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RESEARCH ARTICLE
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Abstract

Colostrum quality is of paramount importance in the management of optimal ruminant growth and infectious disease prevention in early life. Live yeast
supplementation effect during the last month of gestation was evaluated on ewes’ colostrum composition. Two groups of ewes (# = 14) carrying twin lambs
were constituted and twins were separated into groups (mothered or artificially fed) 12 h after birth. Nuttient, oligosaccharides (OS), IgG and lactoferrin
concentrations were measured over 72 h after lambing, and bacterial community was described in colostrum collected at parturition (T0). Immune passive
transfer was evaluated through IgG measurement in lamb serum. In both groups, colostral nutrient, OS concentrations and IgG concentrations in
colostrum and lamb serum decreased over time (P < 0-01), except for lactose, which slightly increased (P < 0-001), and lactoferrin, which remained stable.
Bacterial population was stable over time with high relative abundances of Aerococcaceae, Corynebacteriaceae, Moraxellaceae and Staphylococcaceae in TO
colostrum. No effect of supplementation was observed in nutrient and lactoferrin concentrations. In supplemented ewes, the level of colostral IgG was
higher at TO and a higher level of serum IgG was observed in lambs born from supplemented mothers and artificially fed, while no effect of
supplementation was observed in the mothered lamb groups. Using a metabolomic approach, we showed that supplementation affected OS composition
with significantly higher levels of colostral Neu-5G¢ compounds up to 5 h after birth. No effect of supplementation was observed on bacterial composition.
Our data suggest that live yeast supplementation offsets the negative impact of early separation and incomplete colostrum feeding in neonate lambs.

Keywords: Colostrum: Gestating ewes: Immunity: Live yeast probiotic: Oligosaccharides

Introduction survival and control of infectious discases in the newborn®.

Colostrum is the first source of nutrition in neonate ruminants,
providing essential components, such as energy and nutrients,
and also hormones and growth factors. The high levels of fat
and proteins observed in colostrum lead to better glucose

In ruminant industries (dairy and meat production), major eco-
nomic losses occur due to diseases in the first 3 weeks of
age™”. At birth, ruminants are hypoglycaemic and agammaglo-
bulinaemic, and adequate colostrum intake is crucial for

Abbreviations: 3'-ASL: 3'-acetyl-sialyllactose; 3'-ASLN: 3'-acetyl-sialyllactosamine; OS: oligosaccharides; Ig: immunoglobulin; IPT: Immune Passive Transfer; FPT: failure of
passive transfer; GIT: gastrointestinal tract; C: Contro, SC: Supplemented; Art-: Artificially fed group; Mot-: Mothered group; AGC: automatic gain control; I'T: injection time;
OTUs: Operational Taxonomic Units; UDP: uridine-diphosphate; CMP: cytosine-monophosphate
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regulation in colostrum-fed ruminants (. formula-fed animals)
and improve their growth in early life®. Furthermore, colos-
trum ingestion is of paramount importance for the neonate
as it promotes immunoglobulin (Ig) transfer from the dam
to the newborn (known as immune passive transfer, IPT)

and provides protection against infections™.

Inadequate
absorption of colostral Igs through the gut is known as failure
of passive transfer (FPT) and is characterised by a serum IgG
level lower than 10 g/I®. FTP in neonatal lambs has been
shown to increase neonatal mortality, with associated econom-
ical losses®™. Beside Igs, colostrum contains many other
molecules involved in immunity such as lactoferrin, mucin,
o-lactalbumin or serum amyloid A®. Colostrum also contains
leucocytes in variable concentrations”'” and high levels of oli-
gosaccharides (OS) compared to milk. OS are considered pre-
biotics, i.e. highly branched sugars not digested directly by the
host but by its gut microbiota. Due to its composition, colos-
trum ingestion immediately after birth may shape the initial
digestive microbial colonisation and supports gastrointestinal
tract (GIT) maturation. Indeed, over the 12 first hours of
life, a higher abundance of total bacteria was observed in the
small intestine and colon of neonate calves, with an increase
in Bifidobacterinm genus and butyrate producers in the colon
(Clostridium cluster XIVa) and a decrease in Escherichia coli
abundance’ "', OS have been shown to promote
Bifidobacterium growth"”. Sialylated OSs are able to adhere to
the intestinal epithelial cells" ¥ and increase mucosa-associated
Bifidobacterium in the distal jejunum and colon of colostrum fed

215, Moreover, colostral OS have a role in host

(16)

calves
defence by pathogen-binding Colostrum ingestion also
increases GIT development by increasing cell renewal and vil-
lus development and enhancing metabolic changes to acceler-
ate GIT maturation'”. Elevated levels of growth hormone,
insulin, insulin growth factor and cholesterol in colostrum
are involved in somatotropic axis development in the young

: 18
rummant( )

. The sources of microbial inoculation of the
ruminant neonate GIT are still under study,<19’20) but as colos-
trum is the first source of energy ingested, its microbiota will
be one of the first contacts of foreign elements for the neo-
nate’s digestive tract since its birth. Few studies have depicted
the microbial composition of ruminant colostrum, and those
that have mainly focused on bovine colostrum, leaving infor-
mation lacking in ovines.

In sheep production, artificial rearing is a common practice
for prolific breeds in which supernumerary lambs are sepa-
rated from their mother at very early age (0-2 d after birth)
and fed milk replacer. This practice presents several detrimen-
tal short- and long-term effects for the young animals®", and
strategies are currently being studied in order to reduce the
impact of mother separation on the lamb’s immunity, growth
and performance and microbial digestive establishment®**”.
Live yeast-based feed additives have been shown to enhance
the stabilisation of rumen microbiota during challenging peri-
0ds®**_ Peripartum modifications of rumen microbiota
composition with an increase in milk production have been
observed in dairy cows supplemented with the same live
yeast used in this study®®. Moreover, the supplemented ani-
mals presented differential expression of genes involved in

pro- and anti-inflammatory processes along the digestive
tract around calving, suggesting an improvement in rumen
epithelial ~ barrier associated with  supplementation®”.
An increased inflammatory status would be detrimental for
the animal, as part of the metabolisable energy will be directed
towards immune reactions instead of fetus development,
maintenance of body condition score and the physiological
changes required for lactation onset. Colostrum quality
is impacted by the health condition of the gestating
animal®*>”. Probiotic supplementation petipartum could
thus be a nutritional strategy to reinforce rumen functions
through the stabilisation of microbial populations, leading to
an enhancement of the dam’s health before parturition ",

In this study, we hypothesised that live yeast Saccharomyces cer-
evisiae supplementation of ewes during the last month of ges-
tation will improve colostrum nutritional and immune
qualities impacting the IPT to their lambs afterwards and
also modify colostrum microbiota. More precisely, we investi-
gated differences in colostrum nuttients, lactoferrin and IgG
concentrations. OS compositions were depicted through
highly specific LC-MS techniques, and the bacterial popula-
tion was described through qPCR and 16S tDNA sequencing
approaches.

Materials and methods
Diets and animals

The animal trial was conducted at the animal facilities of
INRAE Herbipole Experimental Unit UE1414 (Clermont
Auvergne Rhone Alpes). Procedures on animals were carried
out in accordance with the guidelines for animal research of
the French Ministry of Agriculture and all other applicable
national and European guidelines and regulations for experi-
mentation with animals (see http://www2.vet-lyon.fr/ens/
expa/acc_reglhtml for details). The protocol was approved by
the Regional Ethics Committee for Animal Experimentation
C2EA-02 and authorised by the French Research Ministry
with the reference number 14981-2018050417167566V3.

Twenty-cight gestating ewes (Ovis aries, Romane breed) were
used for this study. All of them were checked in mid-gestation
by echographic evaluation to carry two fetuses. They were
assigned to two groups (Control = C, Supplemented = SC) that
were balanced homogeneously according to age, parity, body
condition score and live weight.

One month and a half before the estimated date of partur-
ition, ewes were transferred from the farm unit to a room
equipped with Biocontrol CFRI systems (www.BioControl.
no), which allowed to control individual concentrate intake.
Ewes were identified by means of ear RFID (radio-frequency
identification) transponders for specific access to the manger.
As the yeast supplement was incorporated into the experimen-
tal concentrate, it was important to ensure that each animal
had the same quantity of concentrate ingested and at the
same time of the day. Ewes were progressively adapted to
the concentrate during the month before the start of the
trial by increasing the amount of concentrate fed daily up to
800 g /d/animal. Then, until partutition, each ewe treceived
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this fixed amount of concentrate (Moulin de Massagettes,
Massagettes, France, Supplementary Table S1) daily, distribu-
ted once at 20.00 hours and followed by 2 kg of meadow
hay (Supplementary Table S2). Good quality water was offered
ad libitum.

After 2 weeks of adaptation to the BioControl system and to
this diet, the two groups received their allocated experimental
concentrate, the only difference being the incorporation of the
live yeast product — 8. cerevisice CNCM 1-1077 (Levucell SC
TITAN, Lallemand SAS, Blagnac, France) — for the SC
group. The rate of inclusion in the concentrate was calculated
to bring 8 X 10° CFU/d/individual. A few days before their
estimated date of parturition, ewes were transferred to a mater-
nity unit that was split into two large pens separated by a con-
crete wall, to ensure that no contact could occur between the
groups. Bedding was made of straw. Animals were then kept
in these pens until the end of the experiment.

After parturition, the concentrate was not supplemented
anymore with live yeast product. Thus, live yeast supplementa-
tion to the SC group occurred only during the end of the ges-
tation phase and was stopped at parturition. The composition
of the postpartum diet was modified to meet the requirements
of the dam in order to feed only one lamb (the other one was
directed to an artificial milk feeding system). So, each ewe was
fed with 600 g of concentrate and 3 kg of meadow hay, cover-
ing slightly more than 135 % of its energy needs.

At birth, twin lambs were kept with their mother in an indi-
vidual birth pen for about 12 h to ensure a first colostrum
uptake. During this period, the lambs were weighed and ear
tagged. Animal care was performed if necessary, and lambs
were trained to reach the teats. Then, one of the twins was
separated from the dam, entered into the Artificially fed
group (Art-) and was moved in another pen, whereas the
other twin was kept with the dam (Mothered group, Mot-).
The lambs were chosen on the basis of their birth weight
and sex to constitute homogeneous groups. Thus, four groups
of lambs were constituted, namely Cont-Art, Suppl-Art,
Cont-Mot and Suppl-Mot lambs from the four groups consid-
ered in this study for blood sampling. Artificially fed lambs
were fed with milk replacer (Agnodor, Bonilait Protéines,
France). They had been bottle fed for the first few hours/
days and as soon as they were comfortable and autonomous,
they were fed with a milk bucket equipped with teats, then an
automatic milk replacer feeder was put in place to offer milk ad
libitum. The same concentrate given to the ewes was offered
from the second week, along with good quality hay and
good quality water, but was very weakly consumed during
the first days. However, as the bedding was made of straw,
lambs could also have access to fibre through this bedding
area. Weaning occurred when the lambs reached about 14 kg
and around 6—7 weeks of age as it is usually done at the experi-
mental farm, following the recommendations of national ovine

- (32,33
breeding associations®**?.

Sample collection

Colostrum  sampling ~ from ewes. Samples were taken
manually and collected at lambing (T0), 5, 12, 24 and 72 h

after lambing without oxytocin injection. The samples were
collected from the two teats with gloves and with prior
cleaning of the teats with a clean tissue immersed in hot
water. A camera was installed in each experimental room to
monitor potential night lambing and further calculate the
time when colostrum would be sampled. Samples were
aliquoted in several Eppendorf sterile microtubes and rapidly
frozen at —20°C for further analyses. Due to physiological
vatiations in lambing time and colostrum yield, the quantity
collected varied greatly among animals and time and some
ewes could not be sampled at each time points. The final
number of colostrum samples was twelve samples at TOh
(C=06, SC=0), twenty-one samples at T5h (C =10, SC=
11), twenty-four samples at T12h (C=11, SC=13),
twenty-four samples at T24h (C=13, SC=11) and
twenty-six samples at time T72h (C=13, SC=13).

Blood sampling from lambs.  Blood samples were collected
from all lambs at days 2, 7, 28 and 55 of age through the
jugular vein in dry collection tubes (Becton Dickinson,
Franklin Lakes, NJ, USA) by a qualified technician. Dry
tubes were set for clotting for at least 1h at room
temperature and centrifuged at 4500 rpm for 20 min at 4°C,
and serum supernatants were stored at —80°C until further
analysis.

Sample analyses

Biochemical analyses.  Nutrient composition of colostrum
was determined from samples diluted 1/10, 1/100 or 1/
1000 in PBS 1X as follows: lactose content was measured
from 200ul of diluted samples with the Lactose/
D-Galactose (Rapid) Assay Kit (Megazyme, Wicklow,
Ireland) according to the manufacturer’s instructions; the
protein content was measured from 100 pul of diluted
samples with the Pierce™ BCA Protein Assay Kit
(ThermoFisher, Rockford, 1L, USA) and lipid content was
analysed by hydrolysis according to an internal method
adapted from NF ISO 6492 by the Artemis Laboratory
(Janzé, France) from 1 ml of frozen raw colostrum.

Bioactive molecules were analysed as follows: lactoferrin
concentration was measured from 50 pl of diluted samples
through the Sheep Lactoferrin (LF) ELISA Kit
(Mybiosource, San Diego, CA, USA) according to the manu-
facturer’s recommendation; the IgG concentration was ana-
lysed by radial immunodiffusion by CIAL Sud Ouest
laboratory (Auch, France) from 1 ml of raw colostrum and
1 ml of a lamb blood sample. For biochemical analyses, no
technical replicate was performed due to volume limitation,
but all biological replicates were analysed (i.e. from six to four-
teen animals per group).

High-resolution LC—MS colostrum analysis.  All LC-MS data
were acquired with a Thermo Q-Exactive Otbitrap® mass
spectrometer coupled to an Agilent 1290 HPLC system.
Analytes were resolved by hydrophilic liquid interaction
chromatography (HILIC) with a 350 ul/min flow rate. Two
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microliters of the sample was injected onto a PEEK-lined
Agilent HILIC-Z (2-1 X100 mm, 2-7 um; Agilent) column
maintained at 35°C. Compounds wete resolved with mobile
phases of 10 mm ammonium formate + 0-1 % formic acid in
watet (A) and 10 mM ammonium formate + 0-1 % formic acid
in 90 % acetonitrile (B) operating with the following gradient:
0 min, 90 % B; 1-0 min, 90 % B; 5-0 min, 62 % B; 5-5 min,
30 % B; 10-5min, 30 % B, 110 min 90 % B and 15-5 min,
90 % B. A sample of 100 ul of each raw colostrum sample
was diluted with 400 ul of ddH,O. These samples were
extracted using the method developed by Fischer ez 2/, A
5ul spike of the internal standard (IS: P1-3-gal-N-acetyl-
galactosaminyl-B1-4-gal B1-4-Glc; GalNAc, 1000 ug/ml) was
added to the diluted colostrum sample for a final IS
concentration of 9:9 pg/ml. Finally, a 100 ul aliquot was
diluted with 100 pl acetonitrile (0-2 % FA, 20 mm ammonium
formate) and placed in a 250 pl polypropylene HPLC vial
prior to LC-MS analysis. The following conditions were used
for heated electrospray ionization (HESI): capillary voltage
5kV; capillary temperature, 330°C; sheath gas, 32 arbitrary
units; auxiliary gas, 10 units; probe heater temperature, 280°C
and S-Lens RF level, 50 %.

Non-targeted chemical analysis. Non-targeted analysis was
petformed on a subset of samples: twelve samples at TOh
(C=06, SC=0), twenty-one samples at T5h (C=10, SC=
11) and nine samples at T72h (C =3, SC = 6). Samples were
analysed in both positive and negative ionisation modes at
140 000 resolution, automatic gain control (AGC) of 3 X
10°, maximum injection time (IT) of 512 ms and mass range
of 150-1250 m/z Ten microliters of all samples wete
combined as a pooled QC composite sample that was
analysed at the beginning and end of the LLC-MS analysis to
verify a minimal instrumental drift. Composite samples were
also analysed by a top eight data-dependent acquisition for
compound identification consisting of a 35000 resolution,
3% 10° AGC, 128 ms max IT followed by MS/MS at 17
500 resolution, 1 X 10° AGC, 64ms, 1-2m/z isolation
window and 25,35 steeped collision energy. Thermo.raw files
were converted to .mzml format using Protewizard®? with
peaking filter applied. Features were detected using the
XCMS  package® with the centWave method (ppm
tolerance 1-0°%). The signal-to-noise threshold was set to 5,
noise was set to 1x10° and pre-filter was set to six scans
with a minimum 5000 intensity. Retention time correction
was conducted using the obiwarp method®”. Grouping of
features was set to those present in at least 25 % of all
samples (retention time deviation 10's; /g width 0-015).
The ‘fillPeaks’ function with default settings. Remaining
zeros values were imputed with two thirds the minimum
value on a per mass basis. Compounds were identified by
accurate mass, comparison of retention times to authentic
standards or by accurate mass and also comparison of
fragmentation patterns to MS/MS databases®®.

Quantification of sialyl OS. FEight analytes (Fig. 5 and
Supplementary Table S3) were quantified within all samples by
single-stage, high-resolution mass spectrometry based on their
accurate mass (3 ppm). The target analytes were monitored

in a negative ionisation mode by two SIM scans between mass
ranges of m/g 625-710 and 915-940. Both SIM scans were
performed at a resolution of 17500 resolution, an AGC of
3x10° and a maximum IT of 64 ms. The L.C method was
modified for these target analytes as follows: mobile phase B
was held at 90 % for 1-0 min, before decreasing to 62 % over
4 min followed by a decrease to 30 % over 0-5min. Mobile
phase B was held at 30 % for 4 min, before returning to 90 %
B over 0-5min and equilibrated for 2 min. Given their high
structural similarity and retention times, the N-acetylneuramic
(Neu5Ac)-containing compounds were used as surrogate
standards for the quantificaion of the corresponding
N-glycoylneuraminic ~ (Neu5Gc)-containing  analytes.  The
recovery efficiency (R.%) for GalHNAc, 3'-acetyl-sialyllactose
(3-ASL), 6'-ASL, 3'-acetyl-sialyllactosamine (3'-ASLN) and
6'-ASIN was calculated by fortifying 100 pl composite
colostrum samples with each analyte before extraction
(pre-spike) and fortifying a second set after extraction. The
signal suppression/enhancement (SSE%) was calculated by the
signal ratio of composite colostrum samples fortified after
extraction with a fortified water sample. For targeted analysis,
all collected samples from TOh to T72h were processed and
analysed in duplicate.

Colostrum microbiota analysis.  DNA was extracted from at
least 250 mg of raw colostrum using the Quick DNA Fecal/
Soil Microbe kit (Zymo Research, Irvine, CA, USA). DNA
yield and quality were determined after Nanodrop 1000 and
Qubit spectrophotometric quantifications. DNA  extracts
were stored at —20°C until analysis. An average DNA of
20-83 £73-34 ng/pl was extracted from raw colosttum
samples (dsDNA, Qubit quantification), except for one
sample from the SC group whose quality was not sufficient
for further analysis, and which was thus discarded from
bacterial analyses.

The total bacteria population was quantified using the qPCR
method, with a specific primer set and PCR conditions
targeting a ribosomal RNA gene according to Bayat e a®”.
The absolute abundance of total bacteria was expressed
as the number of gene copies per microgram of colostrum.
The standard curves (from 10% to 10° copies of bacterial
16S rDNA) were prepared by serial dilutions according to
Mosoni ez al“” The efficiency of the qPCR for each target
varied between 97 and 102 % with a regression coefficient
of above 0-95.

Microbial diversity and composition of colostrum were stud-
ied in TO samples (i.e. six ewes per treatment group) using 168
tDNA amplicon sequencing. The hypervariable V3-V4
regions of the 16S rRNA gene were targeted for sequencing
(466 bp; 341 F 5- CCTAYGGGRBGCASCAG-3; 806R
5- GGACTACNNGGGTATCTAAT-3"). High-throughput
sequencing was performed on a Illumina MiSeq sequencer by
the GeT-PlaGe core facility (INRAe Transfer, Toulouse,
France). The MiSeq Reagent Kit v3 was used according to
the manufacturer’s instruction (Illumina Inc., San Diego, CA,
USA). Bioinformatics analyses were performed using the
GenoToul bioinformatics facility (INRAe, Toulouse, France).
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Sequences were processed using the FROGS 3.2 pipeline on a
Galaxy platform™. Briefly, sequences were clustered in oper-
ational taxonomic units (OTUs) using SWARM algorithm?.
Chimeric  sequences were detected by samples using
UCHIME algorithm™. A total of 464 858 reads were merged
and processed, and 437 504 sequences wete kept after chimera
removal. Singleton OTUs were excluded and the remaining
2311 OTUs were affiliated with the SILVA 138.1 database
using BLAST algorithm (97 % sequence identity threshold).

Statistical analysis.  The number of animals enrolled in this
study was limited by the experimental facility capacity and
the criteria retained for animal inclusion in each
experimental group. More precisely, ewes had to be gestating
with two fetuses and each experimental group was balanced
by ewe’s body score condition, live weight, age and parity.
According to these criteria, fourteen ewes were enrolled in
each experimental group. Graphical representations and
statistical analyses were performed using GraphPad Prism
9.0.2. The effect of Supplementation (C or SC) and Time
factors and their interaction were evaluated using a mixed
model with repeated time and multiple comparisons with
Sidak’s adjustment. Colostrum gPCR data were logq
transformed before statistical analysis. For lamb serum
analysis, a linear mixed model with repetitions was applied
considering three factors: Time, Supplementation and
Rearing mode (Art- or Mot- groups) and their interactions.
Multiple comparisons were made according to Tukey’s test.
For colostrum microbial sequencing data, the Mann—
Whitney test was performed on relative abundance of each
considered taxa. The statistical significance was determined
at a P-value of < 0-05 and trends discussed at P-value of <
0-10. A significant effect of the Supplementation factor was
indicated in figures with #p<0-1, *P<0-05, **P<0-001
and ***P < 0-0001. The number of animals per group was
chosen according to housing conditions at the experimental
farm, workload for trained staff and recommendations of
the ethical committee.

Results
Nutrient composition

The nutrient composition of colostrum was studied over the
72 h after lambing (Fig. 1). Fat (a), lactose (b) and protein
(c) concentrations varied greatly among individuals, and no
statistical differences were observed between Control (C) and
Supplemented (SC) groups, but a strong Time effect was
observed (Table 1). Fat concentration decreased over time,
while a slight increase of lactose concentration was observed
with time. A drastic decrease of protein concentration was
measured from the first hours after lambing,.

Bioactive molecule composition

Lactoferrin concentration in colostrum was quite stable over
time (Fig. 2(a), Table 2). Great intra-individual variations
were observed among the animals, especially at eatly time

points. Interestingly, a numerically higher level of lactoferrin
(+15-8 %) was quantified in colostrum of supplemented
ewes at 24 h (3:79 £ 0-28 and 4-38 £ 0-52 ug/ml in C and
SC groups, respectively) after lambing. IgG was measured
over time in colostrum (Fig. 2(b)). A large variation in IgG
concentrations was observed among animals during the first
12 h post-partum. Concentrations decreased rapidly to reach
low levels after 24 h (from 52-89 = 31-61 and 79-50 = 15-24
mg/ml at Oh to 3-73 +2:48 and 4-03 + 4-24 mg/ml after
72h for C and SC groups, respectively, P <0-001). There
was a tendency for Time X Supplementation interaction, and
the IgG concentrations in the colostrum of supplemented
ewes were higher than those of control at TO (P=0-046,
Sidak’s multiple comparison test).

IgG concentrations were also measured in the serum of
lambs (Fig. 3). Strong significant effects of Time,
Supplementation and their interaction were observed, as well
as a tendency for the interaction of the three factors consid-
ered (Table 3). The serum IgG concentration drastically
decreased in all groups during the first three weeks of life
from a predicted mean of 28-71 mg/ml at 2d of age to
7-42 mg/ml after 28 d and remained stable up to 55 d (7-01
mg/ml). Among Artificially fed lambs, a significant higher
level of IgG was observed in serum of lambs born from
supplemented mothers at day 2 (P < 0-001, Tukey’s multiple
comparison test). Interestingly, no significant difference of
IgG concentration was observed among artificially fed lambs
from supplemented mothers and lambs kept with their mother
whatever the supplementation status.

Metabolomic analysis of colostrum samples

Non-targeted analysis. ~ Colostrum samples from 0, 5 and 72
h post-partum of both groups were analysed in a positive and
negative ionisation mode. In a positive mode, the most intense
signals corresponded to carnitine, acetyl carnitines as well as
lactose and glycerophosphocholine (Fig. 4(a)). In a negative
ionisation mode (Fig. 4(b)), the major analytes detected were
two isobaric peaks matching the formula of lactose (- and
B- anomers of lactose). Two other major peaks eluting later
in the run are uridine-diphosphate (UDP) hexose and
UDP-acetylglucosamine, the precursors to lactose and
N-acetyllactosamine, respectively.

In a positive ionisation mode, 583 features were extracted
among which twelve, twenty-one and three features were differ-
entially expressed (P<0-01) at 0, 5 and 72 h post-lambing,
respectively (Supplementary Table S4). Of all differentially
expressed features, only three, four and one were decreased in
the SC group after 0, 5 and 72 h, respectively. In a negative ion-
isation mode, fewer features were extracted at the same defined
noise level. Of the 355 features extracted, only six, seven and
four were differentially expressed (P <0-01) at 0, 5, and 72 h
post-lambing. A significantly altered feature of formula
Cy5H42N,05( was detected in both positive and negative ionisa-
tion modes. In a negative ionisation mode, another significantly
increased feature has a putative formula of Cy3H30NOy.

The identity of these differentially expressed analytes was
characterised by MS/MS using spectta of commetcial
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Fig. 1. Evolution of fat (a), lactose (b) and protein (c) concentrations (mg/ml) over time in colostrum samples in C (dark circles) and SC (open circles) ewe groups.

standards of 6’-ASL and 6¢’-ASLN (Supplementary Fig. S1).
The distinct spectra observed indicated that an additional oxy-
gen atom is present on the sialyl residue. These compounds
were thus identified as Neu5Ge lactose and Neu5Ge lactosa-
mine. The precursor NeuSAc OS was also detected in high
concentrations in analysed samples (Fig. 5).

Targeted analysis of colostrum samples. The sialyl OS
identified by non-targeted analysis quantified by
high-resolution MS over 72h post-lambing to determine if

were

supplementation affected their production. A strong and
significant Time effect was observed for total sialylated OS
(Total), NeuSAc, Neu5Gc and any of the OS structures
observed (3'- and @'-sialyllactose, disialyllactose and 3'- and
Table 4, Fig. 06). No effect of
Supplementation was observed among the NeuSAc OS
identified, while significant Supplementation effect and
interaction with Time was observed for ¢'-GSL, 6'-GSLN and
total Neu5Gc. More precisely, a higher concentration of
Neu5Ge was observed in the SC group in the TO colostrum
(P=0-018). The concentration of 6-GSL (Fig. 7(a)) was

6'-sialyllactosamine,

Table 1. Mean values + sem and P-values associated with statistical analysis of nutrient composition of colostrum samples with a linear mixed model (bold

typing indicate P-values < 0.1)

P-value

Nutrients (mg/ml) Time (h) Control SC Supplementation Time SxT

Fat 0 98-00 +7-63 108-00 +20-80 0-82 0-01 0-15
119.40 + 9-82 103-50 + 12-79
12 113.36 + 9-86 131-08 +9-72
24 100-82 +4-85 82-70+11-66

Lactose 0 392.32 + 36-20 346-56 + 13.79 0-11 <0-001 0-53
5 359-23 + 36-63 333-62 + 16-97
12 470-65 + 33-62 402-06 + 30-71
24 641-67 + 19-86 454.27 +22-45

Protein 0 328-00 + 60-60 40891 +57-24 0-91 <0-001 0-39
5 259-55 +50-30 23162 +42-93
12 160-73 + 18.57 11978 + 1951
24 85-88 +10-33 71.58 +12.29
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Fig. 2. Lactoferrin (a, mg/ml) and IgG (b, mg/ml) concentrations over time in colostrum samples of C (dark circles) and SC (open circles) groups. Significant effects of

Supplementation factor are indicated with a bracket with *P < 0-05.

significantly increased as well at TO (89-91 + 39-57 and 147-38 £
6292 mg/1 in C and SC groups, respectively, P = 0-042) and also
5h after lambing (85-39 £ 43-53 and 130-07  53-94 mg/1 in C
and SC groups, respectively, P=0-044). The concentration of
6-GSLN in the SC group was about twice that measured
in the C group at the same time points (119 £ 40-37 and
248-47 +120-09 mg/1 in C and SC groups, respectively, P <
0-001 at 0 h; 106-26 + 42:59 and 180-22 + 70-27 mg/1 in C and
SC groups, respectively at 5 h; P=0-009, Fig. 7(b)). After 12 h,
no differences between the groups were measured.

The biosynthetic pathway for both Neu5Ac OS and
Neu5Ge OS has been reconstructed from the non-targeted
LC-MS data (Fig. 8). A Neu5Ac residue is loaded onto a
cytosine-monophosphate (CMP) molecule, which can transfer
the NeuSAc to the 3’ or 6 position of lactose or
N-acetyllactosamine. Alternatively, CMP-Neu5Ac can be
hydroxylated enzymatically to CMP-Neu5Gec. The statistical
analysis of the reconstructed Neu5Gce pathway was performed
on colostrum samples collected 5 h post-partum, as the statis-
tical significance was the highest at that sampling time. No sig-
nificant difference was observed between C and SC groups for
Neu5Ac, lactose, N-acetyllactosamine nor the Neu5Ac OS.
CMP-NeubAc was also not altered by supplementation.
In the SC group, the elevated levels of Neu5Ge-containing

OSs (glycolyl-SLN and glycolyl-SL; P<0-01) concomitant
with the decreased levels in CMP-Neu5Ge (P = 0-03) suggest
an increased activity of sialyltransferase enzymes.

The peak area tratios of CMP-Neu5Gc/CMP-Neu5Ac
showed that the concentration of CMP-Neu5Gc was much
higher (~20 fold on average, with large individual vatiations)
in both C and SC groups (P=0-017 and P=0-002, respect-
ively, Supplementary Fig. S2), meaning that there is no clear
evidence that only specific enzymatic activity of Neu5Gec sialyl
transferases was altered.

Bacterial population of colostrum samples.  Q-PCR analysis
showed that total bacterial population was stable over time
and no effect of supplementation was observed, possibly
due to very high inter-individual variability (Table 5).
Overall, in the C group, the total bacterial population was
on average of 1-13x10° CFU/g, while a slightly higher
concentration was observed in the SC group (average of
1-54 x 10° CFU/g colostrum).

Statistical analysis on alpha diversity indices indicated no
effect of supplementation whatever the indexes considered
(P> 0-05), possibly because of the low number of samples
considered. Indeed, higher numerical values of richness (i.e.
Observed OTUs and Chaol) and evenness (Shannon index)

Table 2. Mean values + sem and P-values associated with statistical analysis of bioactive molecules’ concentrations in colostrum samples with a linear

mixed model, (bold typing indicate P-values < 0.1)

P-values
Bioactive molecules (mg/ml) Time (h) (¢} SC Supplementation Time SxT
Lactoferrine 0 3:66 +0-23 3:72+0-51 0-14 017 0-49
5 3-84+0-18 4.07 £0-38
12 3:43+0-12 3:95+0-18
24 3-80+0-09 4.38+0-16
72 4.01+0-11 3:98 + 0-08
1gG 0 52.89+12.90 79-50 + 6-22 0-28 <0-001 0-10
5 52.28 + 8-53 52-48 +4-78
12 34-68 + 4-65 37-16 +6-83
24 16-08 + 3-24 13.07 + 3-26
72 3:73+0-72 4-03+1-22
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Fig. 3. 1gG concentration (mg/ml) over time in serum samples of lambs born from C (dark) or SC (white) ewes and raised with their mother (circles) or artificial fed
(squares). Significant effects of Supplementation factor are indicated in the graph with a bracket with ***P < 0-0001.

were observed in the C group (Fig. 9). One outlier sample
from the C group (C_6) presented lower richness and even-
ness than the other control samples, while one outlier sample
from the SC group (SC_5) presented a higher richness than the
rest of SC samples. Based on the visualisation of the beta
diversity using Bray-curtis distance and PCoA projection, no
clusterisation of the bacterial community structure at the
OTU level was identified according to experimental groups
(Supplementary Fig. S3). The colostrtum sample C_2 from
the C group was apart from all the others, both along the
first (2-82 %) and the second axes (15-9 %).

The bacterial taxonomic composition of TO-colostrum sam-
ples at the Phylum and Family levels is presented in Fig. 10. At
the Phylum level (Fig. 10(a)), colostrum samples were domi-
nated by five major phyla with Proteobacteria and
Firmicutes being the most abundant in C (36-30 = 26-4 and
33-57 £15-98 %, respectively) and in SC samples (35-93 £
9-61 and 28-81 £ 9-34 %, respectively). Actinobacteria was
the third phylum in terms of relative abundance in both
groups (18:36 £10-81 and 25-29+8-94% in C and SC
groups, respectively). Numerical differences were observed
(C » SC) with a higher level of
Proteobacteria and a lower level of Actinobacteria in C

between groups

samples, but these differences were not statistically significant
(P> 0-05). The previously identified unique C_2 sample was
characterised by the highest abundance of Proteobacteria
(72-55 %).

At the Family level (Fig. 10), part of the bacterial diversity
was linked to low abundant families (<1 %, representing
14-47 £ 5-54 ». 16:72 £ 15-27 % of the total family reads in
C and SC groups, respectively). Aerococcaceae (13-31 + 8-29
v. 9:34£7-21 %, mainly represented by _Aerococcus genus),
Corynebacteriaceae (11-28 = 7-19 ». 21-7 £ 9-21 %, dominated
by Corynebacterium genus) and Moraxellaceae (15-23 =214 ».
8-:3£8:15%, with members belonging mainly to the
Acinetobacter genus) were the dominant families in C and SC
groups, higher
Staphylococcaceae (from the Stphylococcus genus mainly) was
observed in C samples (8-22 £ 573 %) compared to the SC
group (5-96 = 2:58 %). However, none of these observed
differences reached the significance level.

respectively.  Interestingly, a level of

Discussion

Colostrum composition dynamics across the first 72 h
post-partum

Good colostrum management at birth is recognised as an
important parameter to ensure the sanitary status of the neo-
nates, further herd performances and limit economic losses®.
Variations in colostrum nutrients, vitamins and minerals have
been observed in several ruminant species<3’44’45). In the current
study, the nutritional composition of colostrum changed over
time and our results ate in line with the literature. In ovines, var-

iations from 0 h-colostrum to milk are characterised by a slight

Table 3. Mean values + sem and P-values associated with statistical analysis of IgG concentrations in the serum of lambs artificially fed (ART) kept with their
mother (MOT) and born from supplemented mothers (SC) or from control mothers (C) with a linear mixed model, (bold typing indicate P-values < 0.1)

P-value
Time (d) MOT_C MOT_SC ART_C ART_SC T R S TxR TxS RxS TxRxS
2 2870 £2:55 33.06 + 261 20-14+£3-19 3341 +£3.21 <0-001 0-28 0-01 0-19 0-00 010 0-09
7 14.00+1-85 14.36 + 0-95 10-34 +1-30 20-77 +2-69
28 769 +0-82 8-69 +0-50 6-38 £ 0-54 7-30 £ 0-94
55 7-58 +0-49 7-87 +0-35 5.90 +0-38 5-80 +0-40
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Fig. 4. Colostrum samples analysed in (a) positive and (b) negative ionisation modes.

decrease in fat content (ratio 0 h-colostrum/milk ~1-1.5), an
increase in lactose (ratio ~0-8) and a very drastic decrease in
protein content (ratio ~2—4)(46>.

Among the most abundant and studied proteins in colos-
trum are Igs. The ruminant’s placental structure does not
allow any transfer of Igs from a dam vascular system to the
fetus, thus depriving newborn ruminant of antibodies at
birth®”. Therefore, timely ingestion and absorption of colos-
tral Igs is critical for the survival of ruminant neonates. Our
results showed a drastic decrease of colostral IgG over time,
an observation also seen by others****4) The level of IeG
in colostrum varies between breeds and ranges from 17-9 to
89-3 mg/ml depending on the ovine breed(SO’SD, in line with
the highest level of 79-5mg/ml observed in the Romane
ewes monitored in our study. The newborn immune system
takes weeks to months to mature and become protective,
and thus IPT through the ingestion of IgG from colostrum
is of paramount importance. Igs improve animal growth,
def