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Abstract

Background: We hypothesized that supplementation of nursery and grower pig diets with coconut oil in the
absence of antibiotics would yield maintenance of glucose homeostasis, growth performance, and immune
function similar to what is achieved with nursery and grower pig diets containing antibiotics. Pigs received the
same base treatment diets from d24 (weaning) to d71 of age and had blood and fecal samples collected on d24,
d31, d45 and d71 for measurement of whole blood glucose, serum insulin, cortisol and cytokines, and fecal
microbiome. Pigs had weekly weights and daily feed consumption measured throughout the study. Animals were
euthanized at d71 and subcutaneous fat and ileal contents were collected for assessment for fatty acids and
microbiome, respectively. Diet treatments consisted of 2% soybean oil plus antibiotics (ABX; n = 22), 2% soybean oil
without antibiotics (NABX; n=22), and 2% coconut oil without antibiotics (COC; n = 22). Statistical analysis
examined the effect of diet within each timepoint using a repeated measures ANOVA.

Results: Pigs fed COC diet had decreased serum insulin levels, maintained feed intake, feed conversion and weight
gain, and, based on serum cytokines and fecal microbiome, were immunologically similar to ABX-fed pigs. However,
NABX-fed pigs performed similarly to the ABX-fed pigs in all parameters except for serum cytokines. Additionally,
there was no difference in the incidence of diarrhea between any of the diet treatments.

Conclusions: This study demonstrates that dietary antibiotics are not necessary to maintain growth performance in
nursery and grower pigs. However, dietary antibiotics appear to modulate circulating cytokine levels. Dietary
coconut oil is neither harmful nor helpful to growth performance or immune function in nursery and grower pigs
but does modulate serum insulin levels. Therefore, while coconut oil fed at 2% by weight is a suitable substitute for
dietary antibiotics, this study suggests that no substitute for dietary antibiotics is needed at all.
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Background

For decades, dietary antibiotic supplementation to con-
trol sub-clinical infections has been standard in the
American swine industry thereby boosting pig growth,
immune function, and overall health [1]. However, such
practices have been implicated as one of the driving
forces behind the development of antibiotic resistant
bacteria [2]. In 2013, the FDA recommended that the
pharmaceutical and livestock industries voluntarily phase
out the use of antibiotics for growth promotion purposes
by the end of 2016 [3]. In light of these facts, it has be-
come more urgent to find a replacement for subclinical
doses of antibiotics in both nursey swine pig diets, but as
yet suitable replacements have not been identified. Coco-
nut oil is comprised of 91% saturated fatty acids (FA),
which are predominantly medium chain FA such as lauric
acid. The exposure of immune cells to lipids with differing
FA composition may alter immune cell function through
multiple mechanisms including altered eicosanoid synthe-
sis and inflammatory gene expression (i.e., NF-kB) [4]. In
the cattle industry, dairy calves fed a commercially avail-
able milk replacer with coconut oil for a 56-day period
had greater average daily weight gain and feed efficiency,
reduced scours, and reduced medical treatment incidents
for clostridium illness, compared to the control group [5].
Lambs supplemented with coconut oil from 15 days to 6
months of age showed improved feed conversion and
similar carcass characteristics, compared to a non-coconut
oil supplemented group [6]. Therefore, coconut oil holds
promise as a viable method for modulation of immune
function and growth which could maintain carcass quality
similar to that found in animals fed a traditional diet. We
hypothesized that coconut oil is an effective alternative
method to antibiotic feed supplementation that would
maintain or improve nursery and grower pig health and
growth.

Methods

Animals, diets, and sample collection

All animal experimental procedures were approved by the
Texas A&M University Institutional Animal Care and Use
Committee (IACUC Number 2015-0385). Pigs were born
and housed at the Texas A&M University Animal Sciences
Teaching, Research, and Education Complex in College
Station, Texas. At 24 d of age and an average body weight
of six kg, Yorkshire-cross piglets (n = 66) were weaned, vac-
cinated with Parapleuro Shield” P+ BE (Elanco Animal
Health, Greenfield, IN), had four mL of blood and ~ one
mL of fresh feces collected, and were placed in indoor nur-
sery pens of 5-6 piglets per diet treatment group with 4
pens (technical replicate) per diet treatment for a total of
22 piglets per diet treatment. The nursery was environmen-
tally controlled for temperature (23-30°C) and humidity
(85-100%) and had a 12-h light:12-h dark cycle. Dietary
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treatment groups consisted of: 1) Antibiotics (ABX): soy-
bean meal, cornmeal, 2% soybean oil, antibiotics; 2) No an-
tibiotics (NABX): soybean meal, cornmeal, 2% soybean oil;
3) coconut oil (COC): soybean meal, cornmeal, 2% virgin
coconut oil. The basal diet to which the oils and/or antibi-
otics were added consisted of three phases from nursery
through grower development stages (Additional file 1: Ta-
bles S1, S2 and S3). Antibiotics added to the ABX diet were
added as per product label dosages and instructions (i.e.
growth promotion levels) for each antibiotic formulation
used: Denagard® (tiamulin hydrogen fumarate; Elanco,
Greenfield, IN, USA) at a rate of 0.175% of base diet (\WW/
W) and Aureomycin® (chlortetracycline; Zoetis, Parsippany,
NJ, USA) at a rate of 255 g per 907 kg of diet. A dietary ana-
lysis of fatty acid composition for each diet treatment was
performed as described below (3—4 diet samples per diet
per phase) (Additional file 1: Table S4).

Daily feed intake per pen on an as-fed basis was calcu-
lated as the difference in the weight of the feed (in kg) in
each trough before and after feeding for each pen (feed
consumption) each day. This weight was divided by the
number of piglets per pen to get the average daily feed
intake per piglet per day. Piglets were weighed weekly
throughout the trial. Each of these feed intake and
weight parameters was used to calculate average daily
gain (ADG), average daily feed intake (ADFI), and the
feed conversion ratio (FCR) [7].

Sample collection

Piglets were monitored daily for outward clinical signs
of illness or scours, neither of which was noted in any
piglet from any treatment at any point during the study.
Piglets had fasting blood and fecal samples collected on
d24 (weaning), d31, d45, and d71 (euthanasia). On
sample collection days, piglets were fasted 8 h and 6 mL
of blood was collected from the cranial vena cava. Blood
was immediately analyzed for whole blood glucose with
the Precision Xtra glucometer (Abbott Laboratories,
Bedford, MA) which has been validated for use in pigs
[8]. Blood tubes were kept one ice and were centrifuged
within 4 h of collection for retention of serum, and
EDTA and heparin plasma, which were kept at —20°C
until analysis. For each pig, ~ one mL of feces was
collected directly from the rectum and placed in a 2-mL
cryovial, immediately frozen on dry ice, and kept at
- 80°C until analysis. Fasting blood was evaluated for
whole blood glucose, serum insulin, cortisol and cytokines,
and plasma free fatty acids. Fecal samples were analyzed
for microbiome community composition. At euthanasia, ~
five grams of subcutaneous adipose tissue (back fat) was
collected, snap frozen and kept at — 80°C for fatty acid
composition and a section of the ileum was swabbed with
a sterile swab placed in a 15-mL conical filled with 1 mL
of ice cold phosphate buffered saline solution and snap
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frozen to be analyzed for microbiome community com-
position. Euthanasia was performed by the following
protocol: intramuscular administration of 2mL/20.4kg
body weight of telazol (Zoetis) -ketamine (Zetamine™,
Vetone, Boise, ID, USA)-xylazine (Vetone), collection of
15 mL of blood from the cranial vena cava, and then intra-
venous administration of an overdose (1 mL/4.53 kg body
weight) of pentobarbital (Fatal Plus, Vortech Pharmaceuti-
cals Ltd., Dearborn, MI, USA).

Metabolic parameter analysis

Serum insulin concentrations were measured with a por-
cine inulin radioimmunoassay (RIA) (Linco/Millipore
Corporation, Billerica, MA, USA) which was validated by
parallelism at the following volumes of pooled serum
per tube: 100, 200, and 350 pL. For the insulin RIA, the
intra-assay CV was 9.0% and the inter-assay CV was
8.3%. Fatty acids were extracted from diet samples and
subcutaneous adipose tissue samples by a modified
Folch method and identified by flame ionized gas chro-
matography [9]. Serum samples for the measurement of
cortisol were extracted with diethyl ether and brought
up in phosphate buffered saline solution [10]. To moni-
tor extraction efficiency, 100 uL (1000 cpm/100 pL) of
3H-cortisol (Perkin Elmer, Waltham, MA, USA) was
added to one mL of each serum sample [10]. Extraction
efficiency for all samples was > 85%. Cortisol in each ex-
traction was measured using a double antibody enzyme
immunoassay (ELISA) (Cortisol ISWE mini-kit, Arbor
Assays, Ann Arbor, MI, USA) which was validated by
parallelism with 25, 50, 100 uL. of pooled serum extrac-
tion. Raw cortisol concentration per sample from the
ELISA was adjusted by sample extraction efficiency to
calculate the actual cortisol concentration per sample.
For the cortisol ELISA, the intra-assay CV was 8.0% and
the inter-assay CV was 3.1%.

Cytokine analysis

Cytokine concentrations [interleukin 1-beta (IL-1pB),
interleukin 10 (IL-10), interferon alpha (IFN-a), inter-
feron gamma (IFN-y), tumor necrosis Factor alpha
(TNF-a), interleukin 4 (IL-4), and interleukin 8 (IL-8)]
in serum were analyzed at each age using the Swine
Cytokine Magnetic 7-Plex Panel assay (Novex®, Life
Technologies Ltd., UK). Analysis of the assay was per-
formed on a Luminex® 100/200™ in the Research Services
Core at Southern Illinois University School of Medicine.
For the IL-1p wells, the intra-assay CV was 6.6% and the
inter-assay CV was 6.1%. For the IL-10 wells, the intra-
assay CV was 15.4% and the inter-assay CV was 8.5%.
For the IL-4 wells, the intra-assay CV was 13.2% and the
inter-assay CV was 4.3%. For the IL-8 wells, the intra-
assay CV was 3.4% and the inter-assay CV was 13.4%.
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Microbial assessment

Total genomic DNA was extracted from the fecal samples
of all animals using the DNeasy PowerSoil Isolation kit from
Qiagen (Germantown, MD, USA) according to the manu-
facturer’s instructions. Following DNA extraction, the stock
concentration was quantified using a Qubit fluorometer
(Invitrogen, Thermofisher Scientific, Carlsbad, CA, USA).
To characterize the microbiome, we used Next Generation
Sequencing (NGS) via an Illumina MiSeq system. Bacterial
sequencing of the hypervariable V4 region of the 16S rRNA
gene was performed with a two-step PCR approach to bar-
code tag templates with frame shifting nucleotide primers
[11]. In the first PCR step, custom designed forward and
reverse primer mixtures were used to maximize phylogen-
etic coverage of bacteria. In the second PCR step, barcodes
were added to the templates for sequencing. Approximately
4,000,000 total sequence reads with 12,000 reads/sample
were obtained, including both dominant and poorly-
represented taxa of the gastrointestinal microbiome.
Data were quality filtered and processed using a com-
bined QIIME [12]/USEARCH [13] pipeline. Operational
taxonomical units (OTU) were clustered at 97% se-
quence similarity and classified using BLAST and RDP
reference databases for 16S bacteria. Differences in
community composition and diversity were assessed
across sampling times and between treatment groups.

Statistical analysis

All metabolic, feed intake, and growth parameters were
assessed for normality with PROC GLM (SAS, Cary, NC,
USA). Non-normal variables were transformed with log
10 transformation for analysis by repeated measures
ANOVA with pig id as random, age as the repeated vari-
able, and diet as the fixed effect in the model (SAS). The
co-variance structure applied in the model was com-
pound symmetric. Parameter values reported in the re-
sults are back-transformed least squared means (LSM)
and standard error of the means (SEM). The level of sig-
nificance was set at P<0.05. A trend in significance was
considered as 0.05<P< 0.10.

Cytokine concentrations at each timepoint for each ani-
mal were calculated as described herein. All samples were
normalized to the background fluorescent intensity (no
serum control; B) from the unknown sample fluorescent
intensity (US), which was calculated from the standard
curves provided in the assay kit. These values were then
used to calculate the average for each animal (at each
timepoint) across duplicate assays (US1 — B + US2 — B)/
2) = X. The averaged value for each sample (X) was then
from used to calculate the average value for each treat-
ment group (X; + Xy + X3 ... /n) and plotted on the repre-
sentative graphs. Statistical differences between treatment
groups was calculated by Mann-Whitney non-parametric
analyses. The level of significance was set at P < 0.05.
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Microbial sequences were rarefied to a depth of 100
counts/ sample to ensure evenness of sampling. Cluster-
ing analysis was performed on rarified sequencing data
through principal component analysis to determine beta
diversity, or differences between the categorical vari-
ables: time (i.e. age), diet treatment, and sample type
(ileal versus fecal). Significant differences between OTU
counts for treatment groups were then determined
through group differences Qiime script using the Krus-
kal Wallis (non-parametric) statistical testing with the
level of significance set at P <0.05. Data shown for the
microbial groups is the mean count per treatment group
across all times (i.e. ages).

Results

Dietary composition

Dietary phases were formulated according to the nutri-
tional demands at each stage of development (Additional
file 1: Table S1), standardized for ileal digestibility
(Additional file 1: Table S2) and had equal percentages
of calcium and phosphorus (Additional file 1: Table S3)
as recommended by swine nutritional guidelines. As
substitution of soybean oil for coconut oil would alter
the dietary fatty acid composition, fatty acids were mea-
sured in the diets. We found that the coconut oil diet
(COCQC) had greater percentages of medium chain satu-
rated fatty acids (caprylic, capric, lauric, and myristic
acids) (Additional file 1: Table S4). However, this diet
had decreased percentages of long chain saturated,
monounsaturated and polyunsaturated fatty acids
compared to dietary treatments with 2% soybean oil
(ABX and NABX) (Additional file 1: Table S4).

Growth performance
Opverall the growth performance parameters between all
diet treatment groups were similar. Furthermore, all sig-
nificant differences in these parameters occurred within
the first several weeks of the study. The ADFI was mea-
sured as the kilograms (kg) of feed ingested by each pig
per day. At d31, as pigs transitioned to phase 2 diet, pigs
receiving ABX had significantly greater feed intake than
pigs receiving COC (Table 1). For ADFI there was a sig-
nificant effect of diet treatment (Txt; P=0.03) and age
(Age; P< 0.001) in the model but not of Txt x Age (P=
0.65). As feed intake may not correlate with pig weight
gain, the ADG of pigs was calculated as kgs of weight
gain per pig per day. For ADG there was no significant
effect of Txt (P =0.15) nor of Txt x Age P =0.99), but
there was a significant effect of Age (P< 0.001) in the
model. ADFI increases with age and the body frame of
the pig as it grows, it follows that ADG would also in-
crease with increasing age.

The feed conversion ratio (FCR) was calculated by
measurement of kg of feed consumed per kg of body
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weight gained per pig. The smaller the FCR, the less food
consumed (kg) by a pig per gain in body weight (kg). For
FCR there was no significant effect of Txt (P = 0.34) nor of
Txt x Age (P=0.72), but there was a significant effect of
Age (P< 0.001) in the model. At d31 (7 d on diet treat-
ment), ABX and COC animals had significantly lower
FCR than those pigs that were in the NABX treatment
group. However, on d38 (14 d on diet treatment), COC
pigs had significantly greater FCR than the ABX pigs. For
pig weight gain (kgs weight gained/pig/week; WTQ) there
was no significant effect of Txt (P = 0.15) nor of Txt x Age
(P=0.99), but there was a significant effect of Age
(P< 0.001) in the model. At d38, ABX pigs had signifi-
cantly greater WTG than COC pigs.

Metabolic parameters

Fatty acid composition in the subcutaneous white adi-
pose tissue (“back fat”) was conducted to determine ac-
tual percentages of fatty acids in white adipose tissue
after ingestion of the various diet treatments. Similar to
the fatty acid composition of the coconut oil containing
diet, the back fat of pigs fed the coconut oil fat had
greater percentages of medium chain saturated fatty
acids (Table 2) and decreased percentages of long chain
mono- and polyunsaturated fatty acids. The exception
was that vaccenic acid, a long chain trans- fatty acid,
was lower in the COC diet but was greater in the back
fat of COC-fed pigs. The overall main effect of Txt was
significant in the model for analysis of white adipose tis-
sue fatty acids (P < 0.001).

Irrespective of dietary treatment group, whole blood
glucose concentrations decreased as pigs transitioned
from weaning through phase 1 (d31) and 2 (d45) of the
nursery period (Fig. 1a). Whole blood glucose concentra-
tions increased during the grower stage of development
(d71) but did not reach the same levels as post-weaning
(d24). For whole blood glucose, there was a trend for the
main effect of Txt (P =0.10) and the main effect of Age
was significant (P< 0.001) in the model but the inter-
action of Txt x Age was not significant (P =0.015). The
average change in blood glucose in response to diet was
measured by subtraction of the initial, baseline glucose
(d24) from each consecutive timepoint (d31, d45 & d71)
for each pigs and then averaging across each treatment
group (i.e, d31-d24 =change in glucose at d31). The
change in whole blood glucose concentrations by age
was greatest at the transition from phase 2 to phase 3
diet (Fig. 1b). However, the change in whole blood glu-
cose concentrations was not different between diet treat-
ments within age. For the difference in whole blood
glucose concentrations, there was no significant effect of
Txt (P=0.55) or Txt x Age (P=0.94) in the model but
Age (P < 0.001) had a significant effect.
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Table 2 Percentage of fatty acid acids in subcutaneous adipose tissue by diet treatment'

Common name Formula ABX CcoC NABX P-value
Lauric 12:0 0.05 + 0.03° 137 +003° 0.03 + 0.03° < 0.001
Myristic 14:0 146 + 0.09° 466 + 0.09° 1.29 + 0.03° < 0.001
Myristoleic 141 0.02 + 001° 0.10 + 0.01° 0.005 + 0.01° < 0.001
Palmitic 16:0 2251 +0.24° 2592 + 0.24° 2253 +0.24° < 0.001
Palmitoleic 16:1 254 +0.12° 368 +0.12° 243 +0.12° < 0.001
Stearic 18:0 1121 + 0.30° 11.66 + 0.30° 11.06 + 0.30° 0.71
Oleic 18:1n-9 31.57 £ 0477 3265 + 047" 3145 + 045" 0.07
cis-Vaccenic 18:1n-7 240 + 0.08° 2.86 + 0.08° 225 +0.08° < 0.001
Linoleic 18:2n-6 2360 + 043° 1459 + 042° 2454 + 041° < 0.001
a-Linolenic 18:3n-3 226 + 0.06° 096 + 0.06° 220 + 0.06° < 0.001
Arachidic 20:0 023 +001° 020 +001° 020 +001° 0.54
Paulinic 20:1n-11 051 + 0.03° 042 +0.03° 048 + 0.03° 048
Eicosadienoic 20:2n-6 0.82 + 0.03° 037 + 003" 0.76 + 0.03° < 0.001
Arachidonic 20:4n-6 045 + 001° 038 + 001° 044 +001° 0.01
Mead 20:3n-6 024 + 001° 011+ 001° 023 +001° < 0.001
Docosahexaenoic 22:6n-3 0.11 £ 0.01° 008 + 001° 0.10 £ 0.01° 0.01

'ABX: 2% soybean oil with antibiotics; COC: 2% coconut oil without antibiotics; NABX: 2% soybean oil without antibiotics

b \ithin rows, values with common superscripts are not different (P> 0.05)
* Within rows, values with asterisks tend to be different (P <0.10)

Serum insulin concentrations and the change in serum
insulin concentrations in diet treatment groups was
measured throughout the study. Pigs randomly assigned
to the COC diet treatment had greater baseline concen-
trations of serum insulin than pigs in the ABX or NABX
diet treatments (Fig. 1c). However, serum insulin con-
centrations in the COC treatment dropped as pigs
started phase 1 diet and continued through phase 2 and
3 diets. For serum insulin, there was no significant effect
of Txt (P=0.22) or Txt x Age (P=0.29) in the model
but Age had a significant effect (P=0.01). Pigs in the
COC treatment had significantly reduced concentrations
of insulin at each age reflected by the greater decrease in
insulin at d31, d45 and d71 in COC pigs than the ABX
and NABX pigs (Fig. 1d). Moreover, for the difference in
serum insulin over time, all parameters in the model
were significant (Txt: P< 0.001; Age P< 0.001; Txt x
Age P=0.01). These data indicate that consumption of
coconut oil, as opposed to soybean oil, lowers serum in-
sulin concentrations.

To determine if endogenous function of the adrenal cor-
tex differed between pigs on different dietary treatments,
serum cortisol concentrations were measured throughout
the study. Serum cortisol decreased for all dietary treat-
ments at the transition to phase 2 diet (d31) (Fig. 1a).
However, for a given age, there was no difference in serum
cortisol between dietary treatments. For serum cortisol
there was no significant effect of Txt (P=0.81) nor of
Txt x Age (P=0.72), but there was a significant effect of
Age (P< 0.001) in the model. The change in serum

cortisol concentrations by age was greatest at the transi-
tion from phase 2 to phase 3 diet for ABX animals
(Fig. 2b). For the difference in serum cortisol there was no
significant effect of Txt (P =0.27) nor of Txt x Age (P=
0.86), but there was a significant effect of Age (P =0.01) in
the model.

Serum cytokines

To evaluate the systemic immunological status of pigs
on different diets, serum cytokines were assessed over
time. Serum TNF-qa, IFN-a and IFN-y were below the de-
tection limits of the cytokine array used. IL-1p and IL-8
are pro-inflammatory cytokines whereas IL-10 and IL-4
are anti-inflammatory cytokines. Serum IL-1p concentra-
tions increased significantly at d45 of age in the ABX-fed
pigs (Fig. 3a). At d31 of age, pigs fed NABX had sig-
nificantly greater serum IL-1B concentrations than
pigs fed ABX. By contrast, at d45 of age, pigs fed
ABX had significantly greater serum IL-1p concentra-
tions than either COC or NABX fed pigs. By d71
serum IL-1B concentrations were similar to the base-
line levels at d24 across all diet treatments. For IL-1,
all parameters in the model were significant (Txt:
P< 0.001; Age P<0.001; Txt x Age P<0.001).

Serum IL-8 concentrations were significantly greater
in NABX fed pigs than either COC or ABX fed pigs at
d31 of age (Fig. 3b). For NABX pigs, IL-8 concentrations
were greater at d31 than d71. For ABX pigs, IL-8 con-
centrations were greater at d45 than d71. For COC pigs
the concentrations of both pro-inflammatory cytokines
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were relatively similar regardless of pig age. For IL-8,
Age was a significant parameter in the model (P =0.01)
and there was a trend for the interaction of Txt x Age
(P =0.06) but Txt was not significant (P = 0.60).

Across all diet treatments, the concentrations of IL-10
were greatest at d45 and lowest at d71 (Fig. 3c). NABX
pigs had a trend for increased IL-10 as compared with
ABX pigs at d31. NABX pigs had significantly greater
IL-10 at d45 as compared with either ABX or COC pigs.
For IL-10, all parameters in the model were significant
(Txt: P=0.02; Age P<0.001; Txt x Age P=0.001). Irre-
spective of diet treatment, IL-4 was greater on d24 and

d45 and lower on d31 and d71 (Fig. 3d). There were no
significant differences in serum IL-4 between treatment
group with a given age. For IL-4, Age was a significant
parameter in the model (P < 0.001) but Txt (P =0.34) and
its interaction Txt x Age (P = 0.62) were not significant.

Microbial analysis

As diet and nutrition affect the gut normal flora and
local immunity, the fecal bacterial microbial composition
was assessed for each diet at each age. Through beta di-
versity clustering, which analyzes similarity of microbial
communities between categorical variables, we found no
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effect of diet treatment on microbial composition
(Fig. 4a-d; P=0.80). All timepoints on diet trial (d31-
mid-phase 1 diet, d45-end-phase 1 diet, d71-end-phase 2
diet) had similar microbial clustering patterns (Fig. 5a;
P =0.68). However, the microbial clustering pattern at
d24 of age or weaning was distinctly separate from that
pattern seen throughout the diet trial. At the conclusion
of the study on d71, ileal samples had separate and dis-
tinct microbial clustering patterns as compared with
fecal samples (Fig. 5b; P = 0.04).

Although discrete clustering patterns were not de-
tected by diet treatment, COC fed pigs had 117 differen-
tially expressed OTU’s compared to ABX and NABX fed
pigs. Using a threshold cutoff of two fold, we then nar-
rowed the list of differentially expressed OTU’s to 37. Of
these 37 OTU’s, 22 were expressed higher in COC-fed
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pigs and 15 were expressed higher in ABX or NABX fed
pigs. Firmicutes and Bacteroidetes were the two major
phyla dysregulated by diet treatment (Table 3).

Discussion

Pressure both internally from U.S. citizens and the
American government and externally from international
importers has forced the swine industry to assess its use
of growth-promoting antibiotics over the past 10-15
years. This study investigated the potential application of
dietary coconut oil as a substitute for antibiotic feed ad-
ditives. In brief, pigs given dietary coconut oil had simi-
lar growth rates and fecal microbial dynamics compared
to both those given antibiotic feed additives and those
fed a diet without antibiotic additives. Therefore, this
work indicates that antibiotics are not necessary for the
maintenance of general health, growth, and gut micro-
bial dynamics in pigs.

The majority of differences within growth parameters
between diet treatment groups occurred within the first
7-14d on the diet trial, corresponding with the critical
post-weaning period. The FCR was greater for the
NABX pigs in the first week post-weaning as compared
to either ABX or COC pigs. Although we did not note
severe diarrhea in any treatment group at any point dur-
ing the study, the NABX pigs did have more watery
stools the first 2 weeks post-weaning and on diet trial. It
is possible that this group was not as efficient at growth
around the critical weaning time period. In fact, the
weight of pigs at weaning and the diet onto which they
are creep-fed have long-term effects on the growth per-
formance of pigs [14]. On the other hand, by the age of
38d or 14d on diet trial, COC pigs had a higher FCR
and a lower weight gain than the ABX group. This could
be due to an effect of the COC itself or it could be indir-
ect due to a dislike for the flavor of coconut oil leading
to decreased feed consumption. Irrespective of these ini-
tial differences in growth parameters between the
groups, over the course of the study the growth parame-
ters became very similar between the treatment groups.
This finding indicates that not only is dietary coconut oil
not necessarily beneficial to growth in pigs but that anti-
biotic supplementation does not appear to be necessary
either. In fact several other studies have demonstrated
that pigs receive minimal [15, 16] or no benefit [17]
from dietary antibiotic supplementation as long as the
animals are housed in an “all-in, all-out” system with
good biosecurity.

All diet treatments had a decrease in fasting glucose at
45 d of age; however, only the COC-fed pigs had a de-
crease in fasting serum insulin levels at 45 and 71 d of
age. During this same time period (d45), ADFI increased
dramatically for all treatment groups. It is possible that
increased efficiency of glucose uptake into cells around
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this time period resulted in decreased fasting glucose
and increased food intake. Coconut oil has been shown
to improve insulin sensitivity in diet-induced insulin re-
sistant rats [18] and glycemic control in obese pigs [19].
Therefore, our study suggests that dietary coconut oil
may also improve insulin sensitivity in lean animals. The
coconut oil diet was enriched in medium chain fatty
acids (MCFA) and had less polyunsaturated fatty acids
(PUFA) compared to the ABX and NABX diets which
contained soybean oil. Therefore, it is not surprising that
COC-fed pigs had an increased percentage of MCFA
and saturated long chain fatty acids (LCFA) in their back
fat compared to soybean oil-fed pigs. Interestingly, the
back fat of COC-fed pigs had decreases in both omega 3
and omega 6 PUFAs compared to the back fat of either
the ABX- or NABX-fed pigs. However, the back fat of
COC-fed pigs had increased amounts of vaccenic acid as
compared with ABX and NABX-fed pigs. Vaccenic acid,
a cis-isomer of oleic acid, is naturally found in dairy
products and meat from ruminant animals [20]. Vacce-
nic acid is a precursor of conjugated linoleic acid (CLA)
and may contain anti-atherosclerotic properties and im-
prove body composition [21] and lipid profile [22].

A healthy gut microbiome is paramount to adequate
systemic immune health. Several studies have demon-
strated that microbial supplementation bolsters gut
health and immune function in the presence of infection
[23-28]. Modulation of gut immunity during the critical
windows of weaning and creep feeding has the most in-
fluence on innate immunity and may maximize pig
growth performance [29]. While the interrelationship
between microbial dynamics and gastrointestinal im-
mune regulation has been investigated previously in neo-
natal pigs [30, 31], our study focused on dietary
intervention in post-weaning pigs not influenced by the
maternal microbiome. Although an overall effect of diet
treatment on fecal microbiome was not found, the fecal
microbiome on d24 was distinctly different from all
other age timepoints. The sow microbiome has a signifi-
cant influence on the suckling piglet fecal microbiome
[32] which likely resulted in the different clustering of
the microbiome for d24 (day of weaning) as opposed to
d31, d45 and d71. However, by 7 d post-weaning or d31
of age, the fecal microbiome had become substantially
different from the fecal microbiome on the day of wean-
ing or d24 of age. This finding corresponds with the
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literature which has found that the maturation of the
piglet fecal microbiota stabilizes by 10 days of age [33].

There was no significant change in microbial dynamics
in response to a diet containing coconut oil, but rather a
shift in the microbiome of COC-fed pigs as compared
with ABX- and NABX-fed pigs. Similar to studies of
other potential dietary antibiotic substitutes, we found a
higher ratio of Bacteroidetes:Firmicutes and specifically
higher Prevotella and Lachnospiraceae [34, 35]. Interest-
ingly, this study also found an increase in Ruminococca-
ceae species which are important for caproic acid
utilization and production [36]. Taken together, these
data indicate that while microbial community dynamics
were not altered by diet treatment, alteration of distinct
microbial taxa occurred in response to coconut oil as
opposed to soybean oil. Unsurprisingly, there was a dif-
ferent clustering of the ileal (small intestine) as opposed
to fecal (large intestine) microbiome which corresponds
to what has been found previously for these types of
samples [37].

Although a study of the effect of dietary coconut oil on
systemic inflammation has not been conducted, MCT fed
to obese male mice has been shown to ameliorate insulin
resistance and systemic inflammation approximated by
IL-6 serum levels [38]. COC-fed pigs had similar concen-
trations of serum IL-8, a pro-inflammatory cytokine made

by macrophages which is chemotactic for neutrophils
throughout the study. However, this cytokine peaked for
NABX-fed pigs on d31 and for ABX-fed pigs on d45.
Similarly, IL-18, another pro-inflammatory cytokine,
peaked in the serum on d31 in NABX-fed pigs and on d45
there was a massive increase in the ABX-fed pigs. This
dramatic change in serum IL-1f concentrations is unlikely
to be related to cortisol, because cortisol concentrations
were consistent among diet treatments at d45. As men-
tioned above, severe diarrhea was not noted in any treat-
ment group during the study nor were any pigs severely
ill. The large increase in serum IL-15, in the ABX-fed
group is possibly indicative of a subclinical infection in
that group. Therefore, COC-fed pigs did not have elevated
pro-inflammatory cytokine levels compared with pigs fed
either the ABX or NABX diets. These results demonstrate
that the ABX pigs had their greatest concentrations of cir-
culating pro-inflammatory cytokines at d45, whereas for
NABX pigs their greatest concentrations of circulating
pro-inflammatory cytokines were at d31. Interestingly, the
NABX-fed pigs had increases in the anti-inflammatory
cytokine, IL-10 on d31 and d45 of the study. By contrast
serum levels of the anti-inflammatory cytokine, IL-4, were
quite low in all diet treatments throughout the study and
minimally changed. As these cytokines are important to T
cell differentiation and function and the adaptive immune
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response, the serum IL-10 and IL-4 data indicate that
dietary coconut oil did not impede anti-inflammatory
function.

Interestingly, although there was not a difference in
serum cortisol levels between diet treatments, there was
a dip in serum cortisol for all diet treatments at 31 d of
age or 7 d post-weaning. Although salivary cortisol levels

in growing pigs have been shown to decrease steadily
overtime post-birth [39], a decrease at 31 d of age
followed by a rebound thereafter has not been previously
demonstrated. This decrease in serum cortisol although
statistically significant is minimally significant from a
physiologic perspective as it not correlated with changes
in either growth or immune function parameters.

Table 3 Differentially expressed bacterial OTU copy number in fecal samples by diet treatment’

ABX CocC NABX P-value Bacterial taxonomy

3897 887° 4042 0.04 Bacteroidetes; Bacteroidia; Prevotellaceae; Prevotella

1537 293P 227 0.02 Bacteroidetes; Bacteroidia; Bacteroidales; Bacteroidales S24-7

46° 216° 89° 0.01 Firmicutes; Clostridia; Clostridiales; Lachnospiraceae; Ruminococcus torques group

15° 201° 1250 0.01 Firmicutes; Clostridia; Clostridiales; Peptostreptococcaceae; Peptoclostriudium

1@ 23P 12%0 0.01 Firmicutes; Erysipelotrichia; Erysipelotrichales; Erysipelotrichaceae; Turicibacter

1@ 18% 530 0.02 Bacteroidetes; Bacteroidia; Bacteroidales; Porphyromonadaceae; Parabacteroides

2° 12° 420 0.03 Firmicutes; Clostridia; Clostridiales; Lachnospiraceae

3° 081° 0.8° 003 Bacteroidetes; Bacterodidia; Bacteroidales; Prevotellaceae; Prevotellaceae UCG-100
. . . I irmicutes; Clostridia; Clostridailaes; Lachnospiraceae; Coprococcus

'ABX: 2% soybean oil with antibiotics; COC: 2% coconut oil without antibiotics; NABX: 2% soybean oil without antibiotics; OTU: average over all ages is shown for
each diet treatment

2 Within rows, values with common superscripts are not different (P> 0.05)
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Conclusions

Overall these data demonstrate that antibiotic feed sup-
plementation does not improve overall immunity and
general health nor does it bolster growth of growing pigs
as compared with either dietary coconut oil or soybean
oil. As dietary coconut oil does not improve growth per-
formance and would be an added cost to the producer,
we do not recommend it as a replacement for growth-
promoting antibiotics. Therefore, as long as good biose-
curity is maintained, subclinical dosages of antibiotics in
feed rations are not necessary to optimize health and
growth in young pigs nor does dietary coconut oil im-
prove these parameters.
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