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Simple Summary: Selection for hyperprolific sows has increased litter sizes but has also increased the
number of small piglets per litter. A large percentage of these piglets have been exposed to intrauterine
growth restriction (IUGR) during gestation, and this is accompanied by higher mortality and reduced
growth in pig production. In humans, IUGR is associated with long-term health consequences such
as cardiovascular disease, as well as metabolic diseases such as type 2 diabetes. It is therefore of
interest to study the gut microbiota (GM) of IUGR compared to normal piglets, as a well-balanced
GM is associated with improved health outcomes. Differences in feces color was associated with
different metabolite signatures and specific GM signatures. Understanding these differences in the
composition of the microbial community and its functional capacity during weaning is important for
pig production, as the GM play important roles in pig health and growth performance.

Abstract: A well-balanced gut microbiome is associated with improved health outcomes, but to
date, the GM of IUGR piglets have only been sparsely investigated. Here, we investigated GM
composition, color of colon content, and blood parameters of 20 IUGR and 20 normal 24-day-old
piglets. No significant differences were detected in colon microbiota composition between IUGR
and the normal piglets with respect to alpha and beta diversity measures. The colon content of
these piglets displayed three colors: brown, black, and yellow. Interestingly, the color of the colon
content varied with microbial community composition, with significant differences in the relative
abundance of taxa belonging to Fusobacteria and Treponema. Fusobacteria were most abundant in
yellow fecal samples, with a mean relative abundance around 5.6%, whereas this was 0.51% within
brown and 0.02% for the black fecal samples. Fusobacteria positively correlated with total blood
protein, albumin, and triglycerides. Contrarily, Treponema was at 0.9% the most abundant in black
fecal samples, while present at 0.1% of relative abundance in brown fecal samples and 0.01% in yellow
samples, correlating positively with blood iron content. This study indicates that colon/fecal content
color can be used as indicator for specific GM and metabolite signatures.
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1. Introduction

Intrauterine growth restriction (IUGR) is defined as the impaired development of the mammalian
fetus or its organs during gestation. The main cause of IUGR is an insufficiency of the placenta in
distributing enough nutrients and oxygen to the offspring [1]. IUGR is a significant problem in human
neonatology, affecting approximately 5-10% of human neonates, where it also predisposes for later
development of, for instance, cardiovascular disease [2], as well as postnatal diabetes and impaired
insulin action [3].

It is also a large problem in pig production, affecting approximately 15-20% of piglets [4-6].
Breeding selection for increased litter size has resulted in increased number of small piglets at birth,
in particular those affected by IUGR [7]. Moreover, this condition may increase the risk of neonatal
morbidity and affect the piglets” postnatal growth performance [8,9]. Studies have also reported the
predisposition to necrotizing enterocolitis in preterm growth-restricted neonates [10,11], even though
conflicting results have been reported [12]. The intestinal microbiota of IUGR piglets could play a role
in specific predispositions; its initial composition is likely to be altered by IUGR, as it delays perinatal
intestinal development and strongly interacts with intestinal physiology [13]. Only a few studies have
investigated the gut microbial community structure of IUGR mammals. Fanca-Berthon et al. [13] found
that IUGR not only modifies the cecocolonic microbiota in neonatal rats, but also affects short-chain
fatty acid production in young adult rats. In adulthood, rats with IUGR still differed from controls,
harboring fewer Bifidobacterium spp. at day 40 and more bacteria related to Roseburia intestinalis at day
100 [13].

More recently, Zhang et al. [14] identified alterations of small intestinal microbiota in IUGR piglets
at 7,21, and 28 days of age. Huang et al. [15] have reported on the characteristics of the gut microbiota
(GM) colonization, inflammatory profile, and plasma metabolome in IUGR piglets during the first 12 h
after birth. An increased abundance of Escherichia/Shigella and decreased abundance of Clostridium in
IUGR piglets was closely associated with the alterations of weight, intestinal morphology, inflammatory
cytokines, and plasma metabolites for the first 12 h after birth. Huang et al. [15] concluded that an
unbalanced GM mediated by IUGR contributes to the development of inflammation and metabolic
diseases. Previously, stool consistency has been linked with specific gut microbial profiles [16], but
whether other, visual traits of fecal matter, such as color is linked to specific gut microbial signatures
and host phenotype remains poorly understood. However, stool color can aid in the evaluation of
the health state of infants, for example by screening for biliary atresia [17-19]. Stool color is hence a
potential indicator of the health status at early age, e.g., reflecting bile flow and similar physiological
factors. Further insights and indicative power might be gained from investigating stool color also in
relation to the microbial composition at early life, whereas at an older age, a complex diet might be
masking color to health correlations.

In this study, our aim was to investigate GM composition and its correlation with physiological
biomarkers and stool color in newly weaned IUGR and normal piglets (day 24). Therefore, we
quantified the gut microbial communities of the large intestine as well as colon content color and
several immunological and metabolic parameters in blood.

2. Materials and Methods

2.1. Ethical Approval

The experiment was carried out with respect to ethical procedures for animal experimentation
and with approval from the Danish Animal Experimentation Inspectorate, license number
(2016-15-0201-01018).

2.2. Experimental Design

The pigs were from a commercial piggery with 1600 sows (Danish Landrace and Danish Yorkshire
(Danbred sows)) and were a subsample of a larger growth trial involving 284 piglets from 64 different
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sows over a time period of 5 weeks (see Lynegaard et al. [9]). Piglets were visually graded and
categorized as either IUGR or normal on the basis of their headshape at birth (modified after the
characteristics from [20,21]). An IUGR piglet included one or more of the following characteristics:
(a) steep, dolphin-like forehead; (b) bulging eyes; and (c) wrinkles perpendicular to the mouth. If none
of the criteria were applied, the piglet was defined as normal. For each IUGR piglet identified in a litter,
one corresponding normal piglet from the same litter was chosen and ear tagged, and gender was
balanced for when possible (i.e., a male IUGR piglet and a male normal piglet or the same for female
piglets were selected when present in the litter). Each week (for 4 consecutive weeks), 10 piglets were
pre-weaned and brought into the experimental facilities for sampling at 24 days of age (5 IUGR and
5 normal, each the same age per week) for the purpose of this study. Of the normal piglets, 9 males
and 11 females were selected, and of the IUGR piglets, 11 males and 9 females were selected.

The diets of sows and piglets are presented in [9]. Briefly, sows had ad libitum access to drinking
water and were fed a commercially formulated wheat-barley—soybean meal mast diet (Vilomix A/S,
Meorke, Denmark) according to Danish recommendations [22]. All farrowing pens were installed with
automatic milk cups, where the piglets had access to milk replacer (Schils, Sittard, the Netherlands)
from day 1. Three to four times daily from day 14, the piglets received a handful (approximately 75 g,
+20 g) of dry feed (Danish New Wean feed; Danish Agro, Karise, Denmark).

2.3. Inspection of Colon Content Color

The colon content color was recorded by visual inspection, as was also done by Bekkali et al. [23],
who used visual inspection and photography for the presentation of fecal colors found in their study
“Infant Stool Form Scale: Development and Results”. Three colors were identified: yellow, brown, and
black. Photographs were taken with a digital camera.

2.4. Blood and Tissue Sampling

On day 24, piglets were transported to research facilities at the University of Copenhagen and
were blood sampled within 1 h after arriving to the facilities. Five blood samples were taken from
each piglet (results presented in Amdi et al. [24]). Briefly, the first sample was taken in a 1.8 mL
citrate stabilized tube for thromboelastografy (TEG) and fibrinogen analysis. The second and third
samples were taken into heparinized tubes for the lipopolysaccharides (LPS) challenge on blood,
and phenotyping of peripheral leukocytes by flow cytometry. The fourth sample was taken in a
4.0 mL tube (Ethylenediaminetetraacetic acid (EDTA)) for hematology (CBC/Diff/Retic), and finally the
fifth sample was taken in a 4.0 mL tube for serum and spun down, with the serum frozen for later
analysis of Insulin-like growth factor 1 (IGF-1) and biochemistry. The tubes for TEG were taken to a
nearby lab for immediate processing, which was done likewise for the tubes for the LPS challenge.
The hematology profile was analyzed on an Advia 2120 Hematology System (Siemens Healthcare
Diagnostics, Tarrytown, NY, USA), and the serum analyses for biochemistry were assayed using an
108 Advia 1800 Chemistry System (Siemens Healthcare Diagnostics, Tarrytown, NY, USA).

2.5. Flow Cytomtery and Cytokine Analysis

Peripheral blood mononuclear cells (PBMC) were obtained from heparinized blood samples by
differential centrifugation using histopaque 1.077 (Sigma-Aldrich). Flow cytometric analysis of T cell
and B cell populations and production of Interleukin (IL)-8, IL-6, IL-1§3, IL-10, and Tumor necrosis factor
alpha (TNFx) from PBMC following LPS stimulation was assessed as described by Amdi et al. [24].

2.6. Sampling of Colon Content

The piglets (n = 20 per type) were anaesthetized with an intramuscular injection of a Zoletil
mix (Zoletil 50; Virbac, Kolding, Denmark) containing xylacin (Narcoxyl 20 mg/mL; MSD Animal
Health, Ballerup, Denmark), ketamine (Ketaminol 100 mg/mL; MSD Animal Health), and butorphanol
(Torbugesic 10 mg/mL; ScanVet, Fredensborg, Denmark), and were left covered in a pen filled with
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straw to achieve deep anesthesia. Pigs were then weighed on a digital scale, and dual-energy X-ray
absorptiometry (DXA) scanned (Lunar Prodigy Advance; GE Healthcare, Chicago, IL, USA), providing
readings of body fat and muscle mass (presented in Lynegaard et al. [9]). The piglets were euthanized
with an intracardial injection of 2 to 3 mL pentobarbital (200 mg/mL), and organs were removed and
the total colon content was removed. The color of the colon contents differed and was hence recorded
on the basis of three categories—black, brown, and yellow.

2.7. Extraction of Total Colon Content DNA

Colon content was homogenized with 1 M phosphate buffered saline (PBS), in a stomacher bag
for 2 x 60 s using the Stomacher (Stomacher 400; Seward, Worthing, United Kingdom) at normal speed.
Genomic DNA was extracted from the pellet of 1 mL fecal slurry using the Power Soil Kit protocol
(MoBio Laboratories, Carlsbad, CA, USA). The FastPrep bead-beating step was performed in 3 cycles
of 15 s each at a speed of 6.5 M/s in a FastPrep-24 Homogenizer (MP). DNA quantity and quality were
measured using a NanoDrop 1000 (Thermo Scientific, Waltham, MA, USA).

2.8. 165 rRNA Gene Library Preparation

The colon microbiota composition was determined using tag-encoded 165 rRNA gene
NextSeg-based (Illumina, CA, USA) high throughput sequencing. The V3 region of the 16S rRNA
gene was amplified using primers compatible with the Nextera Index Kit (Illumina, San Diego, CA,
USA) NXt_338_F: 5'-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGACWCCTACGGGWGG
CAGCAG-3 and NXt_518_R: 5'-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGATTACCGCG
GCTGCTGG-"3 [25] the PCR reactions and library preparation was conducted as described in
Krych et al. [26].

2.9. High Throughput Sequencing and Data Integration

For bioinformatic processing, the raw sequencing reads were merged and trimmed. Chimeras
were removed and zero-radius operational taxonomic units (zOTUs) were constructed using UNOISE
algorithm implemented in Vsearch [27,28]. Greengenes (version 13.8) database was used as reference
for classification. Qiime?2 [29] (2019.04) was used to process the forward analysis. Rare zOTUs with
frequency below 0.1% of the mean library size were removed and filtered. zOTU table was rarified
to adequate sample depth (65,000 counts) for alpha (Shannon index) and beta diversity calculation.
In order to ensure consistent sequencing depth, we removed samples without adequate library size
(<100 counts), which resulted in n = 19 and 17, respectively, for IUGR and NORMAL groups.

2.10. Statistical Analysis

For pairwise comparison of alpha diversity index, we applied the Wilcoxon rank test. Principal
coordinate analysis (PCoA) was conducted on unweighted and weighted Unifrac distance, permanova
was performed to detect statistical difference between groups, and p-values were adjusted after pairwise
tests. For zOTU enrichment analysis, we adopted Deseq2 to identify enriched zOTUs between the
normal and IUGR at week 3 and week 4. Specific taxa comparison among groups was analyzed by
ANCOM with default setting in qiime2. For the different taxon found with ANCOM, we adopted the
Wilcoxon rank test for pairwise tests, adjusted by the Benjamini-Hochberg procedure. The Pearson
correlation analysis implemented in Rhea [30] was conducted between relative abundance of genera
and the phenotype data after centered log-ratio data transformation. The correlation pairs with
adjusted p-value < 0.05 were plotted in a scatter plot with linear regression using the default setting of
Rhea. The production results were analyzed in SAS (GLM procedure of SAS; SAS Inst. Inc., Cary, NC,
USA), testing the difference between IUGR and normal piglets in the model. Means were separated
using the PDIFF option and presented as least square means + SEM and considered significant when
p < 0.05and a tendency when p < 0.10.
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3. Results

3.1. Production Results

The birth weight of normal piglets was 1.51 + 0.045 kg and for IUGR piglets was 0.77 + 0.016 kg
(p < 0.001), and the body weight at day 24 (sampling time) was 6.84 + 0.313 kg and 4.53 + 0.174 kg for
normal and IUGR piglets, respectively (p < 0.001), as presented in Amdi et al. [24]. Normal piglets
had an average daily gain (ADG) of 222 + 19 g/day and IUGR piglets had an ADG of 157 + 14 g/day
(p < 0.001).

3.2. Gut Microbiota (GM)

No significant differences between normal and IUGR piglets were detected in alpha diversity
measures (Shannon Index of 0.594). Similarly, no significant differences were detected in beta diversity
(weighted Unifrac, R = 0.0097, p = 0.96; unweighted Unifrac, R = 0.02, p = 0.81) when comparing
all IUGR (n = 17) and normal piglets (n = 19). Although the gut microbiota did not differ between
the IUGR and normal piglets, when investigating combined piglet litters at all 4 weeks, we could
detect differences between the IUGR and normal piglets for week 3 (IUGR, n = 5; normal, n = 4) and
week 4 (IUGR, n = 4; normal, n = 5), suggesting a litter/week effect. The comparison of IUGR and
normal piglets with regard to beta diversity identified differences for week 3 on unweighted Unifrac
metrices, whereas the piglet groups differed both on weighted and unweighted metrices at week 4
(n =5, normal; n = 4, IUGR). Figure 1 displays weighted Unifrac PCoA plots of the normal and IUGR
GM samples for each week. No separation was found for week 1 and 2 (week 1 weighted Unifrac,
p = 0.414; unweighted Unifrac, p = 0.86; week 2 weighted Unifrac, p = 0.442; unweighted Unifrac
p = 0.22), whereas separation between the groups was found for week 3 weighted Unifrac, p = 0.268,
and unweighted Unifrac, p = 0.041, and week 4 weighted Unifrac, p = 0.048, and unweighted Unifrac,
p = 0.037. Furthermore, we found that the piglets differed on both Unifrac distance metrics at different
weeks, indicating that there might have been a sow effect (week) (see Table 1).

Weighted Unifrac PCoA
Group effect, R2= 0.0097 , P= 0.97
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Figure 1. Gut microbiota (GM; as determined by V3 16S rRNA gene amplicon sequencing) of the
intrauterine growth-restricted (IUGR) and normal piglet colon content for weeks 1, 2, 3, and 4.
Each week, five IUGR and five normal piglets were sacrificed for the study: principal coordinate
analysis (PCoA) plots of week 1 weighted Unifrac, p = 0.414; week 2 weighted Unifrac, p = 0.442; week 3
weighted Unifrac, p = 0.268; week 4 weighted Unifrac, p = 0.048.

The differences in relative abundance of zOTUs in IUGR and normal piglet samples for week 3 and
4 are displayed in Figure 2A. Figure 2B displays the zOTUs of the IUGR and normal piglets at weeks 3
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and 4, for which we identified significant differences between the groups but had no consensus. When
looking at the GM of the IUGR and normal piglets at week 4, we found significant differences (adjusted
p < 0.01) by Deseq? in the abundance of several zOTUs across the group, with the exception of one of
the IUGR samples due to inadequate library size (right side IUGR group). At week 4, the [UGR samples
displayed an elevated relative abundance of some zOTUs belonging to the order Bacteroidales, as well
as the order Clostridales, and some belonging to the family of Ruminococcaceae, among a few others
(Prevotella, family Porphyromonadaceae) (Figure 2A,B), whereby the normal piglets displayed other
zOTUs at a relatively elevated level, though not across all weeks. We also investigated correlations of
GM with bodyweight and did not identify any significant correlation.
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Figure 2. (A,B) Statistically enriched zero-radius operational taxonomic units (zOTUs) in normal and
intrauterine growth-restricted (IUGR) at week 3 (A) and week 4 (B). Log2Foldchange represents the
abundance fold change of normal piglets with respect to IUGR after log?2 transformation.



Animals 2020, 10, 1073 7 of 15

Table 1. Numbers of intrauterine growth-restricted (IUGR) and normal piglet colon content of
different colors.

Piglet Yellow Black Brown
IUGR 5 4 11
Normal 11 4 5
Total number 16 8 16

3.3. Colon Color and GM

When dissecting the colons of the piglets and sampling the colon content, we found it to be evident
that the piglets fell into three different color categories of colon matter—black, brown, and yellow
(Figure 3). Figure 3 depicts the color of the colon content when zoomed into during the preparation of
colon content for DNA extraction (see the Supplementary Materials for pictures of sample tubes with
samples content).

Figure 3. A zoomed view into the colon content: sample 26 (black), sample 35 (yellow, homogenized),
and 31 (brown, homogenized).

The colon microbiome of yellow colon content was found to be significantly less diverse than
black content, as determined by Shannon’s diversity index (Figure 4). Similarly, the colon microbiota
community composition of yellow samples were significantly different from both black and brown
colon content samples (unweighted UniFrac, R = 0.14, p = 0.001, and weighted Unifrac, R = 0.14,
p = 0.013) (Figure 5A,B). Two genera were identified to significantly contribute to this separation, as
indicated in Figure 6A—C. Fusobacterium displayed a significantly higher relative abundance in the
yellow colon content, whereas Treponema was significantly more abundant in black colon content.

Alpha diversity
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Figure 4. Alpha diversity identified in yellow, brown, and black colon content of normal and intrauterine
growth-restricted (IUGR) piglets at weaning.
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Figure 5. PCoA plot based on weighted (A) and unweighted (B) Unifrac matrices. Each dot represents
the GM community of one sample grouped according to colon content color—yellow, brown, and black.

Solely looking at the grouping of the colon content according to color, we observed via ANCOM
significantly more Fusobacteria on the phyla level in the yellow colon content compared to the brown
and black colon content (Figure 6A). Figure 6B,C displays the difference in genera composition of the
GM belonging to the yellow, brown, and black fecal samples. The relative abundance of two OTUs
of the genera Fusobacterium and Treponema were identified by ANCOM as differing significantly
in the colon content of different colors (Figure 6C). As for log scale-transformed counts of zOTUs
classified with top hits from Ez taxon for Fusobacterirum and Treponema, when all samples were
rarefied to 65,000 and log ratio transformed via the Top Hits Ez Taxon Using ezTaxon, we found that the
Fusobacterium, which differed significantly, might belong to an unknown species of the Fusobacterium
or of Fusbacterium mortiferum, perfoetens, or varium. For Treponema, most hits were also acquired for an
unknown genus of Treponema, besides that a few hits for Treponema porcinum and brennaborense, as
well as the suis species.

The relative abundances of these genera were subsequently correlated to all measured parameters
in Amdi et al. [24] (see Figure 7). We identified a significant correlation for a few parameters.
Fusobacterium positively correlated with total blood protein (TP; p = 0.005), albumin (p = 0.02), and
triglycerides (p = 0.01), whereas Treponema was most abundant in black colon content, correlating
positively with iron (p = 0.04) but negatively with total protein (p = 0.03) (Figure 7).
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Figure 6. (A) Phyla distribution present in yellow (Y), brown (BR), and black (BL) fecal samples
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(intrauterine growth-restricted (IUGR) and normal); (B) distribution of genera across yellow, brown,

and black fecal samples; (C) overview of the relative abundance of genera present in yellow, brown, and
black colon content, as determined by 16S rRNA gene V3-region amplicon sequencing. * indicates a
significance at p < 0.05, ** indicates a significance at p < 0.01 and *** indicates a significance at p < 0.001.
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Figure 7. Correlation of significantly different taxa with blood parameters: (A) Fusobacterium and

albumin, (B) Fusobacterium and total protein, (C) Fusobacterium and triglycerides, (D) Treponema and

iron, (E) Treponema and total protein (cut-off for scatter plot was p-value < 0.05 and coefficient > 0.5).
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4. Discussion

Understanding the composition of the microbial community and its functional capacity during
weaning is important for pig production, as bacteria play important roles in pigs” health and growth
performance. Currently, limited information is available regarding the composition and function of the
GM of piglets in early life [31]. IUGR is also a large problem in pig production, affecting approximately
15-20% of piglets [5,6,32], and the GM of IUGR piglets is, as of yet, not well understood. In this
study, we investigated the gut microbial communities of normal and IUGR piglets. When solely
looking at the microbiota identified from the normal piglets, we found community compositions
similar to those reported by others. The microbiota of the healthy piglets displayed a proportion
of phyla around 50-80% of Firmicutes, 20-48% of Bacteroidetes, 0.1-4% Proteobacteria, and 0-17%
Fusobacteria, and thus the composition is comparable to that reported by others around the same age
after weaning [33,34].

In this study, we found no significant differences in alpha and beta diversity of the GM sampled
from the colon of freshly weaned piglets grouped into the IUGR (n = 20) and normal piglets (1 = 20)
and sacrificed over the course of 4 weeks. Recently, Zhang et al. [14], who investigated the microbiota
present in the small intestine, reported significant differences in the GM of IUGR and normal piglets
(when investigating 48 piglets from 24 litters). Zhang et al. [14] selected piglets on the basis of average
litter weight, and IUGR piglets were in their study classified as being within the 10% lower mean birth
weight [14]. The piglets in the study by Zhang et al. [14] were not necessarily IUGR. In comparison,
the normal piglets in the current study were somewhere in between the IUGR and normal piglets
used by Zhang et al. [14]. Danish sows are highly hyperprolific, and the average birth weight is lower
than in many other countries [32]. By selecting piglets by the head morphology as done in our study,
we selected for piglets that had been subjected to brain sparing and thereby true intrauterine growth
restriction, as discussed in [35].

Additionally, our study differed from the study of Zhang et al. [14], as they identified differences
in alpha and beta diversity using the 165 rRNA sequencing (V3-V4), while we used the V3-region
in this study. They investigated alterations of small intestinal microbiota in IUGR piglets of 7, 21,
and 28 days of age, whereas we investigated the changes at day 24. The difference in experimental
approach—V3 versus V3 and V4, colon versus small intestine, and piglet age are likely to lead to
differences in findings when comparing studies with regard to the findings on a correlation of IUGR
with a gut microbial composition [14].

The less diverse small intestinal microbiota exposed to different physiological conditions of the
host might be more affected by the physiological changes accompanied by IUGR than the more diverse
and dense gut microbial community in the large intestine. However, when analyzing the batch per
week (week, n = 4), we could identify some separation, which might indicate that the experimental
design can be improved. For example, differences between batches are most likely also linked to
the influence by the sow, i.e., how well she milks, quality of passive immunity, etc., and how much
feed next to the sow the piglets consume. This is difficult to quantify, as there can be large variations
between pens [36]. No significant correlations of the GM with bodyweight was observed.

Stool color is a potential indicator of the health status at early age, e.g., reflecting bile flow and
similar physiological factors [17]. It is still not well understood as to which extend insights might
be gained from investigating stool color also in relation to the microbial composition at early life.
Che et al. [37] found differences in stool color of piglets that had been orally inoculated with human
fecal suspension compared to piglets that had been orally inoculated with pig fecal suspension where
the human flora-associated piglets produced feces that was yellow compared to the pig flora-associated
pigs that produced feces that was dark grey [37]. This might be an interesting avenue to be explored
for infant and weaner feces. At older age, a complex diet might be masking color to health correlations.
In farming, fecal color might be a useful visual indicator for piglet health for farmers and is hence
worthwhile exploring. Color of colon content can be a reflection of food and feed, wherein various
shades of brown are considered normal. The reason why stool is brown is because of normal production



Animals 2020, 10, 1073 12 0f 15

of bile; if there is a problem with bile flow, this may mean a problem in the bile ducts or liver, while
some colors are not considered normal, such as black and yellow. Black stool could indicate bleeding in
the stomach or the first part of the small intestine, and iron supplements can darken the stool to more
of a dark green [38]. Bright red stool usually suggests that blood is coming from the lower part of the
digestive system, such as the large intestine, rectum, or anus. Pale white or yellow stool can also signify
a problem. Color changes in stool are known to be mostly associated with dietary changes [38,39].
In the current study, it was most likely a mixture of health and dietary changes. Piglets had access to a
milk cup system, creep feed, as well as nursing at the sow, all factors that could potentially influence
changes in stool color.

Two genera were identified as significantly contributing to this separation, as indicated by Figure 6.
Fusobacterium displayed a significantly higher relative abundance in the yellow colon content, whereas
Treponema was significantly more abundant in the black colon content. We then correlated these genera
to all measured parameters and identified significant correlations for a few parameters. Fusobacterium
positively correlated with total blood protein, albumin, and triglycerides, whereas Treponema, most
abundant in black colon content, correlated positively with iron (Figure 7).

Treponema was most abundant in the black feces and is a genera that is associated with infections
in IUGR piglets [40], although it was not elevated in IUGR piglets in this study. To further support
these results, no differences were found in the blood biochemistry between IUGR and normal piglets,
for example, the albumin levels (34.9 g/L vs. 34.5 g/L; p = 0.796) and total protein levels (49.95 g/L vs.
47.65 g/L; p = 0.207) were similar in normal and IUGR pigs, respectively [24].

It has been reported that the genera Fusobacterium is closely correlated with diseases in
animals [40] and it is likely that pathobiont species are commonly present in the infant or inchoate
piglet gastrointestinal tract. Because inchoate piglets are highly susceptible to various diseases, whether
the proliferation of these potential pathogens has negative impact on piglet health warrants further
research [40]. It needs to be further investigated as to whether yellow fecal color is consistently
correlated with a relatively high abundance of Fusobacterium, and if this association is somewhat
relevant for piglet health. In the future, it would be also interesting to evaluate the correlation of fecal
color with the eukaryotic fraction of the microbiome including fungi. The increased level of blood
protein that correlated with Fusobacterium might be indicative for an inflammatory response, and hence
disease. As there is currently a large focus on reducing both antibiotic and zinc oxide usage in pig
production, further refinement of the relationship between stool color and intestinal health may be
a novel method for rapid, on-farm determination of piglets that require treatment. This may play
a role in more efficient and sustainable use of antimicrobials to promote health and performance in

young pigs.
5. Conclusions

In conclusion, no significant differences were detected in colon microbiota composition between
IUGR and normal piglets, but we observed that colon content had one of three different colors, namely,
brown, black, and yellow. The color of the colon content varied with microbial community composition,
with significant differences in the relative abundance of taxa belonging to the genera Fusobacteria and
Treponema. Fusobacteria were most abundant in yellow fecal samples and positively correlated with
total blood protein, albumin, and triglycerides. Contrarily, Treponema was most abundant in black fecal
samples and correlated positively with blood iron content. This study indicates that colon/fecal content
color can possibly be used as indicator for specific GM and metabolite signatures. Further research is
required to confirm if assessment of stool color may play a role in diagnosis and control of intestinal
disease and dysfunction.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2615/10/6/1073/s1;
Table S1: Unifrac distance metrics at different weeks and Figure S1: Examples of colon content samples in
falcon tubes.


http://www.mdpi.com/2076-2615/10/6/1073/s1

Animals 2020, 10, 1073 13 0f 15

Author Contributions: Conceptualization, M.W., D.S.N., and C.A.; methodology, M.W., YH., C.A.,, ARW,, and
D.S.N.; software, Y.H.; validation, M.W. and Y.H.; formal analysis, M.W. and Y.H.; investigation, A R.W., C.A.,
MW, J.C.L, NR.W,, Y.H., and D.S.N; resources, C.A., M.\W., ARW.,, and D.S.N.; data curation, Y.H. and M.W,;
writing—original draft preparation, M.W. and Y.H.; writing—review and editing, M.W,, YH., C A, ARW,, J.CL.,
N.R.-W,, and D.S.N,; supervision, D.S.N.; project administration, M.W. and C.A; funding acquisition, M.W., D.S.N.,
and C.A. All authors have read and agreed to the published version of the manuscript.

Funding: This research was partly funded by the Independent Research Fund Denmark under Technology
and Production Sciences (DFF, grant # 16-9 5054-00096B FIP), and the Innovation Foundation Denmark, grant
number 5190-00025B.

Acknowledgments: We thank the students and colleagues for helping with sampling—Pia Brandt, Ina Karlshej
Julegaard, Marlene Nytofte Nielsen, and Witold Kot—for assistance with generation of sequencing data.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Alexander, B.T. Placental Insufficiency Leads to Development of Hypertension in Growth-Restricted Offspring.
Hypertension 2003, 41, 457-462. [CrossRef] [PubMed]

2. Chan, PY.L,; Morris, ].M.; Leslie, G.L; Kelly, PJ.; Gallery, E.D.M. The Long-Term Effects of Prematurity and
Intrauterine Growth Restriction on Cardiovascular, Renal, and Metabolic Function. Int. . Pediatr. 2010, 2010,
280402. [CrossRef] [PubMed]

3.  Gatford, K.L.; Simmons, R.A.; De Blasio, M.].; Robinson, ].S.; Owens, ].A. Review: Placental Programming of
Postnatal Diabetes and Impaired Insulin Action after IUGR. Placenta 2010, 31, S60-S65. [CrossRef]

4. Amdi, C,; Jensen, L.L.; Oksbjerg, N.; Hansen, C.F. Supplementing newborn intrauterine growth restricted
piglets with a bolus of porcine colostrum raises rectal temperatures one degree Celsius. J. Anim. Sci. 2017, 95,
2968-2976. [CrossRef]

5. Che, L; Hu, L.; Zhou, Q.; Peng, X,; Liu, Y,; Luo, Y.; Fang, Z.; Lin, Y.; Xu, S.; Feng, B.; et al. Microbial
insight into dietary protein source affects intestinal function of pigs with intrauterine growth retardation.
Eur. ]. Nutr. 2020, 59, 327-344. [CrossRef]

6. Wu, G.; Bazer, F.; Wallace, J.; Spencer, T. Board-invited review: Intrauterine growth retardation: Implications
for the animal sciences. J. Anim. Sci. 2006, 84, 2316-2337. [CrossRef]

7. Foxcroft, GR,; Dixon, W.T,; Novak, S.; Putman, C.T.; Town, S.C.; Vinsky, M.D.A. The biological basis for
prenatal programming of postnatal performance in pigs. J. Anim. Sci. 2006, 84, E105-E112. [CrossRef]

8. Aucott, SSW.; Donohue, PK.; Northington, FJ. Increased Morbidity in Severe Early Intrauterine Growth
Restriction. J. Perinatol. 2004, 24, 435-440. [CrossRef]

9. Lynegaard, ].C.; Hansen, C.F,; Kristensen, A.R.; Amdi, C. Body composition and organ development of
intra-uterine growth restricted pigs at weaning. Animal 2019. [CrossRef]

10. Bernstein, ILM.; Horbar, ]J.D.; Badger, G.J.; Ohlsson, A.; Golan, A. Morbidity and mortality among
very-low-birth-weight neonates with intrauterine growth restriction. Am. ]. Obstet. Gynecol. 2000,
182, 198-206. [CrossRef]

11.  Manogura, A.C; Turan, O.; Kush, M.L.; Berg, C.; Bhide, A ; Turan, S.; Moyano, D.; Bower, S.; Nicolaides, K.H.;
Galan, H.L.; et al. Predictors of necrotizing enterocolitis in preterm growth-restricted neonates. Am. J.
Obstet. Gynecol. 2008, 198, 638.e631-638.€635. [CrossRef] [PubMed]

12.  Che, L.; Thymann, T.; Bering, S.B.; Le Huérou-Luron, I.; D’Inca, R.; Zhang, K.; Sangild, P.T. IUGR does
not predispose to necrotizing enterocolitis or compromise postnatal intestinal adaptation in preterm pigs.
Pediatric Res. 2010, 67, 54-59. [CrossRef] [PubMed]

13. Fanga-Berthon, P.; Hoebler, C.; Mouzet, E.; David, A.; Michel, C. Intrauterine Growth Restriction Not Only
Modifies the Cecocolonic Microbiota in Neonatal Rats But Also Affects Its Activity in Young Adult Rats.
J. Pediatr. Gastroenterol. Nutr. 2010, 51, 402-413. [CrossRef] [PubMed]

14. Zhang, W.; Ma, C.; Xie, P; Zhu, Q.; Wang, X.; Yin, Y.; Kong, X. Gut Microbiota of Newborn Piglets
with Intrauterine Growth Restriction have Lower Diversity and Different Taxonomic Abundances.
J. Appl. Microbiol. 2019, 127, 354-369. [CrossRef] [PubMed]

15. Huang, S.; Li, N,; Liu, C.; Li, T.; Wang, W.; Jiang, L.; Li, Z.; Han, D.; Tao, S.; Wang, J. Characteristics of the gut
microbiota colonization, inflammatory profile, and plasma metabolome in intrauterine growth restricted
piglets during the first 12 hours after birth. J. Microbiol. 2019, 57, 748-758. [CrossRef]


http://dx.doi.org/10.1161/01.HYP.0000053448.95913.3D
http://www.ncbi.nlm.nih.gov/pubmed/12623943
http://dx.doi.org/10.1155/2010/280402
http://www.ncbi.nlm.nih.gov/pubmed/21197428
http://dx.doi.org/10.1016/j.placenta.2009.12.015
http://dx.doi.org/10.2527/jas2017.1482
http://dx.doi.org/10.1007/s00394-019-01910-z
http://dx.doi.org/10.2527/jas.2006-156
http://dx.doi.org/10.2527/2006.8413_supplE105x
http://dx.doi.org/10.1038/sj.jp.7211116
http://dx.doi.org/10.1017/S175173111900171X
http://dx.doi.org/10.1016/S0002-9378(00)70513-8
http://dx.doi.org/10.1016/j.ajog.2007.11.048
http://www.ncbi.nlm.nih.gov/pubmed/18191804
http://dx.doi.org/10.1203/PDR.0b013e3181c1b15e
http://www.ncbi.nlm.nih.gov/pubmed/19816236
http://dx.doi.org/10.1097/MPG.0b013e3181d75d52
http://www.ncbi.nlm.nih.gov/pubmed/20601908
http://dx.doi.org/10.1111/jam.14304
http://www.ncbi.nlm.nih.gov/pubmed/31077497
http://dx.doi.org/10.1007/s12275-019-8690-x

Animals 2020, 10, 1073 14 0f 15

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Vandeputte, D.; Falony, G.; Vieira-Silva, S.; Tito, R.Y.; Joossens, M.; Raes, ]. Stool consistency is strongly
associated with gut microbiota richness and composition, enterotypes and bacterial growth rates. Gut 2016,
65,57-62. [CrossRef] [PubMed]

Chen, S.-M.; Chang, M.-H.; Du, J.-C,; Lin, C.-C.; Chen, A.-C.; Lee, H.-C.; Lau, B.-H.; Yang, Y.-J.; Wu, T.-C,;
Chu, C.-H.; et al. Screening for biliary atresia by infant stool color card in Taiwan. Pediatrics 2006, 117,
1147-1154. [CrossRef] [PubMed]

Gu, Y.-H.; Yokoyama, K.; Mizuta, K.; Tsuchioka, T.; Kudo, T.; Sasaki, H.; Nio, M.; Tang, J.; Ohkubo, T,;
Matsui, A. Stool Color Card Screening for Early Detection of Biliary Atresia and Long-Term Native Liver
Survival: A 19-Year Cohort Study in Japan. J. Pediatr. 2015, 166, 897-902.e891. [CrossRef] [PubMed]

Lien, T.-H.; Chang, M.-H.; Wu, ].-F; Chen, H.-L.; Lee, H.-C.; Chen, A.-C.; Tiao, M.-M.; Wu, T.-C,; Yang, Y.-J.;
Lin, C.-C.; et al. Effects of the infant stool color card screening program on 5-year outcome of biliary atresia
in taiwan. Hepatology 2011, 53, 202-208. [CrossRef]

Hales, J.; Moustsen, V.A.; Nielsen, M.B.F.; Hansen, C.F. Individual physical characteristics of neonatal piglets
affect preweaning survival of piglets born in a noncrated system. J. Anim. Sci. 2013, 91, 4991-5003. [CrossRef]
Chevaux, E.; Sacy, A.; Le Treut, Y.; Martineau, G. IntraUterine Growth Retardation (IUGR): Morphological
and behavioural description. Proc. 21st Ipvs Congr. Vanc. Can. 2010, 84, 209.

Tybirk, P; Sloth, N.M.; Jergensen, L.].S. Normer for naeringsstoffer. In Nutrient Requirement Standards, 24th ed.;
SEGES Pig Research Centre: Copenhagen, Denmark, 2016; In Danish.

Bekkali, N.; Hamers, S.L.; Reitsma, ].B.; Van Toledo, L.; Benninga, M. A. Infant Stool Form Scale: Development
and Results. . Pediatr. 2009, 154, 521-526.521. [CrossRef]

Amdi, C; Lynegaard, J.C.; Thymann, T.; Williams, A.R. Intrauterine growth restriction in piglets alters blood
cell counts and impairs cytokine responses in peripheral mononuclear cells 24 days post-partum. Sci. Rep.
2020, 10, 4683. [CrossRef] [PubMed]

Ovreas, L.; Forney, L.; Daae, F.L.; Torsvik, V. Distribution of bacterioplankton in meromictic Lake Saelenvannet,
as determined by denaturing gradient gel electrophoresis of PCR-amplified gene fragments coding for 165
rRNA. Appl. Environ. Microbiol. 1997, 63, 3367-3373. [CrossRef] [PubMed]

Krych, L.; Kot, W.; Bendtsen, K.M.B.; Hansen, A K.; Vogensen, EK.; Nielsen, D.S. Have you tried spermine?
A rapid and cost-effective method to eliminate dextran sodium sulfate inhibition of PCR and RT-PCR.
J. Microbiol. Methods 2018, 144, 1-7. [CrossRef] [PubMed]

Edgar, R.C. UNOISE2: Improved error-correction for Illumina 16S and ITS amplicon sequencing. bioRxiv
2016, 081257.

Rognes, T.; Flouri, T.; Nichols, B.; Quince, C.; Mahé, F. VSEARCH: A versatile open source tool for
metagenomics. PeerJ—]. Life Environ. Sci. 2016, 4, e2584. [CrossRef]

Bolyen, E.; Rideout, ].R.; Dillon, M.R.; Bokulich, N.A.; Abnet, C.C.; Al-Ghalith, G.A.; Alexander, H.; Alm, E.J.;
Arumugam, M.; Asnicar, F; et al. Reproducible, interactive, scalable and extensible microbiome data science
using QIIME 2. Nature 2019, 37, 852-857. [CrossRef]

Lagkouvardos, L; Fischer, S.; Kumar, N.; Clavel, T. Rhea: A transparent and modular R pipeline for microbial
profiling based on 165 rRNA gene amplicons. PeerJ—]. Life Environ. Sci. 2017, 5, €2836. [CrossRef]
Guevarra, R.B.; Hong, S.H.; Cho, ].H.; Kim, B.-R,; Shin, J.; Lee, ].H.; Kang, B.N.; Kim, Y.H.; Wattanaphansak, S.;
Isaacson, R.E. The dynamics of the piglet gut microbiome during the weaning transition in association with
health and nutrition. J. Anim. Sci. Biotechnol. 2018, 9, 54. [CrossRef]

Amdi, C.; Krogh, U.; Flummer, C.; Oksbjerg, N.; Hansen, C.F,; Theil, PK. Intrauterine growth restricted
piglets defined by their head shape ingest insufficient amounts of colostrum. J. Anim. Sci. 2013, 91, 5605-5613.
[CrossRef] [PubMed]

Bian, G.; Ma, S;; Zhu, Z; Su, Y.; Zoetendal, E.G.; Mackie, R.; Liu, J.; Mu, C.; Huang, R.; Smidt, H. Age,
introduction of solid feed and weaning are more important determinants of gut bacterial succession in
piglets than breed and nursing mother as revealed by a reciprocal crossrocaltsnim model. Environ. Microbiol.
2016, 18, 1566—1577. [CrossRef] [PubMed]

Pajarillo, E.A.B.; Chae, ].-P; Balolong, M.P,; Kim, H.B.; Kang, D.-K. Assessment of fecal bacterial diversity
among healthy piglets during the weaning transition. J. Gen. Appl. Microbiol. 2014, 60, 140-146. [CrossRef]
[PubMed]


http://dx.doi.org/10.1136/gutjnl-2015-309618
http://www.ncbi.nlm.nih.gov/pubmed/26069274
http://dx.doi.org/10.1542/peds.2005-1267
http://www.ncbi.nlm.nih.gov/pubmed/16585309
http://dx.doi.org/10.1016/j.jpeds.2014.12.063
http://www.ncbi.nlm.nih.gov/pubmed/25681196
http://dx.doi.org/10.1002/hep.24023
http://dx.doi.org/10.2527/jas.2012-5740
http://dx.doi.org/10.1016/j.jpeds.2008.10.010
http://dx.doi.org/10.1038/s41598-020-61623-w
http://www.ncbi.nlm.nih.gov/pubmed/32170117
http://dx.doi.org/10.1128/AEM.63.9.3367-3373.1997
http://www.ncbi.nlm.nih.gov/pubmed/9292986
http://dx.doi.org/10.1016/j.mimet.2017.10.015
http://www.ncbi.nlm.nih.gov/pubmed/29107603
http://dx.doi.org/10.7717/peerj.2584
http://dx.doi.org/10.1038/s41587-019-0209-9
http://dx.doi.org/10.7717/peerj.2836
http://dx.doi.org/10.1186/s40104-018-0269-6
http://dx.doi.org/10.2527/jas.2013-6824
http://www.ncbi.nlm.nih.gov/pubmed/24085405
http://dx.doi.org/10.1111/1462-2920.13272
http://www.ncbi.nlm.nih.gov/pubmed/26940746
http://dx.doi.org/10.2323/jgam.60.140
http://www.ncbi.nlm.nih.gov/pubmed/25273987

Animals 2020, 10, 1073 15 of 15

35.

36.

37.

38.

39.

40.

Hansen, C.; Hales, J.; Amdi, C.; Moustsen, V. Intrauterine growth-restricted piglets defined by their head
shape have impaired survival and growth during the suckling period. Anim. Prod. Sci. 2019, 59, 1056-1062.
[CrossRef]

Bruininx, E.; Binnendijk, G.; Van der Peet-Schwering, C.; Schrama, J.; Den Hartog, L.; Everts, H.; Beynen, A.
Effect of creep feed consumption on individual feed intake characteristics and performance of group-housed
weanling pigs. J. Anim. Sci. 2002, 80, 1413-1418. [CrossRef]

Che, C; Pang, X.; Hua, X.; Zhang, B.; Shen, J.; Zhu, ].; Wei, H.; Sun, L.; Chen, P,; Cui, L. Effects of Human Fecal
Flora on Intestinal Morphology and Mucosal Immunity in Human Floraitygy anima Piglet. Scand. |. Immunol.
2009, 69, 223-233. [CrossRef]

Duman, N.; Utkutan, S.; Ozkan, H.; Ozdogan, S. Are the stool characteristics of preterm infants affected by
infant formulas? Turk. . Pediatr. 2000, 42, 138-144.

Hyams, ].S.; Treem, W.R.; Etienne, N.L.; Weinerman, H.; MacGilpin, D.; Hine, P.; Choy, K.; Burke, G. Effect of
infant formula on stool characteristics of young infants. Pediatrics 1995, 95, 50-54. [PubMed]

De Witte, C.; Flahou, B.; Ducatelle, R.; Smet, A.; De Bruyne, E.; Cnockaert, M.; Taminiau, B.; Daube, G.;
Vandamme, P.; Haesebrouck, E; et al. Detection, isolation and characterization of Fusobacterium gastrosuis
sp. nov. colonizing the stomach of pigs. Syst. Appl. Microbiol. 2017, 40, 42-50. [CrossRef] [PubMed]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1071/AN17581
http://dx.doi.org/10.2527/2002.8061413x
http://dx.doi.org/10.1111/j.1365-3083.2008.02211.x
http://www.ncbi.nlm.nih.gov/pubmed/7770309
http://dx.doi.org/10.1016/j.syapm.2016.10.001
http://www.ncbi.nlm.nih.gov/pubmed/27816261
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Ethical Approval 
	Experimental Design 
	Inspection of Colon Content Color 
	Blood and Tissue Sampling 
	Flow Cytomtery and Cytokine Analysis 
	Sampling of Colon Content 
	Extraction of Total Colon Content DNA 
	16S rRNA Gene Library Preparation 
	High Throughput Sequencing and Data Integration 
	Statistical Analysis 

	Results 
	Production Results 
	Gut Microbiota (GM) 
	Colon Color and GM 

	Discussion 
	Conclusions 
	References

