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ARTICLE INFO ABSTRACT

Handling Editor: J. Wang The present study is focused on the determination of low-volatile chemosignals excreted or secreted by mouse
pups in their early days of life involved in maternal care induction in mice adult females. Untargeted metab-
olomics was employed to differentiate between samples collected with swabs from facial and anogenital area
from neonatal mouse pups receiving maternal care (first two weeks of life) and the elder mouse pups in the
weaning period (4th week old). The sample extracts were analysed by ultra-high pressure liquid chromatography
Mouse pheromones (UHPLC) coupled to ion mobility separation (IMS) in combination with high resolution mass spectrometry
Maternal care (HRMS). After data processing with Progenesis QI and multivariate statistical analysis, five markers present in
HRMS the first two weeks of mouse pups life and putatively involved in materno-filial chemical communication were

tentatively identified: arginine, urocanic acid, erythro-sphingosine (d17:1), sphingosine (d18:1) and sphinga-

nine. The four-dimensional data and the tools associated to the additional structural descriptor obtained by IMS

separation were of great help in the compound identification. The results demonstrated the great potential of
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UHPLC-IMS-HRMS based untargeted metabolomics to identity putative pheromones in mammals.

1. Introduction

The role of chemicals for intra- and inter-specie communication has
been widely demonstrated through the animal kingdom. Many species
use true pheromones [1], e.g. chemicals excreted and/or secreted that
elicit stereotyped behavioural and/or neuroendocrine-developmental
responses in conspecifics [2]. Macrosmatic mammals such as rodents,
possess two nasal chemosensory systems for monitoring of chemicals in
their environment, including pheromones: the olfactory epithelium
(OE), which detects a myriad of volatiles present in the air; and the
vomeronasal organ (VNO), which detects compounds with high and low
volatility [3]. Screening the response of the VNO of mice to different
chemicals revealed that vomeronasal cells also respond to many volatile
pheromones as well as to small molecules secreted by predators (car-
nivores) [4]. The last thirty years of investigation have uncovered many
molecules with different physico-chemical properties mediating a wide
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variety of social interactions including as kin and individual recognition,
sexual attraction, dominancy, aggression among others [5]. In addition,
several studies have demonstrated a role of chemosensing in the inter-
action of adult mice with pups. For example, some chemosignals
apparently mediate pup killing by sexually-naive males [6], which
seems largely dependent on signalling in cells of the vomeronasal organ
[7]. Moreover, induced anosmia results in dramatic changes in the
response of females to pups resulting from maternal neglect to system-
atic pup killing [8,9]. However, it is surprising that no study has been
carried out to unveil the chemical cues involved in materno-filial
communication, in spite of the crucial role of maternal behaviour in
pups survival and development [10].

In our first paper on that issue, it was explored volatile putative
pheromones involved in materno-filial communication in mice [11] by
comparing the volatolome of neonatal pups, receiving dedicated care by
their mothers, with the volatolome of 4-week pups, e.g. the age of
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weaning. In this study, the aim was focused on those molecules with
lower volatility present in the body surface of neonatal pups (anogenital
and facial regions) that could induce maternal care in mice, and that
decrease with age until weaning. To do so, untargeted metabolomic
approach was used for screening metabolites, with the aim to identify
those biomarkers which can act as pheromones. This comprehensive
methodology aims to differentiate between samples coming from an
organism that has suffered changes in their metabolite fingerprinting in
response to internal (genetics, disease, growth ...) or external (envi-
ronmental, diet ...) perturbations [12,13]. As our objective was to focus
on low-volatile compounds excreted or secreted by mouse pups,
reversed phase liquid chromatography (RP-LC) was the technique of
choice for the separation of medium to non-polar compounds that can
constitute some of the released pheromones. The evolution of untar-
geted metabolomics has been possible thanks to the implementation of
powerful statistical tools such as multivariate statistical analysis [14], as
well as the great improvement in analytical instrumentation [15]. In
particular, ion mobility mass spectrometry (IMS) introduction to the
conventional liquid chromatography coupled to high resolution mass
spectrometry (LC-HRMS) has an emerging role in untargeted metab-
olomics in the generation of multidimension data to support metabolites
identification [16]. LC-IMS-HRMS combination provides an extra sep-
aration dimension through the drift time (DT), later converted into
collisional cross section value (CCS, 10\2), to the conventional
three-dimensional data formed by retention time (Rt), accurate mass
(m/z) and intensity from LC-HRMS. This additional molecular descriptor
is dependent on the individual size, shape and charge of a molecule, and
therefore, it can be transversal between instruments regardless of the
chromatographic technique employed [17]. In fact, the CCS value is
being added to the compound databases together with the spectral in-
formation; and various CCS prediction tools have been developed to help
in the compound identification process [18,19]. Therefore, in this work
an untargeted metabolomic approach in combination with ultra-high
pressure liquid chromatography (UHPLC)-IMS-HRMS was applied to
samples collected from facial and anogenital area of mouse pups, in
order to identify putative chemosignals with low volatility involved in
the maternal care induction, not covered in the first part of the study. In
addition, the contributions of IMS and its associated tools to the iden-
tification process are explored.

2. Materials and methods
2.1. Chemicals and reagents

Methanol LC-MS grade was purchased from Scharlab (Barcelona,
Spain), as well as formic acid eluent additive for LC-MS. To obtain HPLC-
grade water a Milli-Q water purification system (Millipore Ltd., Bedford,
MA, USA) was employed. Leucine-enkephaline HPLC-grade (mass axis
calibration) was purchased from Sigma-Aldrich (Saint Louis, MO, USA).

2.2. Animals, experimental design and sampling

To perform the study, a total of n = 4 mouse female (CD1 strain, 10-
week-old) (Janvier Labs, France) were employed. Animals were treated
throughout according to the European Union Council Directive of June
3rd, 2010 (6106/1/10 REV1) and the study was approved by the
Committee of Ethics on Animal Experimentation of the Jaume I Uni-
versity of Castellon, where the experiments were carried out and, ulti-
mately, by the Valencian Conselleria d’Agricultura Medi Ambient, Canvi
Climatic i Desenvolupament Rural (code 2019/VSC/PEA/0049).

After mating with an adult male, the pregnancy was carefully
controlled following the conditions extensively described in Lacalle-
Bergeron et al., 2021 [11]. This second study was carried out simulta-
neously to the one referred in our previous article and used the same
animals.

Two of the females delivered 17 days before the other two as
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planned, in order to process in parallel pups of different ages. In this
way, the first day of experimentation, right after the volatolome
extraction for our previous study [11], the surface of the body phero-
mones was sampled simultaneously in neonatal pups (4-day old) and
pups at the age of weaning (21 days-old), by gently rubbing their ano-
genital region with a cotton swab for 1 min, and then the orofacial re-
gion (eyes, nose, mouth) with another cotton swab. This sampling
procedure was performed for four consecutive days per week, thus
obtaining samples from pups of 4-to-7-days old (1st week pups) in
parallel to 21-to-24-days old (4th week pups). The following week, the
younger pups were sampled again, thus obtaining samples from
10-to-13-days old pups (2nd week pups).

2.3. Extraction of low-volatile putative pheromones

Three swabs coming from the same body area of 3 pups selected
randomly from the same litter (siblings, with independence of the sex)
were soaked together in 1500 pL of acetone and further extracted in a
thermostatic water bath at 25 °C with ultrasound assistance for 20 min
(Fig. 1). Then, the organic solvent was evaporated to dryness at 35 °C
under a gentle stream of nitrogen, to finally reconstitute the residue in
150 pL of methanol for instrumental analysis. In total, four samples per
day and per area were obtained, and 4 days were studied per week
(Table 1). Each day of analysis, blank extracts were performed following
the same procedure with three clean swabs. From each sample extract,
50 pL were aliquoted to be pooled as a quality control sample (QC),
which was injected at the beginning of the sample batch for chromato-
graphic column conditioning and every 10 samples to ensure the sta-
bility and repeatability of the system.

2.4. Instrumentation

Ultra-high performance liquid chromatography (UHPLC) with
ACQUITY UHPLC I-Class system (Waters, Milford, MA, USA) was
coupled to a VION® IMS QTof (Waters, Manchester, UK), ion mobility
hybrid quadrupole time-of-flight (IMS-QTOF) high resolution mass
spectrometer (UHPLC-IMS-HRMS) using electrospray interface oper-
ating in positive ionisation mode (ESI+). Equipment control, data
acquisition and processing were performed using UNIFI software
(V.1.9.2, Waters, Manchester, UK).

The chromatographic separation employed was reversed phase
liquid chromatography (RPLC) using a CORTECS® C18 fused-core 2.7
pm particle size analytical column 100 x 2.1 mm (Waters). The flow rate
was set at 0.3 mL/min, column oven at 40 °C and 1 pL sample injection
volume was selected. The mobile phases employed were A = H,O and B
= methanol, both with 0.01% formic acid. The gradient changed from
10% B at t = 0 min to 90% B at t = 14 min, holding it for 2 min, and at t
= 16.01 min B decreased to 10% and held for 2 min; total run time 18
min.

Regarding the HRMS analyser, the capillary voltage was set at 0.7 kV
in ESI + ionisation mode. Nitrogen was used as desolvation gas, nebu-
lising gas, mobility gas and collision gas. Source temperature was set to
120 °C and desolvation gas to 550 °C with a flow rate of 1000 L/h. The
HRMS analyser operated in MS® acquisition mode combined with ion
mobility separation (HDMSF). As normal MSE acquisition mode, it is a
type of data independent acquisition (DIA) analysis where two functions
are acquired sequentially: low energy function (LE), with a fixed colli-
sion energy at 6 eV, and high energy function (HE) with a ramp of
collision energy from 28 to 56 eV. Both acquisitions were performed
from 50 to 1000 Da and at 0.3 s scan time.

“Major Mix IMS/T of Calibration kit” (Waters) infused at 20 pL/min
flow rate was used for calibration of mass axis and drift time. For
automated accurate mass correction, 100 ppb Leucine-Enkephalin
acetonitrile:H,O (50:50, v/v) at 0.01% formic acid solution was
infused at 20 pL/min into the system through the lock-spray needle and
measured every 5 min with 0.3 s scan time during the sample injection
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After taking out the swabs,

Evaporation with N, stream of the solvent ( UPLC-IMS- QT OF MS )

and
reconstitution with 150 nL. MeOH

Fig. 1. Experimental design used for alive mice pup low-volatility putative pheromones collection. Swabs for facial area sampling are coloured in orange and those
for the anogenital area in blue. Three swabs from different mice pups but from the same zone (F = facial or A = anogenital) were extracted together.

Table 1
Mice pup characteristics for each experiment day.

N° of mice Postnatal Postnatal Mean
pups per week day mice pup
replicate weight

Experiment  N° of
replicates

1 4 3? 1 4 26+
0.4gn
=24)

2 4 3? 1 5 3.0+
0.4g(n
= 24)

3 4 3? 1 6 3.4+
05g
= 24)

4 4 3? 1 7 3.9+
0.5g
= 24)

5 4 3P 2 10 5.2+
0.8g(n
=18)

6 4 3P 2 11 5.6 +
0.7gn
=18)

7 4 3P 2 12 5.9 +
0.7gn
=18)

8 4 3 2 13 6.2 +

0.8gn

=18)

125 +

0.8g(n

=9

13.3 +

0.8g(n

=9

145 +

0.8g

=9

15.6 +

09¢g®

=9)

10 4 3¢ 4 22

11 4 3¢ 4 23

12 4 3¢ 4 24

# 3 mice selected aleatorily from the 8 mice pups of each replicate for the
volatile extraction explained in Lacalle-Bergeron et al., 2021.

b 3 mice selected aleatorily from the 6 mice pups of each replicate for the
volatile extraction explained in Lacalle-Bergeron et al., 2021.

¢ 3 mice selected aleatorily selected for the volatile extraction explained in
Lacalle-Bergeron et al., 2021 where the same for this second experiment.

(ensuring a measurement at the beginning and at the end of each run),
monitoring the protonated molecule m/z 556.27658.

2.5. Data processing and statistical analysis

Raw data from VION instrument (.uep, UNIFL, Waters) were imported
into Progenesis QI (v3.0, NonLinear Dynamics, Waters, UK) for data
processing. Progenesis QI software automatically performs 4D peak
picking (based on m/z, retention time, drift time and intensity); reten-
tion time alignment (with QC samples as references, except the first 9 QC
injection employed for column stabilisation purposes); and response
normalisation. Peak picking conditions were set as follows: all runs,
sensitivity automatic (level 3), minimum chromatographic peak width
0.1 min and retention time limits from 0.4 to 17 min from the total run
time of 18 min. The deconvolution was applied attending to the selected
adducts and ion forms for positive ESI+: [M+H]", [M+Na]*, [M+K]™,
[M-H0 + H]", [2M + H]" and [2 M + Na] . The samples were divided
in groups in the “Experimental Design Setup” section of the software
according to the experiment and statistical comparison, starting by a
basic classification depending on the area (facial or anogenital) and the
week of life (week 1, week 2 or week 4), following the “Between -subject
Design” comparison (samples from a given subject appear in only one
condition). One-way ANOVA calculation followed by a false discovery
rate (FDR) was performed to test differences among the groups, setting
the level of statistical significance at 95% (p-value <0.05).

The main work of statistical analysis was performed with EZinfo
(v3.03, Umetrics, Sweden), focusing on multivariate statistical analysis.
After pareto-scaling of the data, the process started by unsupervised
Principal Component Analysis (PCA) in order to check the correct
acquisition of the samples based on the grouping of the QC replicates in
the centre of the plot; and detect possible outliers. Then, Partial Least
Square-Discriminant Analysis (PLS-DA) to maximise the separation be-
tween the pre-determined groups and the validation of the model was
performed by leaving-1/7-out cross-validation approach. Finally,
Orthogonal PLS-DA (OPLS-DA) was carried out to highlight the most
significant markers between the faced groups (threshold p(corr) > |0.6|
and p [1] loading > |0.1]).

3. Results and discusion
3.1. Experimental set up for low volatile putative pheromone obtention

As explained in the previous research article [11], the procedure
employed did not interfere with pup’s growth and comfort (pups gained

weight according to the standards) (Table 1). The sampling from pups
was carried out quickly and accurately by the personnel accredited in
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animal handling so that the process was as stress-free as possible for the
animals under study. The pups were returned after the sampling to its
mother and kept under the appropriate and controlled conditions for its
development until the next day of sampling.

Based on the premise that some of the compounds with a putative
role as pheromones inducing maternal care could not be very volatile,
this second experiment was focused on low volatile compounds of
exocrine glands secreting an aqueous medium, such as saliva or sweat,
or excreted in urine. In both cases, these compounds are expected to be
rather polar compounds. Less polar compounds, which could be signif-
icant for chemical communication, could also be secreted by sebaceous
glands.

The starting hypothesis was that mouse pup pheromones are
secreted/excreted during the first days of life, when dams exhibit
dedicated pup care, but their release decreases with age until weaning.

Besides the molecules that are excreted in urine/faeces, most che-
mosignals must derive from secretions of exocrine glands: salivary,
lacrimal and other glands located in the chin perineal and genital areas.
This is the reason why sampling was focused on the anogenital and facial
areas. To extract them from the skin, swabs were rubbed around each
area during 1 min and samples coming from each of them were treated
separately. Afterwards, the extraction of the collected molecules with
the swabs was carried out in acetone. The choice of the solvent was
based on its compatibility with molecules in medium range of polarity
and the ruling out of those too large to be covered in a metabolomic
study, such as proteins.

As the pheromones should be released in a very similar way in all
pups of the same age, and regardless the sex, 3 mouse pups of the same
day of age were randomly chosen for each sample extraction. The
collected sample from each area of those 3 pups were extracted in the
same 1500 pL of acetone to increase the concentration (Fig. 1).

RPLC with a C18 column was selected due to well-known behaviour,
good robustness and its ability to cover a wide range of compounds. Due
to the high sensitivity of the instrument employed and the small injec-
tion volume required (1 pL), no additional sample treatment steps were
necessary, such as evaporation and reconstitution in more compatible
solvent for the chromatography. As it is a common practice in
chromatography-MS-based metabolomics, the quality of the results and
the analytical process were monitored by means of injection of mechanic
replicates (every 10 samples) of quality control sample (QC sample, a
homogeneous pool of all treated samples) during the chromatographic
run. Moreover, it is highly recommended to perform the sample treat-
ment and the acquisition in a randomised way. Although this could not
be possible in the sample treatment, as the extraction was performed as
the mouse pups grew up, it was applied for the UHPLC-IMS-HRMS
acquisition of the data, assuring that the possible instrumental drift
during the sequence did not affect to a group more than others and
minimising the bias.

3.2. Data processing and statistical analysis

The data set acquired with UNIFI software (Waters, UK) was
exported to *.uep format (UNIFI export package). To the best of our
knowledge, only Progenesis QI (nonlinear Dynamics, UK) program is
able to process and interpret four-dimensional data (Rt, m/z, intensity
and DT) for -omics purposes. After the data import, Progenesis QI per-
forms 4D peak picking, followed by retention time alignment and finally
normalisation. For the retention time alignment one sample between the
QC replicates was selected as reference (except the first 9 QCs samples
injected at the beginning of the chromatographic run for column stabi-
lisation). All samples had a high and very good alignment (all above
90%) and normalisation method for the aligned data was “normalisation
to all compounds”. The resulting data matrix consisted in the detection
of 6094 signals that Progenesis QI assigned to a total of 5454 features,
due to the automatic deconvolution performed with the specified ad-
ducts selected in the setting of the peak picking. Therefore, for those
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features where more than one adduct was detected the program will
annotate them as xx.xx_yyy.yyyyn (xx.xx being the retention time in
minutes and yyy.yyyy the exact neutral mass calculated when more than
one adduct ion is found for the same compound); and for single ions xx.
XX_222.22222M/%, 222.222% being the accurate mass. The 5454 data set was
reduced to 3647 features after the removal of all features with poor
stability in the QCs samples, keeping all features with a relative standard
deviation (% RDS) below the 30% within the QCs.

An exploratory visualization of the data was performed by unsu-
pervised multivariate analysis PCA in order to observe trends, inherent
grouping of the data and possible outliers. As QC is considered as an
“average” sample (constituted by a pool of all analysed samples), and it
is injected after every 10 samples (n = 12 replicates), the clustering in
the centre of the PCA score demonstrated the correct acquisition of the
run, determining that the inherent differentiation between the samples
does not come from an instrumental drift during the acquisition of the
data. QC samples grouping near to the centre can be observed in Fig. S1,
PCA score of component 1 vs component 2, proving the proper perfor-
mance of the analytical system. Nevertheless, no inherent differentiation
was observed between the groups of samples. Only a slight separation of
blank samples can be noticed in the upper left quadrant. Twelve prin-
cipal components were necessary to explain the 88% of the total vari-
ance. The blanks data were removed from the subsequent statistical
analysis, although they were consulted later to validate the features
highlighted in the statistics as markers by checking their absence in
these samples, demonstrating that they did not come from the swabs
employed or any other factor during the experimental procedure.

Then the statistical analysis was focused on the differentiation of the
samples by the age of mice pup, analysing samples coming from facial
and anogenital separately. Taking into account the information of the
volatolome separation from the first part of the study, univariate sta-
tistical analysis was applied obtaining 338 and 912 statistically signifi-
cant features for the differentiation by week of the samples in the facial
area and in the anogenital area, respectively. From these reduced data
matrices, a second PCA was applied to interrogate the data (Fig. S2 A
and B). Four components were enough to explain the 83% of the vari-
ance for the differentiation by the compounds collected from the facial
area and eight components for the 87% of the variance explained for the
anogenital area. Colouring the samples according to the week of life in
these two PCA, a separation by age can be observed, the samples coming
from the aged pups (week 4) are clearly differentiated from the samples
coming from the younger ones. A slight differentiation of samples from
the first and second week of life might be appreciated in the samples
coming from the facial area by the 2nd component (Fig. S2A) that it is
not observed for the anogenital region (Fig. S2B). Some samples were
taken as possible outliers, especially in the PCA from anogenital sam-
ples, and they were studied in the following analysis before considering
eliminating any of them from the statistics.

Subsequently, PLS-DA was applied to both data sets, attempting to
target a grouping by week of life in this supervised multivariate statis-
tical analysis. The PLS-DA score plots facing the first two latent variables
are shown in Fig. 2A and B, where classification of pups by weeks is
appreciated. For PLS-DA based on the compounds extracted from the
facial region it was obtained a 64% of the variance explained and a 52%
of the variance predicted with three latent variables. The PLS-DA from
anogenital area obtained a variance explained of 80% and a predicted of
58% with five latent variables. Although these results in the variance
might seem lower than desirable and close to the accepted limit of 50%
for variance explained and 40% for predicted for biological models [20],
this is mainly due to the difficulty in separating the groups of the first
two weeks. However, a clear differentiation of the groups of samples
that come from the oldest pups can be observed along the first latent
variable of both PLS-DAs, the one that explains the greater differentia-
tion of the model (52.3% for facial area and 36.2% in anogenital area).

Following the objective on finding molecules with higher presence in
the first weeks, a binary differentiation was attempted with OPLS-DA,
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A) PLS-DA facial sampling area
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Fig. 2. PLS-DA score plot latent variable 1 vs latent
variable 2 of from A) Facial and B) Anogenital areas
coloured by week: 1st week facial area (Week 1_FIl),
2nd week facial area (Week 2_Fll), and 4th week
facial area (Week 4_FH); and for anogenital area 1st
week (Week 1_AM), 2nd week (Week 2_Al) and 4th
week (Week 4_AM).The shape of the marker changed
according to the day of the week (1st day of the week
[0, 2nd day A, 3rd day o and 4th day ¢)). Being R?Y is

801 R2Y 64 %
Q249 %

coefficient for variance explained and Q? is coefficient
for variance predicted, the following results were
obtained: R%Y = 64% and Q? = 49% for facial sam-
pling area and R%Y = 80% and Q2 = 58% for ano-
genital sampling area.

-160
LV.1 (52 %)

B) PLS-DA anogenital sampling area
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starting by week 1 vs week 4 expecting that this facing would be the
most significant; and followed by week 2 vs week 4 differentiation,
obtaining in all of them a variance explained above the 80% and above
the 70% for the variance predicted (Table 2). The S-plots from the OPLS-
DA allowed an easiest selection of putative markers in each binary dif-
ferentiation. The most differentiating features are those with a p(corr)
closer to 1 or -1 (y-axis of the S-Plot), and with higher intensity the ones
with a p [1] loading closer to 1 or -1 (x-axis of the S-Plot). All features
with a p(corr) higher than |0.6| and a p [1] loading above |0.1| were
selected as putative markers (Fig. 3 and S3). A total of 17, 14, 12 and 16
features were highlighted in the corresponding S-Plots of facial sampling

Table 2
Parameters of the OPLS-DA models.

Statistical model/ OPLS-DA model diagnostics

Characteristics
Facial sampling area Anogenital sampling area
Week 1 vs Week 2 vs Week 1 vs Week 2 vs
Week 4 Week 4 Week 4 Week 4
n=16vs n=16vs n=16vs n=16vs
16 16 16 16
Components 2 3 4 4
Goodness-of-fit 69% 74% 74% 77%
parameter - R>X
Variance explained — 80% 92% 94% 96%
R?’Y (cum)
Variance predicted — 71% 86% 83% 88%
Q@ (cum)

R? - fit how model fits the data and Q? — predictive ability, by seven-round in-
ternal cross-validation as default option of EZinfo software (Umetrics, Sweden).

area week 1 vs week 4 and week 2 vs week 4 and anogenital sampling
area week 1 vs week 4 and week 2 vs week 4, respectively. In sum, a total
of 34 features highlighted as putative markers, since the features with
higher abundance for week 1 used to be the same as the ones more
abundant in week 2, hence the little differentiation in the PLS-DA of
these two groups. In fact, the 1st week vs 2nd week facing in the
OPLS-DA was also applied with poor statistical results. Since the
objective of the study was not to confront these two groups, no further
investigation was made of said separation.

Moreover, most of the highlighted markers in the facial sampling
area were the same as in anogenital area. One reason could be the
presence of similar glands in both regions, as sweat and sebaceous
glands. On the other hand, the continuous licking of pups by dams could
cause that the compound released by one of the areas ended up in the
other one. Before starting with the elucidation process, it was studied the
presence of these features in the blank samples, thus discarding 23 out of
34 markers since their signals in these samples were relevant enough to
question their validity as markers. The fact that certain features with
relevant presence in the blanks have passed the statistical filters could be
due to an unpredictable lack of homogeneity between the swabs
employed for sampling. All remaining features were markers of the 1st
and the 2nd week when they were faced to the 4th week. Nevertheless,
the list can be further reduced as some type of adducts were not set in the
peak picking processing, and therefore not clustered as a single com-
pound; or because of the presence of some in-source fragments (formed
prior to the IMS, and therefore with different DT) detected as a different
feature.
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A) S-Plot Facial sampling areca Week 1 vs Week 4
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Fig. 3. S-Plots from OPLS-DA score plots and from A) Facial sampling area Week 1 vs Week 4 and B) Week 1 vs Week 4. Being R>Yand Q? coefficients are founded in
Table 2. The coloured features in the S-plots were the ones selected as putative markers, their colours depend on the week where they are highlighted as markers.

3.3. Elucidation process

The remaining 19 putative markers were studied in order to obtain a
tentative identification. To do so, features were annotated with Pro-
genesis QI identification tool based on the deconvoluted HDMSE spectra
and CCS data by search and comparison with exact mass, MS/MS and
CCS (if available) information in compound and spectral databases
(Metlin, HMDB, Metabolic Profiling CCS library for Progenesis QI, Lipid-
Blast ...). Moreover, the experimental information about the parent ion,
fragmentation spectra and CCS were carefully reviewed from UNIFI raw
data. The identification level of each marker (Table 3) was set according
the criteria of our laboratory based on Celma et al. (2020) classification
[21]. In Table 3 the experimental and statistical data for each tentatively
identified marker are recorded.

Markers 1 and 2 received urocanic acid and arginine as identifica-
tions, respectively, by match MS/MS and CCS data with available li-
braries (Metabolic Profiling CCS library for Progenesis QI constituted of
experimental data for fragmentation and CCS measured in Waters
TWIMS instruments). These two markers had a p(corr) higher than 0.85
for week 1 and 2 in both facial sampling area and anogenital (see
Table 3). As an example, the elucidation process for marker 1 is
explained hereafter. Progenesis QI performed a deconvolution of the
spectra from LE (6 eV collision energy) and HE (ramp of collision energy
from 28 to 56 eV) and compared the results and CCS data with the
available compound/spectral databases. Even the best annotation pro-
vided by Progenesis QI (defined by the identification score of each
candidate) was carefully reviewed with raw data. Fig. 4 shows the ob-
tained UNIFI raw data for Marker 1 (0.67_139.0500 m/z, CCS 131.15

A?), including the extracted ion chromatograms and HDMSE spectra. As
IMS takes place prior to the collision cell, the product ions from frag-
mentation are linked to their parent ion by the DT of the last one. For this
reason, it is possible to obtain cleaner spectra without the interference in
the LE spectra of co-eluting ions and their fragments in the HE spectra.
Fig. 4B and C shows the LE and HE spectra not only aligned by the
retention time (0.67 + 0.04 min), as it is usual in conventional LC-
HRMS, but also by the DT (3.09 + 0.21 ms), obtaining cleaner spectra
for both energy functions. As part of the verification, the extracted ion
chromatograms of both fragments were obtained from the HE function
(Fig. 4A) to verify that the peak shape is similar to the one from parent
ion. Both fragments are almost the only fragments found in the experi-
mental spectra of databases. All this process allowed the selection of
Urocanic acid as tentative identification among the other candidates (e.
g. 4-nitroaniline or methyl-2-pyrimidine carboxylate, isomeric com-
pounds with different fragmentation patterns). Moreover, there was a
match with a delta error of +1.35% (maximum tolerance 2%) with the
available experimental CCS library for Progenesis QI, increasing the
confidence in the tentative identification. This marker finally reached a
level 1 of identification by comparison of the experimental data with the
reference standard.

Marker 2 (0.58.175.1188 m/z, CCS 136.03 /0\2) elucidation was
carried out in similar way to the process explained, ending in the
tentative identification as arginine. The match with the CCS library
obtained a delta error of +0.17%. In this case, an in-source fragment
(due to an ammonia neutral loss from the amino group) was also high-
lighted as marker (0.58_158.0928 m/z, CCS 132.20 A?). Additionally,
this compound was also detected with a second injection of one sample



Table 3
Compound list obtained from the untargeted metabolomic approach: identification and statistical parameters.
No. Identification Compound Elemental P Marker of Feature name Rt Protonated Mass error Experimental CCS (A% CCS delta Adducts
level® composition (corr) (min) molecule m/z (mDa/ppm) protonated molecule m/z error (%) detected
1 1 Urocanic acid CeHeN5O5 0.91 W1, Facial W1 vs 0.67_139.0500 m/ 0.67 139.0500 —-0.2/-1.4 131.15 +1.70 %" [M+H]*
w4 z
0.90 W2, Facial W2 vs
w4
0.88 W1, Anogenital
W1 vs W4
0.85 W2, Anogenital
W2 vs W4
0.61 W2, Anogenital
W1 vs W2
2 1 Arginine CeH14N402 0.95 W1, Facial W1 vs 0.58.175.1188 m/ 0.58 175.1188 -0.2/-1.1 136.03 +0.07 %" [M+H]*
w4 z
0.92 W2, Facial W2 vs
w4
0.90 W1, Anogenital
W1 vs W4
0.89 W2, Anogenital
W2 vs W4
3 1 Sphingosine C18H37NO, 0.90 W1, Facial W1 vs 12.38.299.2822n 12.38 300.2901 —0.2/-0.5 195.35 ~1.0 %" [M+H]*
(d18:1) w4 [M-H,0 +
0.70 W2, Facial W2 vs H]T
w4
0.89 W1, Anogenital
W1 vs W4
0.79 W2, Anogenital
W2 vs W4
4 1 Sphinganine Cy8H39NO, 0.87 W1, Facial W1 vs 12.67_301.2980n 12.67 302.3053 -0.1/-0.3 197.60 ~1.27 %" [M+H] "
(d18:0) w4 [M-H,0 +
0.87 W1, Anogenital H]'
W1 vs W4
0.76 W2, Anogenital
W2 vs W4
5 1 Sphingosine C17H3sNO2 0.88 W1, Facial W1 vs 11.86_285.2743n 11.86 286.2743 —0.3/+1.0 192.29 ~1.58 %" [M+H]*
(d17:1) w4 [M-H,0 +
0.89 W1, Anogenital HI"
W1 vs W4
0.75 W2, Anogenital
W2 vs W4
6 4 Unknown C11H1405 0.95 W1, Facial W1 vs 1.88_226.0842n 1.88 227.0916 —0.4/+1.5 145.21 [M+H]*
w4 [M+Na]"™
0.91 W2, Facial W2 vs [2M + Na]*
w4
0.87 W1, Anogenital
W1 vs W4
0.86 W2, Anogenital
W2 vs W4

¢ CCS delta error (%) by comparison with the predicted CCS for protonated molecule obtained by LipidCCS prediction tool developed by Zhou et al. (2017).
2 Identification level according to Celma et al. (2020).
b CCS delta error (%) by comparison with the experimental CCS from the injection of its reference standard.
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Fig. 4. Elucidation of Marker 1 Urocanic acid based on the chromatograms and HDMSE spectra: A) Extracted ion chromatogram from the LE for the parent ion and
HE for both fragments along with their experimental m/z and CCS, B) DT aligned LE spectrum, C) DT aligned HE spectrum. A structure fragmentation is proposed.

from each sampling area in negative ionisation mode ([M — H] =
173.1043 m/z, retention time 0.59 min, 135.29 A% following the same
chromatographic conditions, increasing the identity confidence as
arginine is a compound also susceptible to be ionised under negative ESI
mode: The identity of marker 2 was also finally confirmed with the
reference standard.

The elucidation process of markers 3 (11.86_285.2743n, CCS 192.29
A?), 4(12.38.299.2822n, CCS 195.35 A%), and 5 (12.67_301.2980n, CCS
197.60 A%) was the same as explained above. These three markers were
tentatively identified as three free-sphingoid bases, compounds that are
formed by a long aliphatic chain with a polar 2-amino-1,3-diol terminus
(Fig. S4). All three showed a similar fragmentation pattern, conformed
by 3 fragments due to common neutral loses ~-H>0 (loss of one hydroxyl
group), —2 x Hy0 (loss both hydroxyl groups) and the water loss with
consecutive formaldehyde (HCHO) loss. Marker 3 was tentatively
identified as Sphingosine (d18:1) and marker 4 as Sphinganine (d18:0).
For marker 5, three isomeric candidates were possible: erythro-
sphingosine (d17:1), (4,14-methy-d16:1) sphingosine and (4,15-
methy-d16:1) sphingosine (Fig. S4). The in-source loss of H,O ([M-H20
+ H]+) (set as possible ion in the Progenesis PQI deconvolution settings)
was present in all three markers, being the predominant ion in the LE
spectra in the case of unsaturated markers 3 and 5. For sphinganine
(d18:0) (marker 4) a delta CCS error of +0.40% was obtained with the
match in experimental library. In the other two (3 and 5), CCS values
were predicted using a tool optimised for lipids, LipidCCS [22]. This
model was optimised by measuring CCS of a large set of lipids with Drift
Tube Ion Mobility instruments (DTIMS), with median relative errors
(MRE) of ~1%. They ensured that similar error can be obtained with
Travelling Wave Ion Mobility instruments (TWIMS) as VION® when
lipid CCS calibrants are employed. Recent studies have also demon-
strated that CCS values obtained with DTIMS or TWIMS technology can
be comparable, and therefore the prediction tools [23,24]. Even so, this

tool allowed to rule out (4,14-methy-d16:1)-sphingosine and (4,
15-methy-d16:1)-sphingosine as candidates, since delta CCS error found
exceeded —30%, and select Erythro-sphingosine (d17:1) as tentative
identification for marker 4. Sphingosine (d18:1) (marker 3) obtained a
delta CCS error of —1.1%. Finally, the identity for the 3 free-sphingoid
bases was confirmed and they reach the level 1 of identification [21].
Regarding marker 6 (1.88_226.0842n, CCS 145.21 ;\2), it is one of
the most significative markers for the first two weeks of life due to its
high p(corr) and high intensity in all the OPLS-DA facings (Fig. 3 and
§3). In addition to the protonated and sodium adducts, sodiated dimer
was also detected. Moreover, 4 features highlighted in the statistical
analysis were associated to this compound as in-source fragments
(1.87_125.0595 m/z, CCS 123.65 A% 1.87.170.0569 m/z, CCS 129.58
1°\2; 1.88_153.0544 m/z, CCS 125.91 [?\2; and 1.88_167.0701 m/z; CCS
145.21 A%). The HDMS® spectra are shown in Fig. 5, where some of the
highlighted in-source fragments can be observed in the DT aligned LE
spectra. The fact that these fragments highlighted as markers, with
different CCS and therefore DT from the parent molecule, can also be
seen in the aligned LE spectra, shows the easy fragmentation with little
energy of these molecule not only prior to the IMS (giving different CCS)
but also post IMS in the collision cell with 6 eV (associated to the CCS of
the parent ion). Consequently, all of these fragments are also observed in
the aligned HE spectrum, along with many other fragments. In fact, this
molecule presents a very rich fragmentation spectrum, which together
with the isotopic pattern and the adducts found, renders a definitive
molecular formula as C13H;40s (4+0.3 ppm error). Many similar com-
pounds obtained (Fig. S5) an acceptable match when comparing the DT
aligned HE spectrum with the compound/spectral libraries (Metlin,
HMDS, Metabolic Profiling CCS Library from Progenesis QI, among others
libraries from ChemSpider specialised in metabolites). Above all, a
definitive identification could not be given to this compound. On one
hand, some fragments were present in the spectra of several candidates
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Fig. 5. Marker 6 the chromatograms and HDMSF spectra: A) Extracted ion chromatogram from the LE for the adducts of parent compound along with their
experimental m/z and CCS, B) DT aligned LE spectrum, C) DT aligned HE spectrum.

(some of them predicted spectra, other experimental) making difficult to
decide on one of them. On other hand, other fragments contributed to
identification uncertainty as their presence could not be justified.
Fragments m/z 77.0386 ([CeHs]", —0.5 mDa error), m/z 79.0546
([CeH71", —0.2 mDa error) and m/z 91.0544 ([C;H7]", —0.3 mDa error,
tropylium ion) are known to be present in compounds with a bencilic
group (CeHs—CHy-). With this, 4 out of 5 unsaturations attributed to the
aforementioned molecular formula would be from a benzene ring,
leaving an unsaturation probably as a carbonyl group. The presence of
the fragment m/z 195.0650 (-CH40 neutral loss, —0.3 mDa error) in DT
aligned LE spectrum could be attributed to some methoxy groups with a
methyl (some of the candidates with this group presented this fragment
in their spectra). The relatively high polarity of this compound (reten-
tion time 1.88 min) would suggest the presence of several alcohol groups
that could be attached to the aromatic ring or to an attached alkyl chain.
However, this would cause the presence of fragments due to water
neutral losses not observed in the fragmentation spectra. In the addi-
tional analysis of selected samples in negative ESI mode, no peak was
observed at the same retention time, therefore it could not be confirmed
the presence of a phenol or acid group (negatively ionisable).

Finally, as an additional tool to try to elucidate marker 6, an in-house
Rt and CCS prediction tool developed in our group by Celma et al. was
employed [25] (based on previous work in CCS prediction modelling
Bijlsma et al., 2017 [19]) for some of the candidate structures (Fig. S5).
The relative errors obtained with this prediction tool were below
+4.05% for [M+H]" and 4+5.59% for [M+Na] ™", and +2.32 min for the
retention with 95% confidence intervals. It was observed that com-
pounds with many methoxy groups (such as ethyl syringate, 3,4,5-trime-
thoxyphenyl acetate or 2,4,6-trimethoxyphenyl acetate), showed
predicted CCS errors within the accepted limits of the model, but they
presented a predicted retention time with a deviation of approximately
4 min, above the accepted error for this parameter. Thus, no tentative
identification could be attribute to the candidates selected for the pre-
diction, as none of them get an accepted error for all three parameters
predicted. Ultimately, this compound is awaiting further experiments to
determine its identity, as HDMS/MS experiments, since due to our group
policy for identifications, none of the candidates can be accepted with

the current data.

3.4. Putative low-volatile pheromones

As part of the confirmation as a marker of a tentatively identified
compound, a bibliographic search was made on its plausibility as a
pheromone. This step is especially important to justify the role of the
marker in the metabolomic studies carried out. For example, among the
possible candidates for marker 2 (finally tentatively identified as uro-
canic acid) was nicoxamat, an uricosuric drug that in no case would have
been given to mice, therefore, it cannot be the identity of the compound,
much less a pheromone.

Fig. 6 shows the variation in abundance across weeks of the markers
(Table 3) and the comparison between facial and anogenital sampling
area. As it can be observed, all the markers were present in the first two
weeks of life in samples from facial and anogenital area. An explanation
could be that as part of the care that mice dams provide to their pups,
there is a constant cleaning by licking. This could cause the distribution
of the compounds from one area to the other. In addition, this fact could
be also explained if these compounds are released in both areas in
aqueous secretions, saliva or tears for the facial area and urine for
anogenital area. Alternatively, these compounds are products of the
metabolism of keratinocytes, which do not differ between regions of the
body. For instance, urocanic acid is a common constituent of the stratum
corneum of the epidermis of the skin of mammals with possible photo-
protective effect [26]. A simple explanation of why it is enriched in the
samples from neonatal pups could be that they are hairless, and this
makes the skin outer strata easier to erode even with gentle rubbing of
the skin with a cotton swab. Moreover, urocanic acid is a metabolite
product of histidine metabolism, particularly abundant in mammalian
skin secretion and also present in saliva and urine. Its relevance in
chemical communication has been already noticed as an attractant in
mammalian skin for parasitic nematodes [27].

Arginine is an amino acid that plays and important role in many
metabolic reactions and body functions as cell division, immune func-
tions and protein production among others. It can be found in both
urinary excretion and saliva secretion. Due to its high presence in the
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Fig. 6. Comparison of normalized abundance between facial and anogenital areas sampling areas, for the 6 markers. In orange shades the average of normalized
abundance obtained from the samples of the same week from facial sampling area (l) and brown shades from anogenital sampling area (H).

body, it is difficult to know if it has a role as pheromone. Although it is
widely known that small peptides and bigger proteins can act as such in
mice [28], it is unlikely that a simple amino acid can be used for
intraspecies communication.

Regarding markers 3, 4 and 5, free-sphingoid bases as sphingosine
isomers and sphinganine are employed in different lipids synthesis as
ceramides and other sphingolipids that serve as structural and signalling
molecules in various cellular events [29]. They are present in all living
species ranging from bacteria to humans, and in mammals can be found
on the skin (secreted via sebaceous glands), saliva, urine and faeces
[30]. Due to their high presence in animals, it is difficult to think that
these compounds are pheromones by themselves, since intra-specie
communication requires specific molecules that are not easily found in
other organisms in the surroundings that could interfere with the
communication.

Since an identification for marker 6 has not been reached, it is
difficult to determine its plausibility as pheromone. However, com-
pounds with a structure similar to that described in section 3.3 for
marker 6 have been reported as pheromones of different organisms (i.e.
3,4-dimethoxycinnamyl alcohol, 4,5-dimethoxyphenol or the isomeric
compound 2-hydroxy-3,4,6-trimethoxy-acetophenone found in https://

10

www.pherobase.com/). This demonstrates the potential of marker 6 as a
chemical cue and, therefore, its identification will be a target in future
research, either by means of the injection of different analytical stan-
dards of different candidates or by the use of other analytical techniques.

Therefore, with the exception of marker 6 that awaits identification,
the remaining markers seem very common metabolites present in the
skin of mammals and/or associated to secretion of exocrine glands
(salivary, lacrimal, sebaceous). Although this make them unlikely
candidate to pheromones by themselves, when present together in a
certain ratio, they may constitute a pheromonal blend [2], a multi-
component pheromone characterising the hairless skin of neonatal pups
and facilitating maternal care (e.g. licking grooming). This deserves
being tested in the near future.

4. Conclusions

Following the first part of the study focused on volatile pheromones,
in this work we have successfully applied an untargeted metabolomic
approach to discovery of mouse pup low-volatile part of pheromones.
Sample collection with swabs allowed the work with alive animals at
different stages of their development without interfering in their normal
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growths and welfare. The identification of putative low-volatile phero-
mones involved in the maternal care in mice was possible thanks to the
combination of untargeted metabolomics with UHPLC-IMS-HRMS. As in
previous work, the differentiating compounds when facing samples from
the fourth week of mouse life (time of weaning) against the sample from
neonatal mice (first two weeks, receiving maternal care), essentially
belonged to the latter. This supports previous studies that suggest the
role of chemical communication in maternal care and the hypothesis
that this behaviour is induced by compound emitted in the first weeks of
life. Five candidates to pup pheromones were tentatively identified, and
a sixth compound needs further investigation to give a candidate
structure. All of them had a great presence in neonatal pups and shows
lower abundance in 4-week youngsters. The introduction of IMS to the
well stablished LC-HRMS instruments provided additional structural
information that, in combination with CCS, compound and/or spectral
databases and CCS predictors models; facilitates the compound identi-
fication of most of the compiled markers. Further behavioural research
with the tentatively elucidated compounds will be carried out in order to
clarify their role in chemical communication for the maternal behaviour
induction.

Deontological
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