEHTHOM BpeMeHU OOHIOXMBaAHUA CAMKOW MoY Camua B OJ'Ibd)aK-
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Camku Mbiwen CD-1 pacno3HatoT penpoayKTUBHO YCNelHbIX
CaMLIOB M0 JIETYYNM OPraHN4eCKUM COeAVHEHNAM UX MOYMN

TOpHOM TecTe. py NoMoLM ra3oBor Xxpomatorpadum B Moye caMUoB Gbinyi OGHAPYKEHbI IETyUrie OpraHuyeckme
COeAMHEHNs, KOTOpble KOPPenmpoBanu ¢ noBefeHrem caMoK. Macc-CrekTpomMeTpryecKknii aHanms o6pasLos Moun
roKasas, YTo 3TV COeAMHEHVs ABNAITCA NPOMN3BOAHBIMM GpEpPOMOHa Mblleit 6-TMAPOKCU-6-MeTi-3-renTaHoHa. AM-
NAUTYAa MUKOB, COOTBETCTBYIOWMX JaHHOMY GpepOMOHY, KoppenupoBasa C ypoBHEM TeCTOCTEPOHA B KPOBY 1 Mac-
Coli MpenyLmanbHbIX »Kesie3 1 Obina Bbllle Y CaMUOoB C GepTUIIbHBIMU NMOKPLITUAMA. BaXKHO OTMETUTD, UTO KNtoueBble
Mopdodr3nonornueckrie nokasarenu, Takre Kak Macca Tena, Macca CeMEeHHUKOB, NMpenyLmanbHbIX Xefes, CeMEHHbIX
Ny3bIPbKOB, a TakXKe YPOBeHb TECTOCTEPOHA B MyIa3Me KPOBM CAMLIOB, HE OTPaXKasin UX CMOCOBHOCTb OCTaBUTb MOTOM-
cTBO. Takum obpasom, cogepxaHue GpepomoHa 6-rmapoKcu-6-meTun-3-renTaHoHa B moue camuyoB CD-1 MoxeT ciy-
XKNTb XOPOLLUUM KPUTEPUEM VX PENPOAYKTUBHOI 3PpHEKTUBHOCTN.

KnioueBble croBa: xemocurHasbl; gurugpodypat; NX/MC; 6-ruapoKcmn-6-meTun-3-renTaHoH; NonoBoe NpeanoyYTeHune;
oNbGaKTOPHOE NPeAnoUTeHEe; PENPOLYKTUBHDINA yCrex.

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; Rock 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 etal., 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-
dihydrothiazole and 3,4-dihydro-exo-brevicomine (Jemiolo et
al., 1985), 1-hexadecanol and 1-hexadecanol acetate (Zhang et
al., 2007), a- and B-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, a- and B-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),
a- and B-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-
mentioned 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
etal., 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*x25 cmx 12 cm)
with sawdust bedding at room temperature (2022 °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 | 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
aliquots, 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 pl 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
(Dougherty, 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

482

CD-1 mice females recognize male reproductive success
via volatile organic compounds in urine

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 pl 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 pm
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 pm film
(Agilent technologies, USA), was used for separation. The
temperature 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
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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; ¢, latency time of sniffs.

N(No) = 96\; N(Yes) = 76\; **p < 0.01, Repeated measure ANOVA.

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 F, 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 (4 = 0.00, p = 0.963) and
total time of sniffs (/' 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

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
29,52_025p:0351 ......................................
33,52_023[;:0398 .....................................
42r$:004p20880 .......................................
54,52_039,3:0138 .....................................
79,52000[,:0991 ........................................
99,52_038p20147 .....................................
568,52_048[,:0060 .....................................
648,52_003,,:0897 .....................................
748,52_006[,:0824 .....................................
877r$:004p:()380 .......................................
1106r$:003p:()914 .......................................
17045r$029p20272 .......................................

Note. Significant differences are given in bold.

=0.08,p=0.762

=0.12,p=0.652

Latency time of sniffs
N=16

-0.31,p=0.247

0.16, p =0.545

-0.48, p = 0.063

-0.03,p=0.927

-0.57, p=0.021

-0.27, p =0.305

=0.09,p=0.753

-0.18,p=0.513
-0.06, p =0.820
0.13,p=0.637

-0.68, p =0.004

rs=-0.42,p=0.107

rs=-0.47,p =0.063
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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(©) = 1285 N(1) = 78; * p < 0.05, One way ANOVA.

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-

O
o
T

Amplitude, nA
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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 (£ ;7 = 2.19,
p=0.157 and F, 1; = 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, ¢) despite the fact that
they performed an equal number of sniffs and had the same
total time of sniffs (see Fig. 1, a, b).

Time, s

90 100 110 120 130 140 150 160 170 180

Fig. 3. Sample chromatograms from a male with fertile mating (solid line) and without fertile mating (dotted line).
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Table 2. Correlation between physiological characteristics, testosterone level
and amplitudes of target peaks (Spearman correlation coefficients)

Physiological characteristics

Target peaks

Plasma testosterone, ng/ml ry=0.46, p = 0.046 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, No fertile matings, One way ANOVA
Mean +SE Mean +SE
Bodywe,ghtg ..................................................... 33701,109 ................................... 32541,052 ................................. F117:117p:0295 ..................
We,ghtoftestesmg ......................................... 201001829 ................................. 210751654 ................................. F”7:084p:0373 ..................
Welghtofsemma|ves|c|esmg17757i]057]8167i915 ................................. F117=008p=0781 ..................
We,ghtofpreput,a|g|andsmg ......................... 70001,679 ................................... 61501,219 ................................. F”7:2”p20164 ..................
p|asmatestosteroneng/m|6281157729i135 ................................. F117:022p20642 ..................

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-hydroxy-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-
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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.
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