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ABSTRACT

Urine is a highly suitable biological matrix for me-
tabolomics studies. Total collection for 24-h periods 
is the gold standard as it ensures the presence of all 
metabolites excreted throughout the day. However, in 
animal studies, it presents limitations related to animal 
welfare and also due to alterations of the metabolome 
originating from the use of acid for preventing microbial 
growth or microbial contamination. In this study, we 
investigated whether spot urine collection is a practical 
alternative to total collection for metabolomic studies 
in lactating cows. For this purpose, we collected urine 
samples from 4 lactating Holstein cows fed 4 diets in 
a 4 × 4 Latin square design. Urine was collected for 
24 h using a collecting device (i.e., total collection) or 
collected once per day 4 h after the morning feeding 
(i.e., spot urine collection). Dietary treatments differed 
by the amount of nitrogen content (high vs. low) and 
by the nature of the energy (starch vs. fiber). Urine me-
tabolome was analyzed by 2 untargeted complementary 
methods, nuclear magnetic resonance and hydrophilic-
interaction liquid chromatography (HILIC) coupled to 
a time-of-flight mass spectrometer, and by 1 targeted 
method, HILIC–tandem mass spectrometry. Although 
sampling technique had an effect on the abundance of 
metabolites detected, spot urine samples were equally 
capable of showing differences in urine metabolome 
than samples from total collection. When considering 
nitrogen levels in the diet, the robustness and preci-
sion for discriminating high- and low-nitrogen diets 
was equally achieved with both sampling techniques. A 
total of 22 discriminant metabolites associated with the 
N level of diets were identified from untargeted HILIC 

coupled to a time-of-flight mass spectrometer (n = 9) 
and nuclear magnetic resonance (n = 11), and 2 from 
targeted HILIC–tandem mass spectrometry. Alterna-
tively, starch or fiber in the diet induced less changes 
in the metabolome that were not clearly discriminated 
independently of the sampling technique. We concluded 
that spot urine collection can successfully reveal dif-
ferences in the urine metabolome elicited by dietary N 
levels and be used as a substitute of total urinary 24-h 
collection for metabolomic studies.
Key words: urine, lactating dairy cow, nitrogen diet, 
metabolomics, spot collection

INTRODUCTION

Metabolomics is a powerful tool for studying meta-
bolic changes in mammals (Sun et al., 2015; Contreras-
Jodar et al., 2019). Urine is a suitable matrix when 
compared with other biofluids such as plasma, as it can 
be obtained noninvasively. In addition, unlike plasma 
and milk, urine samples do not require extraction with 
organic solvents that may affect the metabolome, mak-
ing it the matrix of choice in many studies (Dunn et al., 
2011; Vuckovic, 2012).

Urine is collected in 2 ways, total collection (TC) 
performed over 1 or several pooled 24-h periods, and 
spot collection (SC) performed at different times and 
frequencies throughout the day. Total collection is con-
sidered the gold standard as it provides a representa-
tive sample that can be used for quantifying the daily 
metabolite excretion from individual animals, whereas 
SC is less precise as it is based on models and indi-
rect measures to estimate daily urine output. Indeed, 
total urinary excretion of specific metabolites is cur-
rently used for estimating key physiological processes 
in ruminants such as the rumen microbial protein flow 
to the duodenum (i.e., from urinary purine derivatives 
excretion; Chen and Gomes, 1992) or the myofibrillar 
protein degradation rate (i.e., from 3-methyl-histidine 
urinary excretion; Harris and Milne, 1981). However, 
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in research with animals, and ruminants in particular, 
there are many drawbacks linked to this type of col-
lection. Total urine collection requires the animals be 
housed in tiestalls, reducing the number of individuals 
that can be used in experiments (Wilson et al., 2019). 
Also, tethering and tiestall systems pose additional 
welfare issues for cows (Nalon and Stevenson, 2019). 
Additionally, it is not possible to perform TC under 
grazing conditions. It is also noted that TC is com-
plicated as it requires the use of harnesses to hold 
collection devices or, in the case of females, invasive 
indwelling catheters. Moreover, TC using noninvasive 
devices is associated with a higher risk of macroscopi-
cally undetected fecal contamination that can modify 
the urinary metabolome by adding fecal metabolites or 
by degrading already-present metabolites through the 
action of contaminating microbes (Patra and Aschen-
bach, 2018). The negative effect of fecal contamination 
may be amplified by high temperature and exposure 
to light (Boomsma et al., 1993; Fernández-Peralbo and 
Luque de Castro, 2012; Kirwan et al., 2018). Addition 
of chemical preservatives such as sulfuric acid reduces 
the risk of microbial growth but can also alter the urine 
metabolome. Sulfuric acid does react with some com-
pounds, such as alcohols, steroids, sugars, or proteins, 
causing degradation and modifications of metabolites 
into several end products. Metabolite degradation, ad-
ducts formation, and ion pairing created by the strong 
acid undermines sensitivity of MS (Chowdhury et al., 
1990; Furey et al., 2013), diminishing the discovery 
potential of untargeted metabolomics. In contrast, SC 
is an easier and rapid way to collect urine samples that 
reduces contamination and avoids the use of preserva-
tives. In addition, SC aligns with current welfare recom-
mendation in dairy production (Nalon and Stevenson, 
2019). We hypothesized that SC could provide similar 
insight as TC on the urine metabolome of lactating 
cows. The objective of this study was to compare the 
potential of SC and TC to discriminate differences in 
the metabolome. To have a more complete image of 
the urine metabolome and a more robust comparison 
between sampling techniques, we used untargeted and 
targeted metabolomic methods. We used lactating dairy 
cows that were fed differing amounts of nitrogen and 
different types of energy sources. A secondary objective 
of this work was to identify urinary metabolites that 
reflected differences in diet composition.

MATERIALS AND METHODS

Animals, Diets, and Sample Preparation

The experiment was conducted at the animal experi-
mental facilities of the HerbiPole at Marcenat, INRAE, 

in 2018. Low Mountain Ruminant Farming Systems 
Facility, DOI 10.15454/1.5572318050509348E12. Pro-
cedures with animals were conducted in accordance 
with the guidelines for animal research of the French 
Ministry of Agriculture and applicable European guide-
lines and regulations for experimentation with animals 
(https:​/​/​eur​-lex​.europa​.eu/​legal​-content/​EN/​TXT/​
PDF/​?uri = CELEX:​32010L0063​&​from = EN).

The experimental design was previously described 
(Fanchone et al., 2013). Briefly, 4 multiparous (parity 
= 2.5 ± 0.6; mean ± SD) lactating Holstein dairy cows 
were fed diets containing 11% CP (low N) or 14% CP 
(high N) with high (30%) or low (15%) starch. Cows 
were 4.7 ± 0.9 yr old, weighed 662 ± 62 kg, and were 
71 ± 10 DIM at the beginning of the study. Diets were 
assigned to the cows during 4 successive periods in a 
4 × 4 Latin square design. Each experimental period 
lasted 28 d and consisted of 23 d of adaptation to the 
diet and 5 d of measurements. A transition period of 3 
d was applied between each experimental period. Ani-
mals were fed twice daily at 0900 and 1700 h. Diets had 
similar net energy values and proportion of forage to 
favor similar DM intake and avoid confounding effects 
on digestibility between diets due to level of intake. 
Diet composition is shown in Supplemental Table S1 
(https:​/​/​data​.inrae​.fr/​dataset​.xhtml​?persistentId​=​doi:​
10​.15454/​FFFRL2, Morgavi, 2021). Daily DMI and 
milk production throughout the study was, respectively, 
20.2 ± 0.8 kg of DM and 23.7 ± 2.3 kg of milk per cow.

Urine samples were daily collected during the last 
week of treatment over 5 consecutive days. They were 
collected separately in 2 different ways. Total urine 
samples were collected during 24-h periods using caps 
attached to the vulva and connected to a 30-L collec-
tion carboy via a flexible tube. The carboy contained 
500 mL of 10% (vol/vol) sulfuric acid as preserva-
tive. Every day before the morning feeding, a 100-mL 
aliquot was taken and the carboy was replaced with 
a clean one. Spot urine samples were taken between 
4 and 6 h after the morning feeding (1300 to 1500 h). 
The perineal region was wiped with a clean paper towel 
to remove fecal residues, and urination was stimulated 
by massaging the vulva. After urination started, the 
first milliliters were discarded and urine was collected 
into a clean beaker without the use of any preservative. 
Out of 80 samples planned for each sampling technique, 
we collected 71 for TC (9 samples excluded due to fe-
cal contamination) and 74 for SC (6 samples, obtained 
from cows in heat, were discarded as urine did not have 
the usual aspect). Samples from both types of collec-
tion were immediately centrifuged at 10,000 × g at 4°C 
for 10 min, filtered through 0.45-µm single-use syringe 
filter (Sartorius) to remove debris, aliquoted, and stored 
at −80°C until analysis. Storage time was 17 mo.
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Metabolite Analysis

For a wide coverage of the metabolome and to deal 
with the highly diverse range of metabolites present in 
urine, different analytical techniques for both untarget-
ed and targeted analysis are used (Schrimpe-Rutledge 
et al., 2016). We used 3 analytical platforms as follows: 
2 complementary untargeted nuclear magnetic reso-
nance (NMR) and hydrophilic-interaction liquid chro-
matography (HILIC) coupled to a time-of-flight mass 
spectrometer (HILIC-ToF/MS), and by 1 targeted 
method HILIC–tandem mass spectrometry (HILIC-
MS/MS). For untargeted methods, daily collected 
urine samples (n = 71 for TC, n = 74 for SC) were 
analyzed. For the targeted method, we analyzed pooled 
samples per animal that were obtained by combining 
an equal volume of urine collected in each period and 
for each sampling technique (n = 16 × 2).

Metabolite profiling using a discovery-based, untar-
geted approach of global detection of all metabolites 
present in urine was performed on a Metabolic Pro-
filer system that combined 2 techniques of detection, 
MS and NMR. The Metabolic Profiler consisted of an 
AVANCE III 500MHz NMR spectrometer equipped 
with a 3-mm FISEI z-gradient (1H-13C) probe and a 
60-µL flow cell (Bruker Biospin GmbH) and a liquid 
chromatography coupled (LC) apparatus (Agilent 1100 
HPLC system) coupled to a MicrOTOF (time-of-flight) 
mass spectrometer (Bruker Daltonics).

HILIC-ToF/MS Analysis.  Urine samples (100 
µL) were thawed at room temperature, and a 100-µL 
aliquot was transferred into a clean Eppendorf tube 
and mixed with 300 µL of acetonitrile. The samples 
were vortex-mixed and centrifuged at 10,000 × g for 
10 min. Then, supernatants were transferred into an 
autosampler, and an aliquot of 10 µL was injected into 
the LC–MS system. To ensure performance of analyti-
cal instrumentation and that the data were of compa-
rable high quality within and between series, quality 
control samples (QC) were inserted in duplicate every 
5 urine samples. Two types of QC were prepared by 
pooling samples from SC and TC collections. Each 
pooled QC was obtained by mixing equal volume of 
urine from samples of all cows over the 4 experimental 
periods. These QC samples were processed as above. 
Separation was performed on a 150 × 2 mm i.d. HILIC 
column (Phenomenex) fitted with a same type 2 × 
2 mm guard column, and using a water/acetonitrile 
(both containing 5 mM ammonium formate, pH 6.8) 
gradient at a flow rate of 0.3 mL/min. The gradient 
was started at 5% water, held for 2 min, and increased 
to 50% in 12 min; 50% water was maintained for 2 
min before the gradient was returned to initial condi-
tions and maintained for 7 min for re-equilibrating the 

column prior the next injection. The MS system was 
operated in positive ionization mode with a scan range 
of 50 to 800 m/z. The capillary was set to −4.5 kV, the 
nebulizer was operated at 2 bars, and the dry gas was 
set to 8 L/min at a temperature of 200°C. The capil-
lary exit was set to 90 V with skimmer 1 set to 30 V. 
The time-of-flight spectrometer was calibrated by using 
lithium formate (ions at m/z 90 and 800). The MS 
source was regularly cleaned after 100 injections. For 
accurate mass acquisition, a formate-acetate solution 
was infused during the run at a flow rate 100 μL/min 
monitoring for positive ion mode.

1-Dimensional NMR Analysis.  Urine samples 
were centrifuged at 10,000 × g for 10 min at 4°C. To 
200 µL of supernatant of each sample, the robot of the 
Metabolic Profiler facility added 30 µL of a phosphate 
buffer (KH2PO4 and K2HPO4, Fluka; pH 7.06) in Deu-
terium oxide (99.96% minimum, Eurisotop), containing 
4.6 mM 3-(trimethylsilyl) propionic-2,2,3,3-tetra-d4 
acid sodium salt (TSP-d4; 98% deuterated, Sigma-Al-
drich), and 6.1 mM sodium azide (NaN3, 99.99% mini-
mum, Sigma-Aldrich). The 1H NMR experiments were 
carried out on a Bruker Metabolic Profiler equipped 
with an AVANCE III 500 MHz NMR spectrometer us-
ing a 3-mm FISEI z-gradient (1H-13C) probe with a 60-
µL flow cell (Bruker Biospin). Cell probe was filled with 
sample using Gilson 215 robot incorporated into BEST 
(Bruker Efficient Sample Transfer) system. A standard 
monodimensional nuclear Overhauser effect spectros-
copy sequence (noesygppr1d with water presaturation 
and gradients) was used with low power irradiation of 
the water resonance during the recycle delay of 4 s and 
the mixing time of 10 ms; 128 scans were collected with 
a 90° impulsion time of 9.3 μs, an acquisition time of 
3.2 s, and a spectral window of 10,000 Hz; and 64K 
data points zero-filled to 128K before Fourier transfor-
mation with 0.3 Hz line broadening. All NMR spectra 
were recorded at 300 K. The robot maintained samples 
in well plates at 4°C during analyses.

HILIC-MS/MS Analysis.  We used a targeted 
approach to do the absolute quantification of metabo-
lites related to nitrogen status. Urine samples from 
the 2 sampling techniques were analyzed as previously 
described (Boudra et al., 2012). Briefly, urine samples 
collected from each cow over 5 consecutive days were 
pooled. The mixture (100 µL) was diluted with aceto-
nitrile, vortex-mixed and centrifuged, and 10 µL were 
injected into the LC–MS/MS system.

Data Processing

The MS data were converted to NetCDF format us-
ing 3.4 Datanalysis software (Bruker Biospin), and MS 
data from untargeted approach were processed using 
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the open-source web-based interface Galaxy instance 
Workflow4Metabolomics running under R3.5.2 (Giaco-
moni et al., 2015). Further pre-processing steps were 
also applied to remove noise and unwanted variation, 
including filtrations and normalization. The MS data 
were first filtered on retention time, and signals outside 
the range (lower than 0.4 min or higher than 22 min) 
were considered as noise and removed. Background 
noise was also removed by removing masses found in 
blank samples (solvents). Because we had 2 types of QC 
(1 per type of collection), MS data of each collection 
were then normalized within batch using a linear re-
gression model (van der Kloet et al., 2009). A data ma-
trix containing mass and retention time with associated 
signal intensities for all detected peaks was generated. 
An additional filtering test was used to select variables 
based on univariate analysis (Mann-Whitney-Wilcoxon 
test on N levels); the ions with P < 0.3 were retained 
for further multivariate analysis. After denoising and 
filtering tests, the number of features was reduced from 
4,662 to 2,177 (47%).

The NMR data processing was performed in 2 
steps. First, zero- and first-order phase correction was 
achieved manually on all spectra. Baseline correction 
was performed using a third-order polynomial. Chemi-
cal shifts in all spectra were referenced to the TSP-
d4 signal at chemical shift (δ = 0 ppm). Spectra were 
treated with TopSpin version 2.1. Then, bucketing was 
performed using AMIX 3.9.10. The NMR spectra were 
subdivided in narrow spectral regions (0.02-ppm wide 
simple rectangular buckets). The spectral region from 
10.50 to 0.50 ppm (spot urine) and 9.14 to 0.65 ppm 
(total urine) were used for bucketing. Spectral regions 
that either did not contain any resonances for SC sam-
ples (10.00–9.36 ppm and 0.65–0.50 ppm) or contained 
the residual water resonance (5.50–4.72 ppm for all 
samples; for TC samples: 5.60–4.72 ppm) were exclud-
ed from the bucketing procedure. Due to the chemical 
exchange with water, the urea peak is influenced by 
water pre-saturation, which requires the elimination of 
this peak (Beckonert et al., 2007). Unfortunately, this 
excluded the region containing proton chemical shifts 
of allantoin and saccharides anomeric protons. As for 
MS data, a table was generated containing the buckets, 
their chemical shift, and the intensity.

Metabolite Annotation

Two-dimensional (2-D) NMR data were acquired 
on a Bruker AVANCE I spectrometer operating at 500 
MHz and equipped with a 5-mm inverse-triple tuned 
(TXI) 1H/13C/15N with z-gradient coil probe (Bruker 
Biospin Wissenbourg). For 1-dimensional (1-D) 1H-
spectra, a standard 1-D spectroscopy sequence (zgpr) 

was used with low power irradiation of the water reso-
nance during the recycle delay of 5 s. Then, 128 scans 
were collected with a 90° impulsion time of 10 μs, an 
acquisition time of 3.2 s, and a spectral window of 10.k 
Hz, and 64 K data points were zero-filled to 128 K 
before Fourier transformation with 0.3-Hz line broaden-
ing. Two-dimensional homonuclear (1H-1H COSY, 1H-
1H TOCSY, 1H-1H Jres) and heteronuclear (1H-13C 
HSQC and HMBC) experiments were performed with 
quadrature phase detection in dimensions, using state-
TPPI (time proportional phase incrementation) or 
QF (quadrature fixed) detection mode in the indirect 
experiment. For each of 512 increments in the indirect 
dimension, 2 K data points were collected, and 16 or 32 
transients were accumulated in the direct dimension. 
The 13C decoupling (GARP) was performed during 
acquisition time for heteronuclear experiments. A π/2 
shifted square sine-bell function was applied in the both 
dimensions before Fourier transformation. All spectra 
were recorded at 300 K and treated with TopSpin ver-
sion 3.1 software.

For untargeted MS data, mass spectra were first 
manually annotated for each discriminant ion to identify 
the parent ion. The redundant m/z peaks correspond-
ing to different ions (fragments and adducts) were used 
to help confirm the molecular ion, and then removed. 
For identification, an in-house database containing 
more than 1,000 metabolites analyzed under the same 
conditions was first queried based on both retention 
time and mass obtained from the time-of-flight–MS 
detector. This identification was based on both their 
retention time and mass. For the rest of unidentified 
metabolites, 4 online chemical databases were queried 
by accurate mass to search for hypotheses of chemical 
structures as follows: the Human Metabolome Database 
(HMDB, www​.hmdb​.ca), Kyoto Encyclopedia of Genes 
and Genomes (KEGG, http:​/​/​www​.genome​.jp/​kegg/​
), Metlin (http:​/​/​metlin​.scripps​.edu/​), and the Bovine 
Metabolome Database (http:​/​/​www​.rumendb​.ca/​). To 
obtain exact masses, pooled urine samples were ana-
lyzed using a high resolution Thermo Scientific LTQ 
Orbitrap Velos hybrid mass spectrometer (Thermo) us-
ing the same LC conditions as the LC–MS acquisitions.

The NMR metabolites identification based on the 1-D 
and 2-D NMR spectra were performed by querying an 
in-house database, public databases HMDB (Wishart 
et al., 2018), Biological Magnetic Resonance Data Bank 
(Ulrich et al., 2008), and relevant publications (Fan, 
1996; Beckonert et al., 2007; Bertram et al., 2011).

Eleven urinary metabolites that contributed to the 
separation of diets differing in N level were identified. 
They were confirmed by NMR 2-D in urine spiked by 
pure standard. The 2-D experiments were performed on 
pooled urine samples that were prepared as follows. In 
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the initial step, 5 QC samples (see in the HILIC-MS ex-
periments section the description of their preparation) 
were pooled together in an Eppendorf and centrifuged 
at 10,000 × g at 4°C for 30 min on a tabletop centrifuge 
(Sigma 112). The supernatant was transferred into a 
15-mL polypropylene tube and lyophilized. The lyophi-
lized sample was then dissolved into 1.4 mL of a 39 mM 
potassium phosphate buffer (pD* ~7.1; pH measured in 
deuterium oxide solvent) prepared in 100% Deuterium 
oxide containing 0.6 mM NaN3 and 0.8 mM TSP-d4. 
Dilution of this pooled QC sample was necessary to 
facilitate tuning and matching of the NMR probe owing 
to the high salt content of the sample. 

Calculations and Statistical Analyses

Milk N-use efficiency was calculated as the average 
daily milk N secretion divided by the average daily N 
intake over 6 consecutive days. This overall milk N-use 
efficiency was then partitioned into ruminal, digestive, 
and metabolic efficiencies as previously described (Can-
talapiedra-Hijar et al., 2018). Briefly, rumen N-use effi-
ciency was calculated as the microbial protein synthesis 
divided by rumen degradable protein. Digestive N-use 
efficiency was computed as the metabolizable protein 
supply divided by the dietary CP intake, whereas 
metabolic N-use efficiency was calculated as the milk N 
secretion divided by the metabolizable protein supply. 
All variables used in these calculations were measured 
and not estimated (Fanchone et al., 2013).

Combined univariate and multivariate analyses 
were performed to compare urine metabolites in both 
sampling techniques. Before statistical analyses, both 
NMR and MS data were processed and subsequently 
normalized to the total intensity to avoid bias due to 
normal variations in concentration between cows and 
due to the collection method. Data were then subjected 
to univariate scaling and analyzed using SIMCA-P 
software (Umetrics, v. 13.01). Unsupervised principal 
component analysis (PCA) was first used to visual-
ize trends in metabolite profiles between TC and SC, 
followed by supervised orthogonal partial least squares 
(OPLS)-discriminant analysis (DA) to discriminate N 
diets. Validation of the OPLS models were performed 
by considering samples from each day collection in-
dependently. Discriminant variables were selected 
according to the variable’s importance in projection 
(VIP; VIP ≥ 1.0). These discriminant variables were 
then subjected to annotation (Supplemental Methods; 
https:​/​/​data​.inrae​.fr/​dataset​.xhtml​?persistentId​=​doi:​
10​.15454/​FFFRL2, Morgavi, 2021). The characteristics 
of the OPLS models were assessed by the following: 
proportion of the dependent variables that is explained 

by the model (R2X), cumulative predictive ability pa-
rameter (Q2), and the number of VIP ≥1, indicating the 
contribution of variables to the discrimination between 
N diets. All OPLS models were tested for overfitting 
with a 200-time permutation analysis [see Worley and 
Powers (2013, 2016) for further details and examples of 
the statistical analyses].

Further univariate analyses (2-way ANOVA, cow, 
and N diets) were performed to assess the variability 
of the 9 discriminant metabolites of N diets identified 
by the untargeted MS method. Data from targeted 
methods were normalized by creatinine before uni-
variate analyses (2-way ANOVA, N diets, and sampling 
techniques with interaction) using XlStat-Biomed (v. 
18.1.1, Addinsoft).

RESULTS AND DISCUSSION

Sampling Techniques Markedly Influenced Urinary 
Metabolite Profiles

To compare the number of MS features extracted in 
each sampling technique, we processed the MS data 
from TC and SC separately. We obtained similar 
number of unfiltered features, 3,582 for TC and 3,506 
for SC, with 88% of them common to both sampling 
techniques (Figure 1). Notwithstanding, when TC 
and SC data sets were jointly processed to obtain a 
quantitative comparison of shared features, there 
were differences between the 2 sampling techniques. 
After filtration and variable selection, the number of 
variables was reduced from 4,662 unfiltered features 
to 2,177 filtered features with more than half (n = 
1,331) of these features being significantly different 
between sampling techniques (paired parametric test, 
Benjamini-Hochberg false discovery rate corrected, P 
< 0.05; data not shown). Multivariate analyses showed 
clear separation between metabolite profiles obtained 
in both sampling techniques (Figure 2). For MS data, 
separation was observed between individual samples as 
well as the pooled QC of the 2 sampling techniques. A 
tight clustering of both QC samples in MS data indi-
cated that the analytical conditions were stable over 
the time of measurements, and that the HILIC-MS 
system provided reproducible results. This variation in 
metabolite profiles could be explained by the difference 
in the concentration of metabolites between TC and 
SC as exemplified in the present study for allantoin 
and uric acid (Table 1) and also reported by others 
(Boudra et al., 2012; Lee et al., 2019). Because TC and 
SC samplings reflected different time spans (i.e., aver-
age excretion throughout the day vs. 4 h postprandial), 
the proportion of feed and endogenous metabolites may 
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have differed between both conditions. In addition, it 
is likely that TC samples also contained modified me-
tabolites induced by sulfuric acid.

Both Sampling Techniques Equally Discriminated 
Dietary Groups

Despite the difference in metabolite profiles (Figure 
2), both sampling techniques were able to discriminate 
diets in terms of N content when samples were analyzed 
by HILIC-ToF/MS and 1H NMR. The PCA models 
built from MS data showed better separation between 
diets in terms of N content than NMR in both sampling 
techniques (Figure 3). It is also noted that discriminant 
metabolites were almost the same between sampling 
techniques (see below) and that the same metabolic 
pathways were affected by diet independently of the data 
set analyzed (i.e., SC or TC; MetaboAnalyst pathway 
analysis, data not shown; http:​/​/​www​.metaboanalyst​
.ca).

Several studies reported variability throughout the 
day in the metabolic profile of urine obtained by SC 
compared with the average profile obtained from TC 
samples (Lee et al., 2019). As stated in the previous 
section, there were differences due to time spans con-
sidered in the collection that were mainly caused by 
feeding. This difference was also compounded by daily 
individual differences in feeding behavior, nutrient ab-
sorption, and use rate as well as by the time when the 
animal last urinated. To overcome this drawback, urine 
outputs from SC were normalized with creatinine as 
recommended (Shingfield and Offer, 1998; Tebbe and 
Weiss, 2018). Another normalization method is based 
on osmolarity (Jacob et al., 2014); whereas other au-
thors recommend repeated sampling throughout 1 or 
more days (Lee et al., 2019; Wilson et al., 2019). Also, 
we investigated whether sampling over several days 
improved the robustness and precision of the SC mod-
els. To do that, we compared the quality parameters 
of PCA and OPLS-DA models of TC built with data 
obtained in the HILIC-ToF/MS analytical platform 
from 1 d (TC-d1) with those built from 1 d of SC 
samples (SC-d1) or the average data of 2, 3, 4, or 5 SC 
samples taken once a day. Both sampling techniques 
were able to differentiate diets when using PCA models 
built with data of d 1. The separation of N diet levels 
was obtained in the first component, whereas separa-
tion of energy diets was obtained in the second com-
ponent. Discrimination of N diets was achieved with 
26.5% and 20.2% of variance explained on component 
1 for TC-d1 and SC-d1, respectively (Figure 4, Table 
2). A stronger separation [R2X(1) = 24%] between N 
diet levels was observed when combining data from the 
2 first collection days. This value increased margin-
ally when data from more days were averaged, up to 
28% when 5 d were averaged. The OPLS-DA models 
showed high value of the predictive parameter (Q2) for 
all the models with a slight increase from 2-d-average. 
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Figure 1. Venn diagram of detected features in untargeted method 
(hydrophilic-interaction liquid chromatography–time-of-flight–MS) 
from dairy cow urine collected during 24 h (total collection) or by spot 
collection and processed separately.

Table 1. Concentration of metabolites measured by targeted method (hydrophilic-interaction liquid chromatography–MS/MS) in spot and total 
urine samples from lactating dairy cows fed 2 dietary nitrogen levels

Item   Diet1

Concentration (µmol/mmol creatinine per L)

Allantoin Uric acid Urea Creatine β ABA2 β alanine Glycine

Total urine collection HN 8,343.0 1,068.3 57,552.2a 2,115.6a 3.6 8.7 218.3
  LN 9,106.6 1,010.4 20,734.9b 1,575.8b 3.8 5.9 170.5
Spot urine collection HN 5,990.6 725.8 58,898.3a 2,024.4a 4.2 7.5 476.6
  LN 7,397.4 786.1 22,975.3b 1,511.0b 4.0 5.0 249.6
Diet effect   0.113 0.987 <0.001 0.005 0.925 0.062 0.109
Sampling effect   0.005 0.001 0.733 0.657 0.574 0.461 0.052
Interaction   0.632 0.419 0.932 0.940 0.774 0.908 0.289
a,bMean values within a column and within the same sampling technique with different superscript letters differ (P < 0.05).
1HN = high nitrogen (14% CP); LN = low nitrogen (11% CP).
2β aminobutyric acid.
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Although good discrimination is obtained at d 1 with a 
Q2 value similar to that of TC (SC-1d = 0.81; TC-1d = 
0.73), we observed a better discriminative power from 
2-d-average (SC-2d = 0.89) that remained stable over 
5 d of collection (Table 2). The number of VIP ≥1, 
indicating the contribution of variables to the discrimi-
nation between N diets, was similar among models, 
with the exception of model built with data from d 
1 that is smaller. These observations suggested that 
multiple-day collection improved the model quality, 

and that 2 consecutive days seemed enough to achieve 
stable results. This hypothesis is consistent with the 
Venn diagram (Supplemental Figure S1, https:​/​/​data​
.inrae​.fr/​dataset​.xhtml​?persistentId​=​doi:​10​.15454/​
FFFRL2, Morgavi, 2021) obtained by comparing VIP 
lists extracted from each OPLS-DA model (VIP ≥ 1). 
Indeed, when looking at the proportion of variables 
specific to each model, we observed that it was higher 
in the SC-1-d model and decreased with the successive 
addition of collection days except for SC averaged over 
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Figure 2. Score plots of principal component analysis of untargeted MS (A) and nuclear magnetic resonance (B) urine metabolites from dairy 
cows showing grouping of samples depending on the urine collection technique (total 24 h or spot). Red labels in A designate quality control 
samples. A tight clustering of quality control samples of both sampling techniques indicates that the analytical conditions were stable over the 
time of measurements. R2X[1] and R2X[2] represent the explained variance in component 1 (T1) and 2 (T2), respectively.

Figure 3. Scores plot of principal component analysis of untargeted MS (A) and nuclear magnetic resonance (B) urine metabolites from 
total (circle) and spot (triangle) collections from dairy cows fed the following 4 diets: high (red labels) or low (black labels) in nitrogen with 
starch (full label) or fiber (empty label) as energy source. Samples were collected over 5 d. R2X[1] and R2X[2] represent the explained variance 
in component 1 (T1) and 2 (T2), respectively.
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5 d. Again, these results agree with the suggestion that 
collection during 2 d (2-d average) would be necessary 
and potentially sufficient.

To highlight discriminant metabolites associated with 
differences in diets in terms of N content, OPLS-DA 
models were built from samples collected over 5 d from 
both sampling techniques. We focused on the possible 
differences between high and low CP diets because of 
the importance that dietary N content has on animal 
production and N pollution (Castillo et al., 2000). How-
ever, because the nature of the energy supply also had a 

significant effect on the urine metabolome as showed in 
Figure 4, the OPLS models were performed separately 
for each energy source (starch and fiber). Within each 
energy source, a clear separation of diets differing in N 
content was obtained with both sampling techniques 
with a good predictive capacity (Q2) for MS and NMR 
data (Supplemental Figure S2, https:​/​/​data​.inrae​.fr/​
dataset​.xhtml​?persistentId​=​doi:​10​.15454/​FFFRL2, 
Morgavi, 2021). Twenty metabolites discriminating N 
diets were identified as follows: 11 by NMR (Supple-
mental Table S2, https:​/​/​data​.inrae​.fr/​dataset​.xhtml​
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Figure 4. Comparison of principal component analysis score plots of hydrophilic-interaction liquid chromatography–time-of-flight–MS urine 
data obtained from total collection at 1 d (TC-d1, circle) versus spot collection (triangle) built with data from 1 d (SC-d1) and the mean data 
of 2, 3, 4, and 5 d (SC-d1+2 to d1+2+3+4+5). Urine samples were obtained from dairy cows fed diets high (red labels) or low (black labels) in 
nitrogen with starch (full labels) and fiber (empty labels) as energy source. Nitrogen level in the diet was discriminant in the first component, 
whereas starch level was discriminant in the second component. R2X[1] and R2X[2] represent the explained variance in component 1 (T1) and 
2 (T2), respectively.
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?persistentId​=​doi:​10​.15454/​FFFRL2, Morgavi, 2021) 
and confirmed by NMR 2-D in urine spiked with pure 
standards (Supplemental Figure S3, https:​/​/​data​.inrae​
.fr/​dataset​.xhtml​?persistentId​=​doi:​10​.15454/​FFFRL2, 
Morgavi, 2021), and 9 by HILIC-ToF/MS (Supple-
mental Table S3, https:​/​/​data​.inrae​.fr/​dataset​.xhtml​
?persistentId​=​doi:​10​.15454/​FFFRL2, Morgavi, 2021). 
These discriminant metabolites were common to both 
sampling techniques, and followed the same pattern, 
(i.e., increase or decrease). Notwithstanding, in agree-
ment with Lee et al. (2019), higher variability between 
cows was observed for some metabolites detected by MS 
in SC compared with TC samples (Supplemental Figure 
S4, https:​/​/​data​.inrae​.fr/​dataset​.xhtml​?persistentId​=​
doi:​10​.15454/​FFFRL2, Morgavi, 2021).

We also compared both sampling techniques using 
a quantitative HILIC-MS/MS method targeting 9 
markers of nitrogen status as follows: allantoin, uric 
acid, xanthine, hypoxanthine, β-aminobutyric acid, 
β-alanine, creatinine, creatine, and urea (Boudra et 
al., 2012). Results showed no difference (P > 0.05) of 
the sampling technique in the concentration of these 
metabolites, except for allantoin and uric acid that 
were significantly (P < 0.05) higher in TC (Figure 
5). These differences could be explained in particu-
lar by diurnal variation in purine derivative urinary 
excretion (Tas and Susenbeth, 2007). When consider-
ing N level, all metabolites followed similar patterns 
in both sampling techniques, and creatine and urea 
were significantly different (P < 0.05) between N diets 
(Table 1). Moreover, the interaction (diet × sampling 
technique) in our study was not significant, indicat-

ing that detection of the diet effect was similar for 
both sampling techniques. Other studies reported no 
differences between TC and SC for estimating daily 
purine derivatives excretion in ruminants when urinary 
output was estimated from creatinine concentration in 
SC samples (Valadares et al., 1999; Chizzotti et al., 
2008). Nonetheless, urine creatinine concentration 
does vary throughout the day (Lee et al., 2019) and 
should be considered depending on the objective of 
the study as discussed below. Similar to untargeted 
results, quantification of all metabolites in individual 
cows followed similar pattern in both collections (Sup-
plemental Figure S5, https:​/​/​data​.inrae​.fr/​dataset​
.xhtml​?persistentId​=​doi:​10​.15454/​FFFRL2, Mor-
gavi, 2021). Supporting these results, linear regression 
analyses showed a strong correlation between sampling 
techniques for metabolites analyzed by the targeted 
method (Boudra et al., 2012). Human clinical studies 
showed that single urine SC samples collected in the 
morning and analyzed by the untargeted NMR method 
allowed the discrimination between healthy and sick 
groups (Saude et al., 2011). Alternatively, Wilson et 
al. (2019) showed that there was no significant loss of 
information when TC was substituted for SC in hu-
man studies. To our knowledge, no such studies were 
performed in ruminants. It is acknowledged, however, 
that metabolomics studies require a high number of 
samples, and these results should be validated using 
larger groups of animals. Also, a single urine SC as 
used in this work cannot capture variations throughout 
the day or be used for the 24-h quantitative estimation 
of metabolites excretion.
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Table 2. Comparative ability of total and spot urine collection methods to detect differences in the metabolome 
obtained by untargeted method (hydrophilic-interaction liquid chromatography–time-of-flight–MS) of lactating 
dairy cows induced by diet

Data1

Quality of multivariate model

PCA2

 

OPLS-DA3

Discrimination on C1 Model performance

All diets4 N diets R2(X) PC R2(X) Q2 VIP

TC 1 d Partial Partial 26.5   1+0+0 0.20 0.73  
SC 1 d Partial Partial 20.2   1+1+0 0.29 0.81 0.05
SC 2-d mean Yes Yes 24.1   1+1+0 0.29 0.89 0.03
SC 3-d mean Yes Yes 26.0   1+0+0 0.26 0.88 0.01
SC 4-d mean Yes Yes 26.7   1+1+0 0.36 0.88 0.01
SC 5-d mean Yes Yes 28.1   1+0+0 0.28 0.89 0.03
1Mass spectrometry data obtained from total (TC) and spot collection (SC) samples obtained from one day 
(1 d) or averaged over 2 to 5 consecutive days of sampling for SC.2PCA = principal component analysis; C1 
= component 1.
3OPLS-DA = orthogonal partial least squares-discriminant analysis; PC = principal component; R2(X) = vari-
ance explained by the 2 components; Q2 = predictive parameter of the model; VIP = ratio of specific variable 
importance in projection (VIP)/total VIP in the model.
4Four diets containing 14% or 11% CP with starch or fiber as energy source.
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A total of 22 metabolites discriminating the dietary 
N level were identified from the 3 analytical platforms 
as follows: 20 metabolites from untargeted methods 
(Supplemental Tables S2 and S3) and 2 metabolites 
from the targeted method (Table 1). Three common 
metabolites were found in at least 2 analytical plat-
forms (p-cresol sulfate, phenyl-acetylglycine, and urea). 
P-cresol is a rumen metabolite of tyrosine, and approxi-
mately half of the tyrosine content of rumen-adminis-
tered casein was excreted as p-cresol in sheep (Martin, 
1982). Interestingly, p-cresol and phenyl-acetylglycine 
are metabolically related. Indeed, the aromatic AA, 
phenylalanine and tyrosine, are first converted into 
phenyl acetate and p-cresol through the action of the 
gut microbiota (Smith and Macfarlane, 1996) and then 
conjugated with glycine and glucuronide, respectively, 
to form phenyl-acetylglycine and p-cresol glucuronide 
in the liver and gut mucosa (De Pascali et al., 2017). 
This suggests that urinary p-cresol and phenyl-acetyl-
glycine concentration may reflect the intake of dietary 
phenylalanine and tyrosine in ruminants, and thus be 
a proxy of the overall N intake. Concerning the urinary 
urea concentration as a biomarker of N intake, it is 
well established that the proportion of urea in urine 
increases as the N intake increases (Gonda and Lind-
berg, 1994), and urea concentration in blood or milk 

have been proposed as a biomarker of the N-use ef-
ficiency and N intake in ruminants (Kohn et al., 2005; 
Huhtanen et al., 2015).

Further regression models based on these 22 discrimi-
nant metabolites were constructed to investigate the 
relationships between these metabolites and the N-use 
efficiency at the digestive, metabolic, and rumen levels. 
There was no relationship except for the overall milk 
N-use efficiency (Supplemental Figure S6, ttps:​/​/​data​
.inrae​.fr/​dataset​.xhtml​?persistentId​=​doi:​10​.15454/​
FFFRL2, Morgavi, 2021), likely due to the inherent 
errors associated with digestive and metabolic measure-
ments compared with the milk N-use efficiency.

This work showed that SC is as good as TC for ob-
taining robust metabolomics results in lactating cows. 
When applied to assess the effect of dietary N level, 
urine samples obtained from SC effectively discriminat-
ed diets with high or low N levels. Spot urine collection 
also avoids the practical limitations and animal welfare 
issues involved in TC, making it highly recommendable 
for metabolomics studies in lactating cows.
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