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In the study, we assessed the effect on performance and health of a single
injection of inorganic Se prepartum or feeding chicory silage and organic Se
supplementation during the peripartum in ewes. Approximately one month
before lambing, 45 pregnant Polypay ewes were moved into single pens and
randomly assigned to 5 groups to be fed either grass or chicory silage and
supplemented or not with 3.6 mg Se/day as selenium yeast or given a single
prepartum injection of Na-selenite. Daily dry matter intake (DMI), water intake,
milk production and components, blood metabolic, immune and inflammatory
parameters, and blood micromineral levels were measured. DMI was lower in
ewes fed chicory silage, although no statistical differences in milk yield were
observed. Very few differences were observed in milk components, except fat %,
which was higher among ewes fed chicory silage. The type of silage had a
significant effect on the fatty acid profile of the milk, with the milk from ewes fed
chicory having a higher proportion of unsaturated fatty acids and overall
improved health indices compared to the milk from ewes fed grass silage.
Blood NEFA and BHBA were higher in ewes fed chicory vs. grass silage. Neither
silage type nor Se supplementation had a strong effect on most of the parameters
associated with immune or inflammatory function, except for the liver enzymes
GGT and GOT, which were lower, and a larger type I/type Il ratio immune
response measured by the DxD2 assay among ewes fed chicory vs. grass silage.
No effects on parasite fecal egg counts were observed. Supplementation of ewes
with Se-yeast resulted in higher blood levels of Se, whereas the one-time
prepartum injection had no significant effect on whole blood Se levels. Feeding
chicory silage and supplementing Se during the transition period had a minimal
impact on ewe performance and health.
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1 Introduction

The transition from pregnancy to lactation is a critical time for
dairy animals, with significant consequences for their health and
productive capacity. This transition period - typically referring to
three weeks before and after parturition - is hallmarked by dramatic
physiological and metabolic changes that must occur to meet the
sudden demand for copious milk production (Drackley, 1999). The
increased mobilization and utilization of fats for energy during early
lactation can lead to increased production of reactive oxygen species
(ROS), one of the primary contributors to oxidative stress
(Bernabucci et al., 2005; Sordillo and Aitken, 2009). For
ruminants, this increased oxidative stress can negatively affect
milk production (Abuelo et al., 2015). Inflammatory-like
conditions during this period can also disrupt normal liver
function, negatively impacting performance (Bionaz et al., 2007;
Bertoni et al., 2008; Trevisi et al., 2012). Together, these factors can
contribute to immune dysfunction and increased susceptibility to
diseases (Mezzetti et al., 2020).

Given its well-known role in improving antioxidant function
(Wichtel, 1998), the micromineral Se may be able to ameliorate
some of the challenges faced by ruminants during the transition
from pregnancy to lactation. In the greater Pacific Northwest,
including Oregon, reaching the recommended dietary level of Se
for ruminants can be challenging due to the low Se levels in forages
caused by deficiency of Se in soils (USGS, 2021). Consequently,
ruminants raised in this area are Se-deficient, and supplementation
is necessary. Selenium that is supplemented typically comes in
either the inorganic form, like sodium selenite or selenate, or in
the organic form, often as selenium-yeast or hydroxy-
selenomethionine (Mehdi and Dufrasne, 2016). Because elevated
levels of inorganic Se can be toxic when supplemented, it is
regulated by the FDA as a livestock feed additive not to exceed
0.3 ppm. For sheep, this translates to an allowable intake of 0.7 mg/
head/day. Organic Se is mainly selenomethionine and
selenocysteine, which are absorbed as all the other amino acids,
making them highly available and non-toxic for dairy cattle to
produce antioxidant selenoprotein compared to the inorganic form
(Seboussi et al., 2016). Similar results have been shown in sheep,
where Se yeast has a higher bioavailability than sodium selenite
(Hall et al., 2012) and was more efficiently transferred to the lambs
(Stewart et al., 2012). Supplementing organic Se during the
transition period in sheep positively affects the antioxidant status
and immune response (Hall et al, 2011). Despite those data,
injection of inorganic selenium is a common practice in the
livestock industry, especially in sheep, even though it is known to
have only a short-term response (Hemingway, 2003). It is unclear if
an injection of Se could have a similar positive effect on peripartum
animals as feeding organic Se.

In dairy animals, types of forages can also have a strong
influence on animal performance during the transition period.
Chicory (Chicorum intybus) has garnered significant attention as
an alternative forage for ruminants for its high nutritive value,
drought resistance, and high amount of bioactive compounds
(Nwafor et al., 2017). These bioactive compounds have been
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linked to the observed antiparasitic effect of chicory in ruminants
(Pena-Espinoza et al, 2018) as well as shifts toward improved
nitrogen metabolism (Cheng et al., 2017; Wilson et al., 2020). The
observed positive effects of chicory could be beneficial to
peripartum animals although it is known to negatively affect the
taste of the milk.

While previous work has primarily focused on feeding chicory
in pasture or as a fresh-cut forage, limited work has focused on its
benefits after it has been ensiled. Fresh forages typically contain
high concentrations of bioactive compounds but are not suitable for
use in traditional confinement-based systems where silage is more
common. Prior work has demonstrated that levels of bioactive
compounds like saponins can decrease during the silage process
limiting their availability to animals (Tian et al., 2018).

Given the lack of studies combining Se supplementation and
forages containing bioactive compounds like chicory, the first
objective of our study was to assess the effect of combining
chicory silage with supplementation of organic Se on the
performance and health of dairy animals during the transition
period using sheep as a model. A second objective of this study
was to assess the effectiveness of a one-time Se injection vs. daily
supplementation of organic Se in the same animals. Our hypotheses
for this study were 1) that the combination of the chicory and Se-
yeast improves the performance and health of sheep during the
transition period, especially by boosting the immune function, and
2) that using organic Se is more effective in improving the above
conditions than a single subcutaneous injection of Se.

2 Materials and methods
2.1 Experimental design

Experimental procedures used in this study were approved by
the Institutional Animal Care and Use Committees (IACUC) of
Oregon State University (protocol# 2020-0122). Forty-five pregnant
Polypay ewes from the Oregon State University Sheep Center were
moved into individual 1.5mx1.5m pens at the HOGG Animal
Metabolism Laboratory Building (HAMB) at the Oregon State
University campus. The pens were bedded with wood shavings
until lambing and with wheat straw after lambing and bedding was
added as needed and replaced every 3-4 days. A layout of the pens
before the animals were placed in them can be seen in
Supplementary Figure S1.

Animals were transported to the HAMB at around 39 days prior
to expected lambing. Ewes were weighed, and blood was collected
the day before (i.e., baseline). After an adaptation period of 7 days to
the new location, pen, and feed, the experiment was started. The
experiment period ranged between -28 days from expecting
lambing to 30 days post-lambing (i.e., day in milk or DIM)
(Figure 1). As typical management practice of the OSU Sheep
Center, all ewes were given Clostridium Perfringens Types C & D
- Tetanus Toxoid (CD/T) shots (Bar-Vac, Boehringer Ingelheim
Animal Health USA Inc. St. Joseph, MO) approximately 30 days
before expected parturition.
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Experimental design showing the silage and selenium treatments applied to each group of ewes. After a period of adaptation to pens and diets,
recording for the experiment started at approx. 28 days from expected lambing until 30 days post-lambing. Indicated is the timeline for the various
samplings and measurements during the experiment. One group received an injection of inorganic Se (Bo-Se, containing vit. E) at approx. 20 days
prior lambing while the other animals received an equivalent amount of vitamin E.

The ewes were randomized based on body weight (BW) into 5
treatment groups (n=9/group). Four groups diftered in the type of
forage and whether or not supplemental Se-yeast (DiaMune,
generously donated by Diamond V) was included in the diet
(Figure 1): GCT, ewes fed grass silage with no additional Se in
the grain; GSY, ewes fed grass silage with additional Se-yeast in the
grain; CCT, ewes fed chicory silage with no additional Se in the
grain, and CSY ewes fed chicory silage with additional Se-yeast in
the grain. The Se-yeast was provided at a dose of 3.6 mg Se/d based
on a 25 mg Se/week determined to be a safe and efficacious dose of
Se yeast in a prior experiment in peripartum ewes (Hall et al., 2012).
The Se yeast contained 240 ppm of Se (or 0.24 mg/g), so the total
amount of Se yeast provided was 15 g/d per head. We used yeast as
organic Se and chicory as silage due to their commercial availability
and ease of use in a commercial indoor ratio.

To address the second objective, an additional group GSI was
added where ewes were fed as the GCT group, but the animals
received an injection of 11.3 uL/kg BW (2.5 ml/100 Ib. BW or 2.5
mg of Se/100 Ib. BW) of sodium selenite as indicated by the
manufacturer (BO-SE, MERK Animal Health, USA) at 24(+/-7)
days before parturition. The BO-SE contains 68 USP units of
vitamin E as d-o-tocopheryl acetate. Thus, all non-GSI ewes were
injected with an equivalent amount of Vitamin E (Vitamin E-300
Injection, vetone, USA).

Animals were provided ad libitum access to drinkable city water
via automatic waterers inside of each pen (MACGOAL Stainless
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Steel Automatic Waterer) equipped with a Rainwave RW-9FM
LCD Digital water flow meter (Supplementary Figure S2). Water
use was recorded every 3 days in the morning, and the meter was
reset to 0.

2.2 Nutrient intake analysis

The nutrient intake of Crude Protein (CP), neutral detergent
fiber (NDF), acid detergent fiber (ADF) and metabolizable energy
(ME) was determined by analyzing the nutrient composition of the
residual orts during three different time periods during the
experiment. Briefly, residual orts were collected every other day
from each ewe over a period of five days during three different
periods during the experiment. A subsample of the orts collected
from each ewe were then sent to the DairyOne Forage Laboratory
(730 Warren Road, Ithaca, New York) for analysis of CP, NDF,
ADF and ME. Using the nutrient profile and amount of feed offered
compared to the nutrient profile and amount of feed consumed, the
nutrient intake of each ewe was calculated.

2.3 Diets and feeding

Before starting the experiment, ewes were located at the Sheep
Center of the Oregon State University and were fed a typical
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orchard grass hay with access to a standard free-choice sheep
mineral containing 90 ppm Se. Ewes were fed a combination of
either grass or chicory silage and grain that either contained
supplemental Se-yeast or alfalfa meal (as placebo) to ensure that
diets were isocaloric and isonitrogenous (Table 1). Nutritive
analysis was performed by a commercial laboratory (Cumberland
Valley Analytical Services, PA). Results of the nutritive analysis plus
the content of microminerals and fatty acids assessed in our
laboratory as described below of the two silages are available in
Supplementary Tables S1, S2.

The grass silage used in this experiment was purchased from a
local commercial farm. Don Wirth, owner of the Saddle Butte Ag,
Inc. Tangent Oregon, donated the chicory silage. Silages came in the
form of large round bales. To minimize losses in forage quality
and moisture content, only part of the silage bale was opened
for each feeding and then covered with a tarp. Forage was
provided ad libitum in a large trough and the leftover feed was
collected each morning and weighed to determine daily dry matter
intake (DMI).

Dry matter of the silages was measured daily using a microwave
by weighing approx. 200 g of silage in a glass baking pan, placing the

10.3389/fanim.2024.1499480

pan with the silage in microwave at maximum energy for 5 minutes,
mixing the silage in the pan, and 5 additional minutes in the
microwave at maximum energy and dried silage weighed. A
container with approx. 100 mL of water was inserted into the
microwave to avoid burning the silage. Grain and silages were fed
twice daily in a different trough from the one used for the forages.
Grain residuals were collected and weighed when present in the
morning before feeding.

At approx. 9AM, 60% of the diet was provided and the rest was
provided at approx. 5PM. The amount of feed was initially based on
the individual body weight of each ewe during the prepartum.
During the prepartum the amount of grain was kept proportional to
the amount of silage provided, which was dependent on the intake
of the prior day. During the postpartum we provided a fixed
amount of grain at 1.5% BW of the animals while the amount of
silage provided was approx. 110% of the silage consumed the prior
day. Residual samples were collected over the course of 3
consecutive days during both the pre- and postpartum periods for
analysis of composition and nutrient content. Diets were
formulated to meet the recommendations for both pregnant and
lactating sheep (National Research Council, 2007).

TABLE 1 Diet composition and chemical characteristics for each of the treatment groups during late gestation and early lactation.

Late Gestation

GCT/GSI  GSY

Early Lactation

GCT/GSI  GSY

Ingredients, % DM

Grass silage 65.0 65.0 0.0 0.0 50.0 50.0 0.0 0.0
Chicory silage 0.0 0.0 65.0 65.0 0.0 0.0 50.0 50.0
Corn 20.5 20.2 19.2 18.7 9.72 9.37 11.6 11.3
Barley 8.68 9.14 6.14 6.70 27.6 28.0 19.9 20.4
Wheat Bran 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Soybean meal 4.52 4.44 8.89 8.79 11.0 10.9 17.2 17.1
Alfalfa meal 0.00 0.67 0.00 0.67 0.00 0.62 0.00 0.62
Se-yeast 0.67 0.00 0.67 0.00 0.62 0.00 0.62 0.00
CaCOs3 0.49 0.47 0.03 0.00 0.75 0.73 0.39 0.37
NaCl 0.00 0.00 0.00 0.00 0.20 0.20 0.20 0.20
Mineral mix" 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10
Chemical composition*

CP % 10.4 104 10.4 10.4 14.6 14.6 14.6 14.6
NDF % 41.7 417 40.5 40.6 40.2 40.3 35.0 35.0
NFC % 41.5 41.5 39.2 39.2 36.5 36.5 40.8 40.8
Ca % 0.47 0.47 0.49 0.48 0.55 0.55 0.57 0.57
P % 0.30 0.30 0.32 0.32 0.36 0.36 0.37 0.37
Ca/P 1.54 1.55 1.53 1.53 1.53 1.53 1.53 1.53
ME Mcal/kg DM 2.39 2.39 2.39 2.39 2.53 2.53 2.53 2.53

!Composition reported (min or min-max): Ca = 8.0-9.6%; P = 6%; NaCl = 34-39%; Mg = 2.7%; Cu = 0-40 ppm; Se = 90 ppm; Vitamin A = 160,000 IU/Ib.

*calculated.
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2.4 Body weight and body
condition scoring

A Tru-Test digital scale for livestock was used to weigh the ewes
in the morning before feeding but without fasting. The BW was
recorded before starting the trial and twice during the trial. It was
used to calculate the requirements and adjust diets accordingly.
Body condition scoring (BCS) was assessed for all ewes when
weighed. Two researchers graded ewes on the standard 5-point
BCS scale for sheep. Final data were averaged using geometrical
means to normalize the data and avoid large differences between the
two researchers.

2.5 Blood collection and analysis

Blood was collected on days -40 (+/-11), -15 (+/-11), +5, +10,
+20, and +30 DIM via jugular venipuncture using vacutainer tubes.
Non-heparinized tubes (Becton Dickinson and Company, Cat#
366430) were used for the collection of serum, heparinized tubes
(Becton Dickinson and Company, Cat# 366480) were used for the
collection of blood plasma and measurement of hematocrit and
EDTA tubes (Becton Dickinson and Company, Cat# 366643) were
used to collect whole blood for micromineral analysis and complete
blood counts. Following collection, blood was processed and
analyzed for hematocrit (HMC) by centrifuging the blood tubes
for 10 minutes at 1000xg and then measuring the percentage of
packed red cell volume of the total volume directly in the tube and
correct for the bottom curvature by multiplying for 0.8. Total white
blood cells (cells/mL) were counted using a hemacytometer with a
bright field microscope at 10x by diluting 50 ul of blood in 500 ul of
Turk’s Solution before counting the cells.

Plasma and serum were stored in 1.7 mL centrifuge tubes with
lids at -20°C. An aliquot of plasma was shipped to the Department
of Animal Sciences, Food and Nutrition, Universita Cattolica del
Sacro Cuore, Piacenza, Italy for analysis of a wide range of
parameters related to metabolism, liver and kidney function,
oxidative stress, and inflammation and immunity as previously
described (Michelotti et al, 2021) using a clinical auto-analyzer
(ILAB 650, Instrumentation Laboratory, USA Spa, Werfen Co.,
Milan, Italy). Whole blood from EDTA tubes collected at day 10, 20,
and 30 post-lambing was used fresh to measure complete blood
count using a VetScan HM5 (Abaxis Zoetis, NJ, USA).

2.6 D2Dx assay

The D2Dx immunity test (Nano Discovery Inc., Orlando, FL
32803) is a new immune assay developed in order to detect changes
in the humoral immune response based on changes in the serum in
response to a foreign nanoparticle (Deb et al., 2021). The D2Dx was
performed following the manufacturer’s protocol. Briefly, serum
samples were allowed to thaw by resting them at room temperature
for 3 hours. Once thawed, 10 ul of serum was mixed with 50 ul of
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D2Dx solution in a transparent plastic cuvette. This solution was
mixed by vortexing and then assessed for the D2Dx score using a
hand-held colorimeter device (CT-100, Nano Discovery Inc).

2.7 Whole blood micromineral analysis

Microminerals, including Se, were analyzed in whole blood
collected with vacutainer tubes containing EDTA using an
Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) at the
Keck Collaborative for Plasma Spectrometry (Oregon State
University) as previously described (Jaaf et al., 2020) with
however a larger number of elements measured (from 4 to 14
trace minerals), using the Multielement standard solution 4 for ICP
to identify and quantify the various peaks (Cat# 51844, TraceCERT
(R), Sigma-Aldrich, USA).

2.8 Carrageenan skin test

Carrageenan skin test was performed as previously described
(Jahan et al., 2015). Briefly, carrageenan was made by dissolving
0.7g of carrageenan (Irish Moss, MP Biomedicals, LLC, Cat#
104886) in 100 ml of sterile saline solution by heating the
solution at 90°C, making sure not to boil and then autoclaving it.
The solution was then transferred to sterile bottles to be used for
injection. Ewes were injected subcutaneously with 0.6 ml of the
carrageenan reagent in the right shoulder ~30 days before
parturition. Prior to injection, the skin on the shoulder was
pinched and the thickness was measured using a digital skin
caliper (GoolRC, SA). After the reagent was injected, the skin was
measured again, and the area was marked with a permanent
marker. The thickness of the skin was measured again three days
after the initial injection (Supplementary Figure S3).

2.9 Milk composition and yield

Milk samples were collected directly from both teats by hand by
stripping twice before collecting the milk during the first suckling
period of the weigh-suckle-weigh procedure (described below) at 7,
14 and 21 DIM in 60 mL cupped dairy vials (cat# CPPO3EDM-CL,
Capitol Plastic Products, NY) containing 1 pill of Broad Spectrum
Microtabs II' (Weber Scientific, Cat# 3038-50) for assessment of
milk components using a LactoScopeTM FT-A and SomaScope
Smart (both from Perkin Elmer, USA). The LactoScope was
calibrated monthly using 14 cow calibration milk samples from
Dr. David Barbano at Cornell University. The accuracy of the
LactoScope in measuring sheep milk samples was determined by
sending aliquot of 24 milk samples measured with LactoScopeTM
FT-A to Dr. Barbano’s laboratory for wet chemistry analysis for fat
and protein data. The R* was 0.968 for fat and 0.963 for protein
(after removal of one outlier; with outlier the R* was 0.836 for
protein). The use of Dr. Barbano’s calibration samples allowed for
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the measurements and estimation of 19 components, including
C16:0, C18:0 and C18:1.

Daily milk yield was estimated using the weigh-suckle-weigh
method (Benson et al., 1999). Briefly, on 7, 14 and 21 DIM, lambs
were separated from their mothers within the individual pens by
plastic netting that allowed for close contact, but no suckling (see
Supplementary Figure S4). Lambs were separated for a 3-hour
period in the morning before being placed back with the ewe and
allowed to suckle until finished (up to 15 min) to empty the
mammary glands of most of the milk. Following this suckling
period, lambs were separated from the ewe again for 3 hours,
weighed, and allowed to suckle until finished before being weighed
again. The difference in lamb weights before and after the final
suckling period was used as an estimate of 3-hour milk production
by the ewe and extrapolated over a 24-hour period to estimate daily
milk yield. Lambs were weighed by using a standard lamb/calf sling
and suspending them from a hanging scale (Berkley Digital Fish
Scale - 50 LB).

2.10 Milk fatty acid profiling

Milk fatty acid was measured in milk samples collected at 7, 14,
and 21 DIM using an Agilent 6890 GC (Agilent Technologies, Inc.,
Wilmington, DE, USA) present in Dr. Gita Cherian’s laboratory at
Oregon State University. We used a previously described method
(Oeftner et al., 2013) with modifications. Briefly, the behenic acid
(C22:0; cat# 11909, Sigma-Aldrich, St. Louis, MO, USA) was used as
the internal standard and 40 fatty acids were identified using a
TraceCERT® 37 Component FAME Mix certified reference
material (cat# CRM47885, Supelco, Bellefonte, PA, USA) plus
reference standards for rumen biohydrogenation intermediates
(methyl 9,11-conjugated linoleate and methyl-10,12 conjugated
linoleate - cat# UC-59M - and methyl 11-trans-octadecenoic
(transvaccenate) - cat# U-49M, Nu-Check, Elysian, MN, USA).
The fatty acids were analyzed as proportion of annotated peaks (g/
100 g fatty acids).

2.11 Fecal egg count

About 10 g of fecal samples were collected from the rectum at
-30 and +30 DIM. Fecal samples were stored in a 50 mL conical tube
at 4°C until analysis. Quantification of fecal strongyle-type egg
counts comprised the modified McMaster egg count method
(Whitlock, 1948). Two g of fecal pellets were added to 13 mL of
saturated sugar solution to release the ova from the fecal material
and prepare a homogenous solution of the feces. A disposable
Pasteur pipette was used to transfer the fecal solution to the
chambers of a McMaster slide and examined under 100x total
magnification. The etched lines on the underside of the top chamber
were examined and eggs detected in both chambers of the slide were
counted. The total number of strongyle-type eggs was multiplied by
25 to obtain the total number of eggs/g of feces.
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2.12 Statistical methods

The number of animals/group was based on a power analysis
using ANOVA calculation (SAS v9.4) of the activity of several
antioxidants from pregnant ewes supplemented with Se from data
from a prior publication (Chauhan et al, 2015). The analysis
indicated that 9 animals/group would provide 80% power to
detect differences. Prior to statistical analysis, data were checked
for outliers using the PROC REG procedure (SAS, v9.4), and data
points with a studentized-t >3 were removed. For dry matter intake,
milk yield, FCM, FPCM, and ECM, the number of lambs birthed by
each ewe was used as a covariate, as the number of lambs/ewe can
strongly affect those parameters. For all of the plasma parameters,
blood micromineral levels, white blood cell count, hematocrit, and
D2Dx, the baseline values (blood collected at -40 d; i.e., before
starting the feeding experiment) were used as a covariate. Final
datasets were analyzed using the GLIMMIX procedure in SAS
(v9.4) with either a first-order autoregressive [AR(1)], or
heterogeneous [ARH(1)] covariance structure depending on the
better AIC. The analysis was performed by separating the datasets
into two groups. The first set of comparisons was done between the
GCT, GSY, CCT, and CSY groups with the type of silage (F),
selenium supplementation (Se), and DIM (T) as the fixed effects and
ewe as the random effect. The second statistical analysis was
performed encompassing GCT, GSY, and GSI groups (all
receiving grass silage) to determine the effect of the type of
selenium (Adm, i.e., injection of inorganic Se or supplementation
of Se-Yeast) and AdmxT. Ewe was considered a random effect in all
analyses. For lamb average daily gain (ADG), the effect of time was
not evaluated as the data reflected average lamb growth over the
first 21 days after birth. For blood parameters with a baseline, a
statistical analysis using all the time points (-40, -15, 5, 10, and 20
days relative to parturition) with time as the main effect and animals
as random was performed using the PROC GLIMMIX with a
heterogeneous [ARH(1)] covariance structure. Significance was
declared at P<0.05 and tendency when 0.05<P<0.1. Over the
course of the experiment, two animals had to be removed. One
animal from the GSI group had complications regarding parturition
and another animal from the GCT group contracted mastitis soon
after lambing.

3 Results
3.1 Chicory silage vs. grass silage

The chicory silage was characterized by having large stalks that
were only partially eaten by the animals (Supplementary Figure S5).
The nutritive values of the chicory and the grass silages are available
in Supplementary Table SI. The chicory silage had an overall
relative feed value similar to the grass (RFV 96 vs. 102) with
however lower CP (8.7 vs. 13%), soluble CP (32.1 vs 62.7% CP),
rumen degradable protein (66 vs. 81%CP), and energy for lactation
(1.06 vs. 1.36 Mcal/kg DM). The NDF was lower (51.7 vs. 55.8%
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DM) but its digestibility was lower (3.5 vs. 5.3%HR) partly due to a
higher amount of ADF (46 vs. 36%). The level of the various macro-
and micro- minerals was higher compared to grass silage with Be,
Co, and Fe being >11-fold higher, except for Mn (102 vs. 164 ppm)
and Ni (2.0 vs 3.2 ppm). The level of Se was 2-fold higher in chicory
silage vs. grass silage (0.36 vs. 0.18 ppm).

3.2 Nutrient intake

Based on the amount and nutrient profile of the residual orts,
ewes fed chicory silage consumed less CP, NDF and ME compared
to ewes fed grass silage, with no effect of Se-yeast supplementation
or the type of Se that was administered (Table 2).

3.3 Animal performance

The type of forage provided had a significant effect on the DMI,
with the ewes that were fed chicory silage consuming less than those
that were fed grass, with a consistent effect during both pre- and
post-partum (Table 3). There was a strong increase in dry matter
intake for all groups as the ewes transitioned from pregnancy to
lactation (Figure 2) and DMI continued to increase among the grass
silage-fed ewes through day 20 postpartum while the ewes receiving
chicory reached the plateau at the end of the first week in lactation.
The effect on the DMI was obviously driven by the amount of silage
intake (Table 3).

Water intakes increased significantly (P<0.01) from pregnancy to
lactation and the ewes consuming chicory silage drank more water
than the ewes fed grass silage (Table 3; Supplementary Figure S6).
The ewes supplemented with Se-yeast drank less water than the ewes
not supplemented with organic Se. An interaction for BCS was
observed with Se-yeast supplementation increasing BCS in ewes fed
chicory silage but decreasing BCS in the ewes fed grass
silage (Table 3).

None of the treatments influenced overall milk yield or energy-
corrected milk (Table 3).

None of the above parameters were affected by the injection of
Se, except for the BCS, that was lower in GSI compared to ewes in
GCT and GSY groups (Table 3).

TABLE 2 Nutrient intake analysis.

10.3389/fanim.2024.1499480

3.4 Milk quality

Many of the milk components were affected by the type of
forage fed (Table 4). Percentage of milk protein and other solids
(mostly minerals) tended (P=0.10 and P=0.08, respectively) to be
higher while milk concentration of SNF, NPN and MUN were lower
in ewes fed grass vs. ewes fed chicory silage. Milk fat, including
overall fat %, estimated stearate (C18:0) and oleate (18:1), and
preformed fat, had higher concentrations in the milk of ewes fed
chicory silage vs. ewes fed grass silage. Supplementation with Se-
yeast had minor effects on milk components, with only a tendency
for higher levels of de novo synthesized fat (P=0.09) and estimated
C16:0 (P=0.10) in milk from ewes supplemented with Se-yeast vs.
non-supplemented ewes.

Several milk components were affected by the interaction of Se-
yeast supplementation, or the type of Se administered and time
(Figure 3). Among the grass silage-fed ewes, milk lactose decreased
over time in GSI whereas increased in the milk of GSY ewes.
Animals supplemented with Se-yeast also had an increase in protein
% and fat % in the milk during lactation compared to animals that
were not supplemented. Ewes fed chicory silage had higher milk fat
% and lower NPN and MUN than ewes fed grass silage.

3.5 Milk fatty acid profile

A positive correlation was observed between the predicted
fatty acids from the LactoScope FTA and the fatty acid profiling
using GC, with r=0.46, r=0.55, and r=0.76 for C16:0, C18:0, and
C18:1C9, respectively (all with P<.0001). Overall, the type of silage
that was provided to the ewes as well as the supplementation of Se-
yeast had a strong effect on the fatty acid profile of the milk
(Table 5). The proportion in milk fat of short- to medium-chain
fatty acids mostly produced de novo (from C6:0 to Cl4:1) was
greater in milk of ewes fed grass vs. chicory silage. A higher
proportion of preformed FA was observed in milk of sheep fed
chicory vs. sheep fed grass. This was mostly due to a higher
proportion in bacteria-derived FA (such as C17:0 and C17:1,
C16:1), oleic acid, linoleic acid, and trans-11 FA, such as
C18:1t11 and C18:2¢9,t11. Overall, sheep fed with chicory silage
had a higher proportion of unsaturated FA in milk, including

Nutrient' Chicory P-value?

(g/day) e

CP 199.8 195.7 287.0 298.6 304.9 13.3 <0.01 0.75 0.50 0.65
NDF 704.0 670.1 9734 1078.9 1075.7 ‘ 70.7 <0.01 0.60 0.31 ‘ 0.50
ADF 568.7 539.6 595.7 665.8 663.3 ‘ 48.9 0.12 0.68 0.31 ‘ 0.49
ME 5.1 5.0 5.7 5.9 6.1 ‘ 0.3 <0.01 0.88 0.53 ‘ 0.66

ICP, Crude protein; NDF, Neutral detergent fiber; ADF, acid detergent fiber; ME, metabolizable energy.
*P-values for the overall effect of F, forage (chicory vs. grass); Se, selenium-yeast; Adm, administration (injection vs. organic Se).

Frontiers in Animal Science 07 frontiersin.org


https://doi.org/10.3389/fanim.2024.1499480
https://www.frontiersin.org/journals/animal-science
https://www.frontiersin.org

Ford et al.

10.3389/fanim.2024.1499480

TABLE 3 Performance-related parameters of ewes fed chicory silage or grass silage and supplemented with Se-yeast (Y) or with single injection of
inorganic Se (GSI) during the transition period (i.e., whole experiment).

Parameter® Chicory

CCT CsYy F*Se*T Adm
Prepartum
DMI g/d 1521%  1368° | 1594 | 1716* | 1700 57 <0.01 077 037  0.02 0.29 0.28 0.24
DMI/BW glkg 181°  165° 188" 207 | 199 | 0.80 <0.01 083 035 0.03 0.65 0.55 0.24
DMI silage g/d 828 | 753 | 916 1025 | 999 35 <0.01 063 069 001 0.08 0.28 0.14
Water intake L/d 3.45 277 290 224 | 228 034 0.09 004 011 097 0.38 0.92 0.36
Transition period
DMI g/d 1907 1829 | 2204 2240 | 2278 50 <0.01 067 022 026 0.15 0.04 0.63
DMI/BW glkg 259 248 | 29.1 302 | 302 073 <0.01 097 035 0.4 0.48 0.10 0.58
DMI silage g/d 992 945 1239 1322 | 1321 40 <0.01 065 025 0.1 0.05 0.11 0.54
Water intake L/d 5.50 377 372 325 | 347 | 045 001 001 039 0.6 0.46 0.97 0.80
BCS 327 343" 344%™ 322 3147 007 083 067 037 001 0.54 0.93 0.01
Postpartum
DMI g/d 2377 | 2295 | 2799 2828 | 2860 @ 91 <0.01 077 023 054 0.32 0.03 0.85
DMI/BW glkg 34.5 336 | 390 407 401 130 <0.01 075 | 007 031 0.58 0.07 0.64
DMI silage g/d 1212 1146 1595 1669 | 1658 80 <0.01 096 006 039 0.25 0.08 0.79
Water intake L/d 6.48 441 410 376 | 412 057 001 004 032 013 0.27 0.91 0.90
Milk Yield kg/d 2.77 297 320 304 | 324 028 038 095 052 052 0.91 0.69 0.75
Dairy Efficiency 121 140 | 112 114 | 116 012 016 039 032 050 0.86 0.52 0.93
FCM Kg/d 274 309 314 301 | 332 029 0.58  0.69 047 = 040 0.63 0.46 0.67
FPCM Kg/d 3.53 396 | 4.00 384 | 428 037 063 070 046 043 0.68 0.45 0.61
ECM Kg/d 3.59 402 405 390 | 435 037 0.64 070 046  0.44 0.69 0.44 0.59
BW lamb at birth kg 4.17 473 446 419 444 033 071  0.66 0.21 0.76
Birth BW lambs/ewe kg 8.88 785 | 7.99 852 | 778 | 083 0.88  0.74 0.30 0.80
Lamb ADG g/d 272 304 301 247 307 32 0.65 073 0.18 0.18

DM, Dry matter intake; -N = parameters corrected (i.e. normalized) by the number of lambs for each ewe (Gardner and Hogue, 1964; Snowder and Glimp, 1991); BCS, Body Condition Score;
ADG, average daily gain; Dairy efficiency = g FCM/g DMI; FCM, Fat-corrected milk calculated as kg milk/d*(0.4532 + 0.0912*%milk fatfat) (Mavrogenis and Papachristoforou, 1988); FPCM, fat
and protein corrected milk and ECM, energy-corrected milk calculated were calculated as previously reported (Yan et al, 2011).

*P-values for the overall effect of F, forage (chicory vs. grass); Se, selenium-yeast; interactions F*Se, F*T (Time), Se*T, and F*Se*T. Between the 3 groups fed with grass silage, the P-value for the
effect of type of Se administered (Adm = injection vs. organic selenium) is reported. The statistical effect of Time is not reported. Different letters denote statistical difference (P < 0.05) between

groups: a,b,c,d for F*Se and x,y,z for Admin.
*The highest SEM estimated is reported.

monounsaturated (MUFA) and polyunsaturated (PUFA) fatty
acids, as well as a higher proportion of omega 6 FA, and higher
activity of the mammary delta 9 desaturase compared to sheep fed
grass silage. Because of the above characteristics, milk fat from
sheep fed chicory silage had a healthier profile for consumers
compared to the milk fat of sheep fed grass silage, as indicated by
the calculated atherogenic, thrombogenic, and cholesterolemic
indexes (Table 5).

The single injection of inorganic Se or organic Se provided daily
orally in sheep fed with grass silage did not affect the profile of FA in
milk fat, except for a lower proportion of butyrate with the single Se
injection and a lower proportion of bacteria-derived FA in oral
organic Se, both compared to sheep not receiving Se (Table 5). No
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difference in the proportion of any FA was detected between the two
types of supplemented Se.

3.6 Ewe immune health

The hematocrit was analyzed manually and simultaneously
with the VetScan HM5. The correlation between the two
techniques was r=0.76 (P<.0001). The manually measured
hematocrit spanned the whole experiment, while the automatic
hematocrit (i.e., VetScan HM5) analysis was performed only post-
partum. Hematocrit increased from pregnancy to lactation
(P<0.001, Supplementary Figure S7).
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FIGURE 2

Dry matter intake of ewes during the peripartum period when fed with chicory silage only (CCT), chicory silage + Se-yeast (CSY), grass silage only
(GCT), grass silage + Se yeast (GSY), or grass silage plus a single injection of inorganic Se prepartum (GSI). Significant effects of forage type (F), Se-
yeast supplementation (Se), time (T) and their interactions are displayed on the graph when significant (P < 0.05) and, when present, the P-value of

the tendency is provided.

The type of silage had a minor impact on CBC (Table 6). During
the post-partum, sheep fed chicory silage had higher hematocrit,
mean corpuscular volume (MCV), and red blood cell distribution
width coefficient of variation (RDVc¢) but lower mean corpuscular
hemoglobin concentration (MCHC) compared to sheep fed grass
silage. The number of monocytes and neutrophils was affected by an
interaction between silage-fed and Se yeast, with a decrease of those
parameters in sheep-fed chicory silage but an increase in sheep-fed
grass silage by supplementing Se yeast. The single injection of
inorganic Se increased white blood cells (WBC), especially
neutrophils and monocytes, compared to sheep not receiving Se.

The carrageenan skin test did not work as the animals did not
react to the subcutaneous injection of the mixture of
polysaccharides; thus, no data were generated. The D2Dx was
significantly (P<0.001) affected by the stage of lactation with a
nadir at 5 DIM (Supplementary Figure S7). The D2Dx score was
overall higher in sheep-fed chicory silage vs. sheep-fed grass silage
(Table 6). Supplement of Se yeast increased the D2Dx score in sheep
fed chicory silage but decreased it in sheep fed grass silage, and this
was irrespective of the type and modality of Se administered. Fecal
egg count from the ewes was not affected by the type of forage nor
by supplementation of Se.

3.7 Biomarkers of metabolism,
inflammation, and oxidative stress:
peripartum profiling

Patterns of blood parameters related to metabolism, immune-,
and oxidative status during the peripartum period in sheep are scant
in literature. Cabiddu and collaborators measured several of the
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blood parameters measured in our study using the same laboratory
we used (Cabiddu et al., 2020); however, the samples were collected
from Sarda dairy sheep, while in our experiment, we used non-dairy
sheep (Polypay); thus, when available, we compared the data of
multiparous sheep in that study with our data.

In our study the concentration in plasma of metabolic
parameters measured and creatinine were all affected by time
(Supplementary Figure S8). Concentration of glucose, BHBA and
urea increased from pre- to post-lambing while NEFA, cholesterol,
and creatinine decreased before lambing with a nadir at -15, 10, and
5 DIM, respectively. The pattern of the same parameters for the
Sarda was somewhat different than Polypay, except for glucose and
cholesterol, the latter being lower in Sarda (approx. 1.5 mM)
compared to Polypay (approx. 2.5 mM). The pattern of the
concentration of NEFA and urea was almost opposite between
the two breeds, although for most of the parameters an increase in
concentration happened before lambing rather than post-lambing
as happened with the Sarda (Supplementary Figure S8).

Among macro minerals (Supplementary Figure S9) only Ca was
affected by time in our study with an increase between -40 and -15
DIM. Parameters related to liver function (Supplementary Figure S10)
were also affected by lambing. All proteins decreased from -40 to -15
DIM but recovered after lambing, especially albumin. The markers of
liver health, GGT and GOT, both increased after lambing; the pattern
during peripartum of those parameters was remarkably similar
between Polypay and Sarda.

Among inflammatory-related parameters, in our study
haptoglobin and myeloperoxidase peaked at 5 DIM while
ceruloplasmin peaked and paraoxonase had a nadir at -15 DIM;
the pattern of haptoglobin was similar in Sarda, but ceruloplasmin
and paraoxonase was quite different (Supplementary Figure S11).
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TABLE 4 Milk components measured with LactoScope FTA of ewes fed chicory silage or grass silage and supplemented with Se-yeast or with single
injection of inorganic Se (GSI) during the first 21 days post-lambing.

Parameter®
F*Se*T

Lactose % 482 482 494 | 489 | 486 007 016 | 080 048 007 | 082 079 | 005

g/d 138 139 152 147 150 | 16 048 | 091 050 067 | 067 097 | 079
Protein % 410 402 415 444 441 014 0.0 | 045 056 002 066 038 | 008

gd 16 | 114 | 135 | 128 130 | 12 016 072 075 089 | 018 092 | 028
Fat % 626 | 674 533 567 595 034 <001 | 023 003 062 | 037 043 041

g/d 181 188 | 179 | 168 166 | 20 059 | 092 078 091 | 030 085 | 027
Solids % 164 | 168 | 156 162 | 165 034 006 | 014 006 059 | 047 013 | 059
SNF % 100 100 | 103 106 105 0.4 002 | 048 058 005 | 050 042 017
Other Solids % 602 | 602 616 614 611 | 007 008 | 089 047 009 083 089 | 0.05
NPN mg/dL | 190 | 163 252 258 232 146 <001 | 046 046 002 | 070 056 | 0.05
MUN mg/dL | 172 143 244 244 214 156 <001 | 034 042 005 | 076 045 011
Cl16:0 % 139 | 158 | 133 | 150 149 | 0.1 050 | 010 019 075 | 040 041 | 065
C180 % 076 | 073 051 054 060 | 005 <001 | 100 005 029 | 039 054 | 0.8
C18:1cis9 % 093 | 063 044 045 063 | 012 <001 | 024 011 098 | 038 040 | 003
De novo fatty acids % 181 | 231 | 18 195 196 0.7 036 | 009 008 069 | 076 078 | 062
Mixed fatty acids % 135 153 | 132 150 | 147 | 0.1 078 011 025 077 | 042 044 074
Preformed fatty acids % 207 | 298 203 | 209 | 235 | 021 <001 | 089 002 027 | 056 065 021
scc 534 | 513 514 545 | 542 | 018 076 | 080 020 007 031 044 | 041

ISNF, solids, non-fat; NPN, non-protein nitrogen; MUN, milk urea nitrogen; SCC, somatic cells count in log,(x1000 cells).

?P-value of the overall effect of F, forage (chicory vs. grass); Se, selenium-yeast; the interaction F*Se, F*T (Time), and Se*T. Between the 3 groups fed with grass silage, the P-value for the effect of
type of Se administration (injection vs. organic selenium)*Time interaction (Adm*Time) is reported. The statistical effect of Time is not reported. None of the parameters were affected by Se*F or
the full interaction F*Se*Time or by Adm.

*The highest SEM is reported

The NEFA:albumin ratio had a nadir at -15 DIM while the urea:  (Table 7). A full interaction FxSexT was observed for BHBA due to a

creatinine ratio increased, reaching a peak at 5 DIM (Supplementary
Figure S12). Among oxidative stress-related parameters ROM had a
peak at -15 DIM while FRAP strongly decreased after lambing
compared to before lambing with the ROM/FRAP having the
highest values between -15 and 5 DIM; in Sarda, the patter for
ROM and FRAP was quite different and almost opposite
(Supplementary Figure S13).

3.8 Biomarkers of metabolism,
inflammation, and oxidative stress: effect
of treatments

Several plasma parameters were affected by both the type of
forage provided as well as the presence and method by which Se was
supplemented (Table 7).

3.8.1 Metabolism

Feeding chicory increased the concentration in blood of BHBA,
NEFA, NEFA/Albumin, and decreased the concentration of urea
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spike of BHBA before lambing in CSY group (Figure 4). A FxT effect
was detected for urea due to a large spike at 5 DIM in animals
receiving grass silage but not in animals fed chicory silage. Glucose
and urea were affected by injection of Se, where the level of glucose in
those animals rapidly decreased after 10 DIM while the level of urea
increased more rapidly pre-lambing and decreased more rapidly
post-lambing in GSI compared to GCT and GSY (Table 7; Figure 4).

3.8.2 Minerals

Concentrations of Ca and free Ca tended (P=0.07) to be lower
in animals fed chicory vs. grass silage and tended (P=0.07) to be
higher in animals supplemented with Se-yeast (Table 7). Blood
levels of Ca and free Ca were significantly affected by the interaction
FxSexT, due to a different pattern of change during the peripartum
of GCT and CSY compared to CCT and GSY (Table 7;
Supplementary Figure S14). The concentration of P was higher
while the concentration of Mg was lower in animals fed chicory
silage compared to grass silage (Table 7). P was affected by a FxSe
interaction due to an opposite effect of Se supplementation in
animals fed the two silages; i.e., Se supplementation increased P
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FIGURE 3

Milk parameters measured with LactoScope FTA in early post-partum ewes fed with chicory silage only (CCT), chicory silage + Se-yeast (CSY), grass
silage only (GCT), grass silage + Se yeast (GSY), or grass silage plus a single injection of inorganic Se prepartum (GSI). When indicated the effect of
Forage (F), Time (T), Se-yeast (Se), and administration of Se either as daily supplementation of Se-yeast or a single injection of inorganic Se
prepartum (Adm) and their interactions were significant (P < 0.05) and, when present, the P-value of the tendency is provided. Letters a,b,c,d denote
significant (P < 0.05) statistical difference between groups at each time point.

TABLE 5 Fatty acids measured with gas chromatography in milk of ewes fed chicory silage or grass silage and supplemented with Se-yeast (Y) or with
single injection of inorganic Se (GSI) during the first 21 days post-lambing.

Fatty acids® Chicory

g/100 g CCT CSYy F*Se F*Se*T

C40 361 330 412* 371 258 | 048 034 045 0.92 075 005 | 044
C6:0 144 145 161 154 1.60 0.07 0.05 0.6 057 0.88 074 073
C8:0 182 2.07 229 2.18 222 0.10 <001 044 0.06 0.97 067 085
C10:0 531 6.68 717 7.8 699 0.40 <001 006 0.12 0.88 086 | 075
ci10 012°  014® 016  014* | 015 0.01 0.01 087 0.05 0.82 031 065
120 310 404 436 444 413 0.26 <001 005 0.10 073 067 | 069
130 0049° | 0067  0079°  0072* | 0080 0006 <001 030 0.01 071 046 071
C140 8.07 955 9.78 9.90 9.58 043 0.01 0.04 0.08 047 088 044
c14:1 036 039 0.4 043 046 0.02 <001 058 0.10 099 054 | 096
C150 0.70 076 078 0.74 078 0.03 0.26 082 0.06 0.77 051 095
Ci5:1 031 033 035 033 036 0.02 0.24 099 035 0.19 064 | 046
C160 236 2438 237 243 239 0.46 0.69 0.04 052 0.68 060 | 017

(Continued)

Frontiers in Animal Science 11 frontiersin.org


https://doi.org/10.3389/fanim.2024.1499480
https://www.frontiersin.org/journals/animal-science
https://www.frontiersin.org

Ford et al.

TABLE 5 Continued
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Fatty acids® Chicory P-value?

g/100 g CCT F Se F*Se | F*Se*T Adm

Cle:1 1.30 115 1.20 115 123 0.03 0.05 <0.01 0.06 0.68 0.14 0.63
C17:0 1.18 1.07 1.00 0.98 1.07 0.04 <0.01 0.07 0.28 0.79 0.20 0.94
C17:1 0.54 045 0.43 0.37 043 0.03 <0.01 <0.01 0.61 0.51 0.18 075
C18:0 12,9 118 118 123 12.9 0.40 045 0.50 0.06 051 0.20 0.87
C18:1t9 0.59 0.63 0.58 0.58 0.59 0.03 0.24 0.49 0.46 0.66 091 0.74
C18:1t11 6.09 410° 3.26" 3.80° 413 0.45 <0.01 0.09 <0.01 0.15 0.40 0.67
C18:1c9 229 214 208 19.6 214 0.82 0.02 0.10 0.89 0.58 023 0.74
C18:2n6t 0.46 043 0.46 043 047 0.02 0.96 0.06 0.93 0.88 0.15 0.99
C18:2n6¢ 2.86 2.80 2.52 253 255 0.08 <0.01 0.74 0.67 0.65 0.98 0.34
C18:3n6 0.071 0.086 0.099 0.092 0.095 0.009 0.04 0.65 0.18 0.04 0.84 0.03
C18:3n3 0.023 0.033 0.028 0.027 0.03 0.003 0.82 025 0.12 0.34 0.90 0.62
C18:2¢9,t11 0.61 0.56 0.50 051 0.60 0.03 <0.01 042 0.27 0.93 0.07 0.89
C18:2t10,c12 0.14 0.14 0.14 0.15 0.15 0.01 0.65 0.67 0.80 0.67 097 057
C20:0 0.77 0.74 0.73 0.81 0.75 0.04 0.66 042 0.08 0.14 023 0.01
C20:1n9 0.24 025 0.28 0.24 0.29 0.02 0.58 0.44 0.22 048 025 0.90
C20:2c11,14 0.077 0.077 0.084 0.087 0.088 0.009 0.35 0.89 0.84 071 0.96 0.60
C20:3n3 0.047 0.041 0.036 0.044 0.034 0.005 047 0.88 0.23 0.08 037 0.17
C20:3n6 0.062 0.064 0.057 0.057 0.057 0.009 0.55 0.90 0.92 0.28 1.00 021
C20:4n6 0.047 0.053 0.043 0.069 0.036 0.011 0.59 0.16 0.39 071 0.12 0.63
C20:5n3 0.043 0.054 0.062 0.064 0.075 0.009 0.07 0.41 0.56 0.37 0.58 0.74
C21:0 0.12 0.13 0.12 0.11 0.13 0.02 0.36 0.88 0.25 0.62 0.40 0.90
222 0.061 0.083 0.087 0.089 0.095 0.015 0.25 043 0.49 0.64 0.93 097
C22:1n9 0.048 0.048 0.044 0.051 0.055 0.007 0.99 0.55 0.60 0.13 0.56 0.51
C22:6n3 0.082 0.115 0.082 0.080 0.092 0.013 0.16 0.21 0.16 0.55 0.72 0.51
C23:0 0.11 0.13 0.12 0.12 0.14 0.01 0.53 0.44 0.49 0.92 0.61 0.95
C24:0 0.065 0.073 0.059 0.045 0.057 0.010 0.08 0.72 0.28 0.03 052 055
C24:1n9 0.050 0.064 0.071 0.054 0.048 0.010 0.61 0.88 0.16 0.19 033 0.78
Unsaturated 37.0 33.1 31.8 31.0 329 1.16 <0.01 0.03 0.16 0.87 048 0.73
Saturated 63.0 66.8 68.2 69.0 67.1 1.14 <0.01 0.03 0.16 0.87 0.48 0.73
A° 14:0 0.042 0.040 0.044 0.043 0.047 0.001 0.01 0.24 0.40 0.64 0.07 0.78
A° 16:0 0.053 0.045 0.048 0.045 0.049 0.002 0.19 <0.01 0.10 0.59 0.14 0.89
A° 18:0 0.64* 0.65" 0.64* 0.61° 0.63 0.01 0.03 0.53 0.03 0.25 0.17 0.48
A° total 0.35 033 0.33 031 033 0.01 0.03 0.05 0.93 0.57 0.26 0.68
De novo 36.7 412 437 433 40.9 1.29 <0.01 0.11 0.06 0.78 027 0.90
Preformed 683 58.8 56.3 56.7 59.1 1.33 <0.01 0.11 0.06 0.78 027 0.90
Bacteria-derived 2.90 277 2.81% 2.65" 2,90 0.05 0.03 <0.01 0.79 0.54 <001 073
MUFA 324 285 275 26.6 284 113 <0.01 0.03 0.17 091 0.52 0.78
PUFA 4.64 4.54 4.26 4.28 447 0.13 <0.01 0.73 0.60 0.63 0.44 0.76

(Continued)
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TABLE 5 Continued

Fatty acids® Chicory P-value?

g/100 g CCT CSY F Se F*Se  F*Se*T Adm
Omega-3 0.22 024 022 0.24 025 0.03 071 037 097 0.88 0.78 0.89
Omega-6 3,52 3.42 324 321 325 0.09 <0.01 0.44 0.72 051 091 0.17
06:03 19.6 16.0 15.7 154 155 1.53 0.15 021 027 0.90 0.99 1.00
PUFA: SA 7.43 6.83 6.40 6.23 6.84 0.24 <0.01 0.07 032 0.85 0.17 0.64
Atherogenic index 1.66 212 2.10 228 2.04 0.15 0.02 0.02 028 071 045 0.65
h:H 0.84 0.75 0.75 0.69 0.77 0.04 0.05 0.04 0.70 047 029 057
Thrombogenic index 1.75 2.24 222 241 2.16 0.15 0.02 0.02 0.28 0.71 0.47 0.64

'MUFA, monounsaturated fatty acids; PUFA, polyunsaturated fatty acids; 06:03, omega-6/omega-3; PUFA: SA, PUFA/saturated; h:H, hypocholesterolemic fatty acids/hypercholesterolemic
fatty acids; A activity of stearoyl-CoA desaturase on C14:0, C16:0, and C18:0 or cumulative of the three (A? total).

?F, forage effect (chicory vs. grass); Se, selenium-yeast effect (ewes supplemented w/Se-Yeast or not); T, Time; Adm, administration effect (injection vs. organic selenium).

®edpenote differences due to significant F*Se interaction effect.

**Denote differences due to significant Adm effect.

TABLE 6 Complete blood count and D2Dx score and parasites in feces in ewes fed chicory silage or grass silage and supplemented with Se-yeast (Y)
or with single injection of inorganic Se (GSI).

Parameter! Unit  Chicory

CCT F*Se*T Adm Adm*T
10° . N
WBC 9.70 9.21 8.18" 9.72 10.47 0.54 0.27 0.36 0.07 0.95 0.04 0.74
cells/pl
10°
LYM 6.31 6.02 5.44 5.88 6.22 0.33 0.12 0.82 0.26 0.69 0.18 0.42
cells/ul
10° a ab b ax x
MON cells/l 0.049 0.045 0.040™ 0.048 0.052 0.003 0.23 0.44 0.03 0.83 <0.01 0.84
10° ab ab b ax x
NEU 3.34 3.15 2,697 3.68 3.88 0.32 0.83 0.18 0.05 0.52 0.02 0.79
cells/pl
LYM % 65.5 66.3 67.0 62.4 63.2 1.98 0.53 0.31 0.17 0.41 0.19 0.73
MON % 0.51 0.49 0.49 0.50 0.50 0.01 0.33 0.60 0.08 0.34 0.61 0.56
NEU % 34.0 332 32.5 37.1 36.26 1.97 0.53 0.31 0.17 0.41 0.19 0.73
10°
RBC 9.35 9.58 9.26 9.21 9.01 0.18 0.12 0.55 0.35 0.43 0.60 0.67
cells/pl
HGB mmol/L | 6.78 6.99 6.87 6.77 6.73 0.15 0.61 0.69 0.24 0.46 0.79 0.62
HCT % 30.7 31.3 29.9 29.9 28.9 0.65 0.04 0.62 0.63 0.69 1.00 0.69
HCT Trans® % 37.7 41.0 38.0 38.9 37.3 1.26 0.41 0.07 0.29 0.22 0.66 0.83
MCV fl 344 32.7 322 324 33.1 0.33 0.02 0.40 0.12 0.66 0.14 0.96
MCH fmol 0.73 0.73 0.74 0.74 0.75 0.01 0.25 0.50 0.92 0.94 0.53 1.00
MCHC mmol/L | 22.0 22.3 22.9 22.7 22.6 0.17 <0.01 0.76 0.13 0.63 0.39 0.79
RDWc % 21.4 24.4 22.0 21.6 21.4 0.23 0.05 0.39 0.32 0.94 0.68 0.80
RDWs fl 28.9 28.2 28.6 28.4 28.7 0.30 0.86 0.08 0.46 0.79 0.21 0.98
10°
PLT 141.2 129.9 133.7 159.7 148.6 15.7 0.44 0.61 0.20 0.98 0.46 0.85
cells/ul
MPV fl 5.78 5.68 5.66 5.80 5.49 0.13 0.98 0.88 0.31 0.62 0.13 0.42
PCT % 0.085 0.075 0.076 0.092 0.083 0.009 0.60 0.72 0.11 0.95 0.42 0.82

(Continued)
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TABLE 6 Continued

Parameter! Unit  Chicory P-value®

CCT F Se
PDWc % 293 284 285 295 288 065 0.83 091 014 045 050 | 042
PDWSs fl 734 6.70 6.70 711 678 031 0.68 0.67 006 043 058 | 045
D2Dx 0022° | 0026° 0021 | 0016 0017 0002 001 061 002 012 010 | 004
Haemonchus  eggslg 450 629 431 363 715 138 025 0.66 032 053 017 | 027
Coccidia eggsly | 417 1528 2083 833 5417 2009 051 092 011 016 026 | 050

1Complete blood count parameters were collected at day 10, 20, and 30 day post-partum and included WBC, white blood cells; LYM, lymphocytes; MON, monocytes; NEU, neutrophils; RBC, red
blood cells; HGB, hemoglobin; HCT, hematocrit; MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin; MCHC, mean corpuscular hemoglobin concentration; RDWc, red
blood cell distribution width coefficient of variation; RDWs, red blood cell distribution width standard deviation; PLT, platelets; MPV, mean platelet volume; PCT, plateletcrit; PDWc, platelet
distribution width coefficient of variation; PDWs, platelet distribution width standard deviation. The D2Dx score calculated using D2Dx system (Nano Discovery Inc.) was from samples collected
at 5, 10, 20, and 30 post-partum. The fecal parasite data (haemonchus and coccidia) were assessed in samples collected before starting the experiment and at day 30 post-partum.

2F, forage effect (chicory vs. grass); Se, selenium-yeast effect (ewes supplemented w/Se-Yeast or not); T, Time; Adm, administration effect (injection vs. organic selenium). Letter abed denote
differences due to significant F*Se interaction effect and letters ** denote differences due to significant Adm effect.

The hematocrit (HMC) was also determined manually as described in the materials and methods and analysis. The analysis was performed on samples collected at -40, -10, 5, 10, 20, and 30 day

relative to parturition.

in chicory and decreased in grass silage fed animals (Table 7). Mg
was decreased by the injection of Se compared to Se yeast or control
group (Table 7).

3.8.3 Liver function

Most of the parameters related to those functions were not
affected by the treatments (Table 7). Both liver enzymes GGT and
GOT were overall lower in sheep fed chicory silage vs. sheep fed
grass silage (Table 7). Both parameters were affected by a AdmxT
where the GSI group had a sharp decrease in concentration of GGT
between 10 and 20 DIM, that was not observed in the other groups
while the GOT had larger values pre-lambing with a rapid decrease
afterwards, that was different than GCT and GSY (Figure 4).
Haptoglobin was higher in GSI compared to GCT and
GSY (Table 7).

3.8.4 Kidney function

Concentration of plasma creatinine was not affected by forages or
supplementation of Se yeast but was lower in GSI vs. GCT and GSY
(Table 7). The difference in urea concentration indicated above likely
contributed to the difference observed in the urea:creatinine ratio,
where the ewes fed grass silage had a higher ratio than those fed
chicory silage (Table 7).

3.8.5 Oxidative stress

Treatments did not affect overall parameters related to oxidative
stress but a full interaction FxSexT was observed for FRAP (Table 7;
Supplementary Figure S14). A FXT effect was observed for ROM:
FRAP, due to lower values in early post-partum in animals fed
chicory silage vs. animal fed grass silage.

3.9 Micromineral status

All the 14 microminerals measured in whole blood of sheep
were affected by parturition (Table 8; Figure 5; Supplementary
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Figure S15). An acute increase in whole blood concentration of
all microminerals was detected at 5 DIM except for Ba, Cu, Fe, and
Se. The level of Cd, Cu, Mn, Pb, and Zn was lower post- partum
relative to pre-partum. Supplementation of Se-yeast increased the
level of Se in whole blood by >40% after 70 days of supplementation
(i.e, 5 DIM) with >20% increase already after approx. 25 day of
supplementation (i.e., -15 DIM).

All microminerals measured were present at higher
concentration in chicory vs. grass silage with Se being two-fold
higher (0.36 vs. 0.18 ppm, respectively); an exception was Mn that
was lower in chicory compared to grass silage (Supplementary Table
S1). Despite this, only Co was affected by the forage and a FxT
interaction with higher values in whole blood of ewe fed chicory- vs.
grass silage at 5 DIM (Table 8; Figure 5). Few microminerals were
affected by the supplementation of Se or by SexT interaction. Those
included B, Ba, Be, Cu, and Pb. Supplementing Se increased the whole
blood concentration of those microminerals, especially at 5 DIM
(Figure 5; Supplementary Figure S15).

Single injection of inorganic Se did not significantly increase the
level of Se compared to control ewes (Table 8; Figure 5). The single
injection of inorganic Se affected most of the other microminerals,
except for Al, Be, Cu, Fe, and Zn (Table 8; Figure 5; Supplementary
Figure S15). For B, Ba, Co, and Mn the single injection of Se lowered
their concentration early post-partum while for Cd, Cr, Ni, and Pb
the injection of Se increased their concentration at 30 DIM (Figure 5).

4 Discussion

4.1 Pattern of blood parameters in
peripartum ewes

Surprisingly, the daily milk yield was higher in the Polypay
compared to the Sarda (Cabiddu et al, 2020) (3.1 vs 1.75 kg,
respectively). The pattern of glucose, BHBA, creatinine, GGT,
haptoglobin, paraoxonase, albumin, and globulin was remarkably
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TABLE 7 Plasma parameters associated with metabolism, inflammation, and oxidative stress in peripartum ewes.

Parameter* Chicory

CCT F*Se*T
Metabolism
Glucose mM 3.70 3.89 3.99 3.94 3.99 0.10 0.09 0.48 0.23 0.09 0.87 0.04
Cholesterol mM 2.53 242 2.67 2.64 2.35 0.12 0.14 0.55 0.72 0.46 0.89 0.31
BHBA mM 0.84 0.87 0.60 0.56 0.64 0.08 <0.01 0.99 0.67 0.02 0.54 0.63
NEFA mM 0.80 0.63 0.50 0.40 0.56 0.09 0.01 0.15 0.71 0.80 0.29 0.46
NEFA: Albumin =~ mM/mM  1.67 1.31 1.03 0.84 1.20 0.21 0.01 0.18 0.68 0.72 0.22 0.48
Urea mM 491 5.86 6.56 7.16 6.81 0.31 <0.01 0.01 0.57 0.91 0.45 0.05
Minerals
Ca mM 2.51 2.64 2.64 2.67 2.59 0.04 0.07 0.07 0.27 0.03 0.26 0.15
Free Ca mM 1.28 1.34 1.34 1.36 1.32 0.02 0.07 0.06 0.35 0.02 0.48 0.11
p mM 131 1.63* 1.40% 1.17° 1.37 0.08 0.02 0.56 <0.01 079 0.12 0.34
Mg mM 1.00 1.00 1.06 1.06 1.01 0.03 <0.01 0.99 0.76 0.51 0.31 0.01

Liver function, inflammation, immune status

Total Protein g/L 63.5 62.8 63.8 64.4 64.8 1.28 0.46 0.95 0.59 0.87 0.67 0.99
Albumin g/L 31.2 32.0 32.1 31.6 315 0.60 0.67 0.77 0.25 0.32 0.64 0.89
Globulin g/L 38.6 352 38.0 37.3 42.5 2.18 0.67 0.28 0.44 0.77 0.28 0.85
Albumin: Globulin 0.86 0.97 0.95 0.92 0.80 0.05 0.63 0.48 0.14 0.97 0.09 0.65
Paraoxonase U/L 207.1 199.4 209.9 215.2 201.0 6.26 0.10 0.84 0.25 0.45 0.44 0.45
Haptoglobin g/L 0.14 0.14 0.17 0.14" 0.31% 0.05 0.58 0.76 0.61 0.08 0.05 0.56
Ceruloplasmin uM 2.12 2.21 2.33 2.23 2.24 0.22 0.48 0.98 0.60 0.62 0.92 0.76
Myeloperoxidase = U/L 470.4 441.0 455.5 431.7 440.3 17.3 0.49 0.13 0.87 0.44 0.74 0.24
GGT U/L 54.2 55.3 61.4 65.0 59.9 3.67 <0.01 0.27 0.55 0.28 0.30 0.02
GOT U/L 113.1 120.9 142.0 137.9 136.0 6.42 <0.01 0.77 0.37 0.94 0.39 0.08

Kidney function

Creatinine uM 80.6 85.4 85.6 86.2 84.2 2.09 0.17 0.23 0.32 0.29 0.72 0.01

Urea: Creatinine =~ mM/mM 63.7 68.1 83.1 82.1 80.1 421 <0.01 0.68 0.53 0.45 0.89 0.06

Oxidative stress

ROM me 11.8 124 126 121 13.1 099 075 0.94 054 075 071 | 074
H,0,/L

FRAP M 1043 108.7 1144 1073 1111 379 020 0.67 009 | 003 041 | 049

ROM: FRAP 0.11 0.12 0.11 0.11 0.12 001 091 0.34 065 | 037 074 | 094

'BHBA, B-hydroxybutyrate; NEFA, non-esterified fatty acids; GGT, gamma-glutamyl transferase; GOT, glutamic oxaloacetic transaminase; ROM, reactive oxygen metabolites; FRAP, ferric
reducing ability of plasma.

2F, forage effect (chicory vs. grass); Se, selenium-yeast effect; T, Time; Adm, administration effect (injection vs. organic selenium).

edpenote differences due to significant F*Se interaction effect.

*Denote differences due to significant Adm effect.

Significance was declared at p < 0.05.

similar between the two studies; however, the pattern of cholesterol,  the two breeds. Interestingly, despite the opposite pattern during the
NEFA, urea, ceruloplasmin, ROM, and FRAP was different and, for ~ peripartum of ROM and ceruloplasmin between the two study, there
some parameters, such as cholesterol, NEFA, and ceruloplasmin, was ~ was in both an extremely high association between the two
the opposite. This can be due to a different adaptation to lactation of ~ parameters; for instance, in our study the correlation was extremely
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FIGURE 4

Plasma parameters related to metabolism (glucose, BHBA, NEFA, and urea) and liver status (GGT and GOT) in peripartum ewes fed with chicory silage only
(CCT), chicory silage + Se-yeast (CSY), grass silage only (GCT), grass silage + Se yeast (GSY), or grass silage plus a single injection of inorganic Se prepartum
(GSI). When indicated the effect of Forage (F), Time (T), Se-yeast (Se), and administration of Se either as daily supplementation of Se-yeast or a single injection
of inorganic Se prepartum (Adm) and their interactions were significant (P < 0.05) and, when present, the P-value of the tendency is provided.

high (r=0.91; P<.0001). The pattern of ceruloplasmin and ROM was
also highly correlated with the level of Cu (r=0.55; P<.0001 and
r=0.51; P<.0001, respectively). The association of ceruloplasmin and
ROM is somewhat new, although it has been previously argued that
ceruloplasmin can affect the measurement of ROM but was lately
proved to be a minor, if not a nil, effect (Colombini et al., 2016). It is
unclear what could be the physiological relationship between the two
parameters in sheep.
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4.2 Chicory silage is effective at meeting
the demands of lactation despite lower dry
matter intake

When comparing the performance of the ewes fed either grass or
chicory silage, it was evident that even though ewes fed chicory had a
lower DMI, they produced the same amount of milk, and the lambs
had the same ADG as the ewes fed grass silage but improved ADG
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TABLE 8 Micromineral concentrations in whole blood from ewes fed chicory silage (C) or grass silage (G) and supplemented with Se-yeast (SY) or
with single injection of inorganic Se (GSI) during the transition period.

Element Unit Chicory

CCT CsY
Al pg/ml  10.3 9.5 9.3 10.3 9.5 0.54 0.77 0.83 091 0.22 0.09 0.22 0.11 0.05
B ug/ml 10.0° 10.0° 8.3% 11.1% 8.9” 0.78 0.57 0.01 0.83 0.08 0.02 0.20 0.03 0.03
Be ng/ml  0.15 0.14 0.12 0.12 0.12 0.01 0.10 0.86 0.83 0.01 0.52 0.36 0.57 0.18
Co ng/ml 291 227 1.21 1.87 1.80 0.60 0.05 0.99 0.01 0.61 0.22 0.63 0.15 0.04
Cr ng/ml  40.0 47.0 35.27 40.8" 56.7% 7.73 0.41 0.35 0.03 0.47 0.92 0.89 0.04 0.39
Cu ng/ml = 472 549 529 542 538 30.5 0.39 0.10 0.59 0.01 0.24 0.51 0.84 0.46
Fe pg/ml 175 181 178 180 173 6.42 0.81 0.44 0.39 0.97 0.71 0.33 0.59 0.62
Mn ng/ml = 27.3 21.9 20.7 22.9 24.2 2.36 0.19 0.45 0.12 0.12 0.08 0.83 0.23 <0.01
Ni ng/ml 234 47.4 16.6” 26.0" 75.3% 13.7 0.24 0.17 0.06 0.66 0.54 0.89 <0.01 <0.01
Pb ng/ml  17.2 17.5 16.8” 18.97 26.8% 3.01 0.85 0.68 0.99 0.05 0.74 0.04 0.01 <0.01
Se ng/ml 200° 270* 190 278 203" 8.56 0.87 <0.01 0.13 0.01 0.25 0.57 <0.01 <0.01
Zn pug/ml = 2.12 2.07 1.94 1.88 1.80 0.18 0.23 0.72 0.33 0.11 0.95 0.27 0.63 0.09

'F, forage effect (chicory vs. grass); Se, selenium-yeast effect (ewes supplemented w/Se-Yeast or not); T, Time; Adm, administration effect (injection vs. organic selenium).
**<dDenote differences due to significant F*Se interaction effect.

**Denote differences due to significant Adm effect.

Significance was declared at p>0.05.

when corrected by DMI. The reduced DMI of ewes fed chicory silagein  chicory had higher levels of unsaturated and lower levels of saturated
this study was in part caused by the quality of the forage itself. The  fats than ewes-fed grass silage, the chicory silage itself had the
chicory silage contained a large quantity of large stems that were  opposite fatty acid profile. The larger amount of MUFA in the milk
unpalatable to the ewes and a relatively low nutritive quality which was  of ewes fed chicory silage- vs. grass silage is likely the product of a
lower than grazed chicory in a prior study (Wilson et al, 2020). This  higher delta 9 desaturase activity in the mammary gland toward the
may also help explain some of the differences between previous studies ~ C16:0 and C18:0, the most abundant fatty acids in NEFA, at the least
where chicory was used as a forage and the results presented in this  in dairy cows (Contreras et al, 2010). The delta 9 desaturase activity is
study. For example, in a previous study on dairy cows that utilized a  the highest during the early lactation in the mammary tissue of dairy
chicory+ryegrass silage mix, the intake of cows tended to be greater ~ cows (Bionaz and Loor, 2008), similar to what we observed in ewes in
than that of cows fed pure ryegrass silage; however, the milk production  our experiment. The higher delta 9 activity in chicory silage- vs. grass
of the chicory+ryegrass-fed cows tended to be lower (Kilber et al.,  silage-fed ewes could be due to a combination of higher availability of
2013). While studies evaluating chicory silage as a forage source are ~ C18:0 from the diet and higher expression of SCDI gene in the
limited, many studies have utilized chicory as pasture and found = mammary gland (Bionaz and Loor, 2008).
comparable results. In both sheep (Rodriguez et al,, 2019) and cows In a previous investigation where chicory silage was fed to
(Muir et al,, 2015; Wilson et al., 2020), animals grazing chicory have  lactating dairy cattle, chicory silage had higher levels of saturated
similar if not greater DMI than animals grazed on traditional grass-  fatty acids and lower levels of PUFA than a simple ryegrass silage but
based pastures and produced similar or higher amounts of milk. found no differences in saturated fatty acid levels in the milk and only
numerically higher levels of PUFA among cows fed chicory silage
(Kilber et al, 2013). Milk from dairy cows grazed on chicory-rich
4.3 Ch icory silage increases the amount pasture had no difference in unsaturated fatty acids compared to cows
and improves the health quality of milk fat  grazed on rye-grass-white clover pasture (Wilson et al., 2020). Thus,
the effect in fatty acid profiling of milk fat observed in our experiment
The most significant effects of feeding chicory silage to milk  appears specific for ewes. The reasons for the observed higher PUFA
quality in our experiment was on milk fat and the fatty acid profile ~ in milk despite the lower level of PUFA in chicory silage vs. grass
of the milk. The elevated levels of milk fat, as well as the higher % of  silage remain unclear.
preformed fats in the milk of ewes fed chicory vs. grass silage is Two additional interesting observations from the fatty acid
driven by the higher levels of circulating NEFA in these animals.  profiling in our experiment are the larger amount of bacteria-
Prior studies have found that postpartum NEFA levels are positively ~ derived fatty acids in the milk of ewes fed chicory silage, pointing
associated with milk fat % (Mintysaari et al., 2019). toward an effect of the chicory on the rumen microbiota and the
The elevated circulating NEFA has likely also affected the level of ~ lower levels of NPN as well as MUN in the milk of ewes fed chicory
MUFA in milk (Méntysaari et al., 2019). While the milk of ewes-fed  silage. While diets were balanced to be isonitrogenous, the protein
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FIGURE 5

Level of microminerals in whole blood in peripartum ewes fed with chicory silage only (CCT), chicory silage + Se-yeast (CSY), grass silage only
(GCT), grass silage + Se yeast (GSY), or grass silage plus a single injection of inorganic Se prepartum (GSI). When indicated the effect of Forage (F),
Time (T), Se-yeast (Se), and administration of Se either as daily supplementation of Se-yeast or a single injection of inorganic Se prepartum (Adm)
and their interactions were significant (P < 0.05) and, when present, the P-value of the tendency is provided.

availability in each diet could have influenced the latter outcome.
Compared to chicory, grass silage had a higher proportion of
rumen-degradable crude protein. Prior work has demonstrated
that increased levels of rumen degradable protein can increase
MUN and NPN (Roseler et al., 1993). It is unclear if the lower
MUN in milk and plasma in ewes fed chicory vs. grass silage in our
experiment was the result of a better N utilization in the rumen or
an increased kidney excretion, as suggested by the larger water
intake; however, contrary to this was the level of circulating
creatinine that was not different between the animals. However, it
is problematic to use serum creatinine by itself as an index of
glomerular filtration (Levey et al., 1988). In our prior experiment,
cows grazing a chicory-rich forb pasture had lower levels of MUN
than cows grazing a more traditional grass-clover pasture despite
similar levels of total dietary crude protein, and this was partly due
to a larger urine production (Wilson et al., 2020)We cannot exclude
the role of plant secondary compounds potentially present in
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chicory in the rumen microbiota, which could also affect nitrogen
metabolism (Kamra and Singh, 2019).

4.4 Feeding chicory silage leads to
elevated NEFA and BHBA levels and may
improve liver health and oxidative status

The increase in NEFA and BHBA in the blood of ewes fed chicory
is likely driven by their lower feed intake and resulting negative
energy balance as they transition from pregnancy to lactation
(Drackley, 1999). The elevated levels of those parameters in chicory
silage-fed animals did not affect the liver health, as GGT and GOT
were lower than the grass silage-fed ewes. While these enzymes are
typically utilized as indicators of liver functionality and health
(Russell and Roussel, 2007), there was no indication that the ewes
that were fed grass silage were dealing with any type of liver damage.
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Given the involvement of GGT and GOT in the metabolism of amino
acids (Meister, 1974; Sookoian and Pirola, 2012), the reduced level of
these enzymes in the plasma of ewes fed chicory silage may be
associated with the lower crude protein intake of these ewes. It is
unclear the reason for such an effect, but it could indicate a more
functional liver. Interestingly, in monogastric species, the level of
GGT in the blood is associated with a lower antioxidant capacity and
an increased risk of diseases (Koenig and Seneff, 2015).

In a previous investigation that helped to inform and establish
the current study, it was found that dairy cattle grazing a chicory-
rich pasture had higher FRAP than cows grazing a traditional grass-
clover pasture (Ford et al., 2021). While the key difference between
these studies was the use of fresh chicory vs. silage chicory,
ensilement does not seem to reduce the antioxidant capacity of
the forage (Lozicki et al, 2015). Despite not having an effect on
FRAP or ROM, the ratio ROM: FRAP was better (i.e., lower) early
post-partum in animals fed chicory silage vs. animals fed grass
silage, indicating a likely better ability of those animals to deal with
oxidative stress (Mezzetti et al., 2019).

4.5 Chicory silage had no effect on fecal
parasites and CBC but improved the type 1
immune response

In the present study, chicory silage was found to have a minimal
effect on a wide range of health and immune parameters, including
parasites, which were measured, somewhat in contrast to previous
studies. Multiple studies have noted chicory for its anthelmintic
effects on livestock (Pefia-Espinoza et al., 2018); however, we did
not find any beneficial effect of chicory silage on fecal egg counts of
haemonchus or coccidia in this investigation. While the
antiparasitic activity of chicory has been attributed to its high
levels of sesquiterpene lactones (Foster et al., 2011). No studies
have assessed how the concentration of these compounds can
change during entitlement, and the specific compounds were not
measured as part of the current study. Unfortunately, we did not
assess the level of sesquiterpene lactones in our samples; however, it
could be possible that the ensilement and/or the variety of chicory
used has reduced levels of secondary compounds.

Regarding the complete blood count, this is the only known
study evaluating the effect of chicory silage on immune cell
populations and characteristics throughout the transition period
in sheep. There were very few differences between ewes fed chicory
silage and those fed grass silage, mostly parameters related to red
blood cells, specifically their size and the amount of hemoglobin
they contain, which the data indicate are both larger among the
ewes fed chicory silage. To our knowledge, there are no other
studies evaluating the effect of feeding fresh chicory or chicory silage
on these parameters in sheep or other ruminants. Despite the
differences between treatment groups, these parameters still fall
within the normal ranges for sheep (Jones and Allison, 2007) and do
not indicate any abnormality. Although a power analysis was run to
assess the minimum number of animals to detect differences, this
was run using antioxidant parameters and it could be that other
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parameters would require a larger number of animals to
detect differences.

The D2Dx score was overall lower in sheep compared to what
has been detected in cows and the pattern from pregnancy to
lactation was somewhat the opposite, with a decrease of the type-1
immune response in ewe approaching parturition while increased
in cattle (Tsai et al, 2021). The reason for such a difference is
unclear. The most important finding pertaining to the effect of
chicory silage on immune function was the higher D2Dx scores
among ewes fed chicory silage compared to the ewes fed grass silage.
The increased D2Dx scores indicate that the immune systems of the
ewes fed chicory silage had a stronger type-1 cell mediated response
than the ewes fed grass silage. While use of the D2Dx assay in
ruminants is limited so far, previous research in humans infected
with COVID-19 showed that the D2Dx score was a reliable
indicator of symptom severity in infected patients (Deb et al,
2021). The reason for this improved type-1 response among ewes
fed chicory may be related to the immunomodulatory activity of
chicory that has been previously investigated. As shown by Karimi
et al. (2014), chicory extract can modulate the activity of dendritic
cells leading to T-cell proliferation and alter cytokine expression
toward a type-1 Thl cell-mediated response.

4.6 Supplementation of Se-yeast had a
minimal-to-no effect on transition ewes

Results from previous studies that utilize Se-yeast are varied,
with some studies finding that Se-yeast supplementation is
associated with decreases in somatic cell counts (Malbe et al,
1995; Reczynska et al., 2019), while other studies have found no
effect (Heard et al,, 2004; Weiss and Hogan, 2005)Our original
hypothesis was that the combination of Se-yeast and chicory would
improve the immune system, including reducing SCC in milk. Our
data do not support this hypothesis.

The only substantial effect of supplementing Se-yeast in our
experiment was on the fatty acid profile of the milk with ewes that
were supplemented with Se-yeast having lower levels of unsaturated
and higher levels of saturated fats in the milk. This is the opposite of
what was observed in previous studies in dairy goats (Mitsiopoulou
etal, 2021) and dairy cattle (Ianni et al., 2019). While our results do
not align with previous findings, other studies have found that
organic Se supplementation can influence rumen microbial activity
(Harrison et al., 1988), particularly by influencing rates of PUFA
metabolized by bacteria, leading to increased biohydrogenation and
saturated fatty acid production as has been observed in sheep
(Kisidayova et al, 2014). Given the variation in experimental
results, further investigations are needed to better understand the
role of Se-yeast in rumen fatty acid metabolism.

Se-yeast supplementation did not affect white blood cells or
other complete blood count parameters, aligning with previous
investigations in lambs (Alimohamady et al., 2013) or transition
dairy cows (Khalili et al., 2019). Based on these studies, the positive
effects of Se supplementation on immune function are likely a result
of improved antioxidant status via improved activity of glutathione
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peroxidase and other selenoproteins. We did not measure the
activity of glutathione peroxidase; however, we did not find any
benefits of Se-yeast supplementation on plasma antioxidant
parameters like ROM and FRAP in the current study. Another
possible mechanism by which Se supplementation may improve
immune function is by altering patterns of gene expression in
immune cells, particularly neutrophils, as was found in a previous
study evaluating the immune performance of sheep affected by foot
rot (Hugejiletu et al., 2013). In our study, we did not evaluate gene
expression or activity of neutrophils.

The lack of observable effects of feeding Se yeast on the
measured parameters could be partly explained by the relatively
low number of animals used. However, our power analysis would
have indicated that 9 animals/group would have been sufficient to
detect differences, at least on several antioxidant parameters. The
dose used was the maximal dose used in a prior study that was
effective in improving Se, which we confirmed, and effective in
improving the performance and health of ewes and their lambs
(Stewart et al., 2012).

4.7 Blood micromineral levels change
dramatically during the peripartum period

To our knowledge, this study is the first to describe blood
micromineral profiles throughout the transition period in sheep,
although some microminerals were measured in peripartum goats
(Samimi et al., 2021). We speculate that the spike in concentration
of most microminerals in blood after parturition could be associated
with an increased leaking gut that is typical of this phase of lactation
(Goft, 2018). For instance, chromium is commonly used to assess
leaking gut (Cangiano et al., 2022); thus, the spike in concentration
of those microminerals might be a consequence of an increased
intestinal permeation of minerals in the diet into the circulatory
system. The leaky gut has also been suggested to be a consequence
of a change in the diet, and a major cause of the inflammatory-like
conditions observed post-partum; however, we did not observe any
relationship between the concentration of trace minerals and
haptoglobin, except for a weak relationship with levels of B
(r=0.16; P=0.04). The short-term dramatic spike in levels of
microminerals may also be a consequence of their mobilization
from tissues to colostrum to support the growth and health of the
offspring, although there have been no previous studies evaluating
this phenomenon in dairy animals.

Previous work has shown that chicory outperforms a traditional
grass-clover pasture mix in terms of plant micromineral content,
with fresh chicory having significantly higher levels of Zn, B, Cu,
Mn, and Fe (Kidane et al, 2010). Our data regarding the
micromineral composition of the silages used in this study
support this previous finding, except Mn. Interestingly, despite
higher concentrations in the chicory silage vs. Grass silage (e.g.,
for Fe the difference was quite large, in the order of >10-fold), no
differences were found in the level of microminerals in the whole
blood of the ewes. This might be partly due to the amount of
chicory ingested.
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Supplementation of Se-yeast was an effective method for
boosting blood Se levels in transition sheep. This finding aligns
with a previous investigation in sheep where ewes that were
supplemented with organic Se-yeast had improved blood Se levels
compared to ewes that were not supplemented or those that were
supplemented with inorganic Se (Hall et al,, 2012). Additional
studies evaluating the effect of Se supplementation on other
micromineral levels are lacking; however, a previous investigation
that fed Se-biofortified hay to dairy cows found no effect on other
micromineral levels (Jaaf et al., 2020). The sheep in our experiment
were not Se deficient, as they were above the marginal band
previously proposed of 40 ng/mL in whole blood (Suttle, 2010)
and had similar basal values as sheep not deprived of Se in a prior
study (Hall et al., 2012).

4.8 A single injection of inorganic Se
during the prepartum has a minimal effect
on ewe health and performance, with no
effect on blood Se levels but effects on
other microminerals

While a single injection of inorganic Se is a widespread practice
for improving Se status in sheep, we did not observe any increase in
the concentration of Se in blood following the injection of inorganic
Se in ewes during the peripartum period. This is somewhat in
contrast to prior findings in cows; where injection of inorganic Se
led to a significant but still temporary increase in blood Se levels in
the first two weeks following the injection (Chorfi et al., 2011) as
also observed elsewhere (Ferreira and Petzer, 2019). Our findings
indicate that injection of inorganic Se is not effective in improving
the level of Se long-term and especially during the peripartum
period in sheep.

Despite the lack of effect on the level of Se as measured in whole
blood, ewes in the GSI group had a tendency for lower BCS than
ewes in either the GSY or GCT groups despite a similar amount of
feed consumed. This reduction in BCS is not the result of increased
fat mobilization, as both NEFA and BHBA were not different in this
group compared to the other grass silage-fed groups. Thus, the
lower BCS remains unexplained.

In comparison to ewes in the GSY or GCT groups, GSI ewes had
a tendency for higher blood levels of WBC and neutrophils,
pointing toward a positive effect on immune function. Similar
results were found in a previous study in sheep where a late-
prepartum injection of sodium selenite was found to increase blood
levels of total white blood cells (Soliman et al., 2012); however, no
effect on blood levels of neutrophils was found in that study.

In contrast to what was observed among chicory silage-fed
ewes, supplementation of Se, either as organic Se-yeast or via
injection of inorganic sodium selenite, reduced D2Dx scores
among the grass silage-fed ewes pointing toward a change in the
immune response. Despite higher blood levels of WBC, the data
indicates that GSIT and GSY ewes had a reduced cell-mediated type-
1 immune response in comparison to the GCT ewes. The reason for
Se supplementation, regardless of Se form, having a different effect
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on D2Dx scores in grass silage-fed ewes compared to chicory silage-
fed ewes remains to be determined.

The injection of inorganic Se affected the level in whole blood of 9
out of 14 microminerals. Although interactions exist among
microminerals absorption (Goff, 2018) However, the effect was
observed between 10 and 30 DIM, i.e., 30 and 40 days post-injection,
respectively. It is unlikely that the effect was due to an acute level of Se,
and thus, we do not have an explanation for the observed effect.

5 Conclusion

To summarize, chicory and supplementation with Se-yeast had
a minimal effect on performance and health of ewes during the
peripartum period. While Se-yeast was effective at boosting blood Se
levels, no benefits were observed in ewe hematological profiles or
antioxidant status. Chicory silage was effective at meeting the
demands of lactating ewes, despite the reduced dry matter intake
that contributed to the higher blood levels of NEFA and BHBA and
changed the milk fatty acid profile. Despite this effect, the ewes fed
chicory had a healthier milk fat for human consumption. Future
studies attempting to evaluate the health and productive benefits of
chicory silage should ensure high quality forage is available as the
silage used in this experiment limited intake and complicated the
evaluation of the results.
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