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Abstract: Sialic acids are monosaccharides typically found on cell surfaces and attached to
soluble proteins, or as essential components of ganglioside structures that play a critical role
in brain development and neural transmission. Human milk also contains sialic acid
conjugated to oligosaccharides, glycolipids, and glycoproteins. These nutrients can reach the
large bowel where they may be metabolised by the microbiota. However, little is known
about the members of the microbiota involved in this function. To identify intestinal bacteria
that utilise sialic acid within a complex intestinal community, we cultured the caecal
microbiota from piglets in the presence of 13C-labelled sialic acid. Using RNA-based stable
isotope probing, we identified bacteria that consumed 13C-sialic acid by fractionating total
RNA in isopycnic buoyant density gradients followed by 16S rRNA gene analysis. Addition
of sialic acid caused significant microbial community changes. A relative rise in Prevotella
and Lactobacillus species was accompanied by a corresponding reduction in the genera
Escherichia/Shigella, Ruminococcus and Eubacterium. Inspection of isotopically labelled
RNA sequences suggests that the labelled sialic acid was consumed by a wide range of
bacteria. However, species affiliated with the genus Prevotella were clearly identified as the
most prolific users, as solely their RNA showed significantly higher relative shares among
the most labelled RNA species. Given the relevance of sialic acid in nutrition, this study
contributes to a better understanding of their microbial transformation in the intestinal tract
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with potential implications for human health.
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1. Introduction
Sialic acids are a family of N-acylated neuraminic acids that have an important role in brain
development, neuronal transmission and synaptogenesis [1]. The highest concentrations of sialic acids
in the body are found in the brain, where they form an essential part of ganglioside structures [2], which
steadily increase in concentration during infancy [3]. The rapid growth and development of the infant
nervous system places substantial demands on the supply of nutrients, including sialic acid. Animal
studies have shown a link between improved learning ability and levels of sialic acid in brain
gangliosides and glycoproteins [4,5]. Human milk contains high concentrations of sialic acid attached
to the terminal end of oligosaccharides, glycolipids and glycoproteins. Milk oligosaccharides, the largest
source of sialic acid in human milk [6], are resistant to mammalian digestive enzymes and are therefore
available for degradation by the large bowel microbiota [7]. Once they reach the large bowel, milk
oligosaccharides can modulate immunity by stimulation of favourable microbes such as Lactobacillus
and Bifidobacterium [8], and by inhibiting pathogen binding [9]. Sialic acid-containing gangliosides are
also an important component of milk. Infant formula enriched with GD3, the most abundant ganglioside
in human colostrum, has been shown to increase cognitive development in infants [10]. While the
majority of ingested gangliosides are likely to be absorbed in the small intestine, measurable quantities
are able to reach the large bowel and influence the composition and activity of the resident microbiota
there [11–13].
Stable isotope probing (SIP) was introduced more than 15 years ago to identify microbes that use a
particular growth substrate under in situ conditions [14,15]. This strategy relies on the incorporation of
a substrate that is highly enriched in a stable isotope (e.g., 13C) by metabolically active microorganisms
in an environmental sample. By the selective recovery and analysis of their isotope-enriched DNA or
RNA, it becomes possible to identify such microorganisms. Initially used mainly in the field of soil and
water microbiology [16,17], the SIP technique has also more recently been used to study digestive
processes involving simple and more complex sugars [18–20].
Although intestinal bacteria have been shown to produce glycosidases capable of desialylating milk
gangliosides [21], little is known about the fate of ingested sialic acid and sialic acid-containing nutrients
in the intestinal tract. The aim of our study was to identify bacteria that utilise sialic acid in a complex
intestinal community. We chose the piglet model because it represents a more physiologically relevant
animal model for studying human health than the more commonly used rodent models [22]. We used
the established RNA-stable isotope probing approach and 13C-labelled sialic acid as a model substrate.
To the best of our knowledge, our study is the first that addresses the effect of sialic acid on a complex
intestinal community and its fate regarding assimilation by intestinal microorganisms.
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2. Experimental Section
2.1. Animal Information
Eight healthy male Large Pure White Cross 21 day old piglets, from the same litter, purchased from
a commercial farm in Wanganui, New Zealand were used in this study. During the acclimatisation
period, animals were housed in groups of two or three in piglet pens for four days and provided creep
feed and drinking water ad libitum. After four days, the piglets were anaesthetised with Zoletil 100
(125 mg/mL Tiletamine HCI, 125 mg/mL Zolezepam HCL) reconstituted with Ketamine and Xylazine
at a final solution concentration 50 mg/mL of each drug and administered at a dose rate of 0.3 mL of the
mixed solution/10 kg body weight. Once a sufficient level of sedation was reached, the piglets were
euthanised by an intra-cardiac injection of sodium pentobarbitone (300 mg/mL) at 120 mg/kg body
weight to collect intestinal contents. Caecal content samples were immediately placed into tubes that
were previously flushed with CO2. All animal procedures were approved by the Grasslands Animal
Ethics Committee, Palmerston North, New Zealand (tissue collection application number 118) operating
under the New Zealand Animal Welfare Act 1999.
2.2. Caecal Cultures
Fresh piglet caecal contents were cultured at a 100-fold dilution in basal medium (8.5 g NaCl, 0.3 g
KH2PO4, 0.6 g Na2HPO4, 0.24 g MgSO4, 0.011 g CaCl2, 4 g NH4Cl, 1 mg resazurin, and 0.25 mg
cysteine-HCl per litre, pH 7.1) in gas-tight Hungate tubes at 37 °C in a total volume of 5 mL under
anaerobic conditions for 24 h. Prior to use, the basal mineral medium was boiled and flushed with a
mixture of CO2 and N2 in equal parts prior to autoclave sterilisation. To characterise the changes in the
caecal community induced by culture conditions, caecal contents from five piglets were cultured
individually with basal medium alone (control cultures). To identify sialic acid-utilising members of the
intestinal microbiota, caecal contents from three piglets were cultured independently with basal medium
alone, or basal medium supplemented with 13C-sialic acid (N-acetyl-D-[1,2,3-13C3]neuraminic acid,
molecular weight 312.24; Omicron Biochemicals, IN, USA), at a final concentration of 2 mg/mL for
24 h, which is a similar level to that found in faeces of breast-fed infants [23].
2.3. Nucleic Acid Extraction
Bacterial cells from all cultures were pelleted for nucleic acid extraction by centrifugation at 5000 × g
for 10 min at 4 °C. To characterise the effects of culture conditions on the piglet caecal composition,
DNA was extracted from piglet caecal contents (n = 5) and corresponding caecal content control cultures
in basal medium using a NucleoSpin Soil kit following the manufacturer’s instructions (Macherey Nagel,
Düren, Germany). To analyse caecal microbial utilisation of sialic acid, RNA was extracted from caecal
communities cultured in basal medium with 13C-sialic acid and corresponding control cultures in basal
medium alone (n = 3) using a previously described phenol/chloroform bead beating method [24], with
the following modifications. Briefly, RNA pellets were dissolved in 50 μL of nuclease-free water and
residual DNA was removed by incubating the RNA for 1 h at 37 °C in a solution containing 20 μL of
5X DNase I buffer (30 mM MgCl2, 10 mM NaCl, 200 mM Tris-HCl, pH 7.9), 1.5 μL of RNase-free
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DNase I (Roche, Basel, Switzerland) at a stock concentration of 10 U/μL, and 28.5 μL of nuclease-free
water. Samples were then further purified using Qiagen RNeasy (Qiagen, Venlo, Netherlands) spin
columns according to the manufacturer’s instructions.
2.4. RNA-SIP
Because of the higher synthesis rate of RNA compared to DNA [25], RNA was analysed to determine
which members of the microbiota were able to utilise sialic acid. Density gradient centrifugation of RNA
from 13C-sialic acid containing cultures and the corresponding control cultures without sialic acid were
performed using a previously described method [18] with the following modifications: the centrifugation
solution was prepared by mixing 5.4 mL CsTFA stock solution with a buoyant density of 2 g/mL
(Amersham, GE Healthcare, Little Chalfont, UK), 1.2 mL of gradient buffer (0.1 M Tris-HCl, pH 8.0,
0.1 M KCl, 1 mM EDTA) containing 600 ng of RNA, and 210 μL of formamide into 6 mL crimp top
ultracentrifugation tubes (Sorvall, Waltham, MA, USA). Prior to centrifugation, the density of each
prepared gradient was checked with an AR200 refractometer (Reichert, Buffalo, NY, USA) and adjusted
to similar buoyant densities (~1.775 g/mL) by adding CsTFA stock solution or gradient buffer, as
required. Each gradient was then centrifuged at 130,000 × g for 65 h at 20 °C. After centrifugation,
15 equal fractions from bottom to top (~400 μL) were collected from each gradient by displacing the
gradient solution from the top of the tube with water under a constant 400 μL/min flow rate. The
refractory indices of each fraction from all gradients were determined using the refractometer and the
density determined by weighing a 50 μL aliquot. RNA from each fraction was precipitated by adding
one volume of isopropanol. Precipitated RNA was washed once with 150 μL of ice cold 70% ethanol
and re-dissolved in 30 μL of TE buffer.
2.5. Reverse-Transcription and PCR
RNA from density gradient fractions was reverse-transcribed to cDNA using a SuperScript VILO
cDNA Synthesis Kit (LifeTech, Carlsbad, CA, USA) and random primers following the manufacturer’s
protocol. The relative amounts of bacterial 16S rRNA cDNA in each fraction was then measured by
quantitative PCR (qPCR) with a Corbett Rotor-Gene 6000 using universal bacterial primers F_Bact 1369
(CGGTGAATACGTTCCCGG) and R_Prok1492 (TACGGCTACCTTGTTACGACTT) [26] with the
following thermal cycling protocol: 95 °C for 3 min followed by 40 cycles of 95 °C, 60 °C for 30 s, and
72 °C for 30 s. The amplification mixture consisted of 10 μL KAPA SYBR® FAST Universal 2X qPCR
Master Mix (Kapa Biosystems, Wilmington, MA, USA), 1 μL of each primer (10 pmol/μL), 1 μL cDNA
template, and 7 μL of nuclease-free water. Concentrations of cDNA were then calculated against a
standard curve generated from serial dilutions of Escherichia coli DH5-α DNA and expressed as
percentage cDNA content relative to the maximum amount of DNA found among the fractions for
each gradient.
Identification of bacterial groups represented in DNA from fresh piglet caecal content, DNA from
caecal cultures in basal mineral medium, and cDNA from density gradient fractions of caecal contents
cultured with 13C-sialic acid was carried out by barcode tagged PCR amplification of the V456
region of the 16S rRNA gene. The primers and PCR conditions used were based on a previously
published method [27] and summarised as follows: the primers used contained GS FLX adapter
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sequences, a unique 8 nucleotide ‘barcode’, and template specific sequences; forward primer
(CGTATCGCCTCCCTCGCGCCATCAG NNNNNNNN AGGCCAGCAGCCGCGGTAA), and
reverse primer (CTATGCGCCTTGCCAGCCCGCTCAG GCCRRCACGAGCTGACGAC), with ‘N’
indicating barcode nucleotides. The amplification mixture consisted of 50 μL of Roche FastStart PCR
Master Mix (Roche, Basel, Switzerland), 2 μL of each primer (20 pmol/μL), 42 μL nuclease-free water,
and 4 μL of cDNA or DNA template adjusted to a concentration of 50 ng/μL. Amplification reactions
were carried out on MasterCycler ProS thermocycler (Eppendorf AG, Hamburg, Germany) using the
following conditions 95 °C for 4 min, 25 cycles of (95 °C for 30 s; 49 °C for 30 s; 72 °C for 60 s) and
72 °C for 7 min. The PCR product size was 604 bp. Products were purified using Roche High Pure PCR
Product Purification kits according to the manufacturer’s instructions. Purified products were pooled in
equivalent quantities and sent to Macrogen (Seoul, Korea) for unidirectional sequencing from the
forward primer using the Roche GS-FLX sequencer with Titanium chemistry.
2.6. Sequence Analysis
Sequences were processed using Qiime 1.8 [28]. Reads were quality filtered using default settings
and assigned to corresponding samples according to their barcode sequence. The resulting de-multiplexed
sequences were chimera checked using the USEARCH method against the Greengenes alignment
(release GG_13_8). Chimeric sequences were removed from subsequent analyses. Sequences showing
97% or greater similarity were clustered into operational taxonomic units (OTUs) using the UCLUST
method and representative sequences were assigned taxonomies using the RDP classifier. Faith’s
Phylogenetic Diversity estimates were performed using the core_diversity_analyses.py script in Qiime 1.8.
2.7. Statistics
Statistical analyses were conducted using R 3.0.2 [29]. Differences in the proportions of bacterial taxa
between ‘dense’ and ‘light’ fractions from 13C-sialic acid cultures and between ‘light’ fractions from
control and 13C-sialic acid cultures were assessed using the Wilcoxon rank sum test. Hierarchical cluster
analysis of bacterial profiles was performed using distances calculated from centered Pearson’s
correlation and average linkage clustering.
3. Results
3.1. Characterisation of Fresh and Cultured Piglet Caecal Microbiota Composition
Pyrosequencing analysis of DNA extracted from freshly collected caecal communities and caecal
contents cultured in basal medium generated a total of 169,193 reads with a maximum of 20,528 and a
minimum of 9550 reads per sample.
As expected, the majority of the microbial community from fresh caecal contents were assigned to
the Firmicutes (46.5% ± 6.1% SEM; standard error of the mean) and Bacteroidetes (46.6% ± 5.6% SEM)
phyla, with the Proteobacteria (3.5% ± 1.3% SEM) forming the most relatively abundant of the minor
taxa. Culturing in basal medium led to a large shift in the caecal community composition (Figure 1),
with Proteobacteria becoming the most relatively prevalent phylum (59.9% ± 3.0% SEM), of which the
Escherichia/Shigella genera formed the largest group (47.8% ± 3.1% SEM). The rise in Proteobacteria
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from culture conditions corresponded with a drop in Firmicutes and Bacteroidetes proportions
(22.2% ± 3.4% SEM and 13.2% ± 3.1% SEM, respectively).

Figure 1. Stacked barplots showing genus level composition of fresh piglet caecal
community (Caecum) and caecal contents cultured in basal mineral medium (Control
culture). Letters in parentheses identify the piglet source for caecal contents. The bacteria
shown are the 40 taxa with the highest mean relative abundance across all samples.
3.2. Detection of Piglet Caecal Bacteria Able to Utilise 13C-sialic Acid
To identify piglet caecal bacteria able to utilise sialic acid, caecal contents were cultured with 13C
labelled sialic acid followed by RNA extraction and isopycnic buoyant density gradient separation to
detect incorporation of 13C into bacterial RNA. The buoyant density and refractory curves from density
gradients (Figure 2A,B) showed that gradients of an appropriate density spectrum for separating different
density RNA were obtained when compared to previous published RNA-SIP studies [20,30].
Quantitative PCR analysis showed bacterial RNA from cultures in basal medium alone was present in
density gradient fractions 7 to 15, which had buoyant densities between 1.78 and 1.72 g/mL, respectively. In
caecal cultures supplemented with 13C-sialic acid, RNA was present in density gradient fractions
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4 to 15, with fractions 4–6 having buoyant densities between 1.78 and 1.80 g/mL (Figure 2C). Nucleic
acids from bacteria with the highest rates of 13C-sialic acid assimilation are likely to be found in fractions
4 to 6 due to an increase in their density as a result of the higher incorporation of 13C in place of 12C
compared to bacteria represented in fractions 7 to 15. For statistical analyses, the mean taxonomic
composition of fractions 4–6 (‘dense’ fractions) and fractions 12–14 (‘light fractions’) from each culture
were compared to each other (n = 3 independent cultures). Fractions 4–6 from control cultures did not
yield any detectable PCR products.

Figure 2. Refractory index (A) and buoyant density (B) curves from isopycnic buoyant
density gradients. Means and standard errors (SEM) of six gradients are shown; (C) mean
relative content of cDNA ± SEM in fractions collected from density gradients determined
by qPCR in cultures containing 13C-sialic acid (circles, n = 3) or corresponding control
cultures (triangles, n = 3). Boxes indicate fractions analysed for microbiota composition.
Pyrosequencing analysis of RNA-SIP fractions generated a total of 130,566 reads with a maximum
of 16,952 and a minimum of 1667 reads per sample. The minimum number of reads (1667) was the
value used for calculating Faith’s phylogenetic diversity estimates and Unifrac phylogenetic distance
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analyses. Analysis of the bacterial composition in ‘dense’ fractions (fractions 4–6) of 13C-sialic
acid-fed cultures revealed a complex community consisting of many bacterial taxa (Figure 3), which
was equal in complexity to the bacterial diversity present in ‘light’ fractions (fractions 12–14) from both
control and 13C-sialic acid-fed cultures (Faith’s Phylogenetic Diversity estimate ± standard deviation;
13
C-dense = 22.9 ± 4.1; 13C-light = 21.1 ± 3.1; Control-light = 24.1 ± 3.0, p = 0.41). Although there was
large inter-piglet variation, hierarchical clustering analysis showed bacterial profiles of density gradient
fractions from cultures with 13C-sialic acid were clearly separated from those of control cultures
(Figure 4).

Figure 3. Stacked barplot showing the mean genus level composition of density gradient
fractions from independent cultures (3 piglets). Bars labelled 13C-Dense represent the mean
composition of fractions 4–6 in cultures with 13C-sialic acid; 13C-Light represents the mean
composition of fractions 12–14 in cultures with 13C-sialic acid; Control-Light represents the
mean composition of fractions 12–14 in control cultures without sialic acid. The bacteria
shown are the 40 taxa with the highest mean relative abundance across all samples.
The most prominent bacterial genera that showed significantly higher relative abundances (p < 0.05) in
the presence of sialic acid included Lactobacillus (Control-Light 30.3% ± 2.8 SEM; 13C-Light
83.3% ± 5.8% SEM) and Prevotella (Control-Light 2.4% ± 0.6% SEM; 13C-Light 8.3% ± 2.9% SEM).
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Prevotella was the only genus showing a significantly greater proportion in the ‘dense’ fractions of 13Csialic acid-fed cultures (13C-Dense 13.5% ± 2.5% SEM) (Figure 5). Conversely, proportions of
Eubacterium, Ruminococcus, Klebsiella, and Escherichia/Shigella were significantly reduced (p < 0.05)
in the ‘light’ fractions from 13C-sialic acid compared to the ‘light’ fractions from control cultures
(Figure 5).

Figure 4. Heatmap showing hierarchical clustering of bacterial composition profiles
of the 15 most relatively abundant taxa in cDNA from RNA-SIP density gradient fractions.
Taxa are indicated by row labels and gradient fraction type indicated by column labels; ‘light’
fractions from control culture (Control-Light), ‘light’ fractions from 13C-sialic acid cultures
(13C-Light), and ‘dense’ fractions from 13C-sialic acid cultures (13C-Dense). Identification in
parentheses indicates the piglet source. Heatmap colour (blue to dark red) signifies the
relative prevalence of each taxon across samples and black circles show absolute proportions
for each taxa within a sample, with circle size proportional to sequence abundance.
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Figure 5. Plots of genus-level bacterial taxa significantly altered (p < 0.05) between fractions
12–14 in control cultures without sialic acid (Control Light, n = 3), fractions 12–14 in cultures
with 13C-sialic acid (13C Light, n = 3), and fractions 4–6 in cultures with 13C-sialic acid
(13C Dense, n = 3). Points indicate the percentage of total community and lines indicate the
mean. * Indicates significant difference (p < 0.05) in relative proportions determined by
Wilcoxon rank sum test.
4. Discussion
In our pilot study presented here, simple batch incubations were used to study the effect of sialic acid
on the structure and function of the caecal microbiota of piglets. In this model, culture conditions did
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appear to favour the Proteobacteria in the absence of an added carbon source, in comparison to the
microbial composition of fresh caecal contents. Indeed, the lack of fermentable nutrients may explain
the relatively higher prevalence of Proteobacteria at the expense of saccharolytic bacteria within
Firmicutes and Bacteroidetes phyla. In our study, we used a nutrient-poor basal medium to maximise
the incorporation of 13C into bacterial RNA. Despite these changes, the model communities still showed
most major groups of bacteria present in the fresh caecal communities, and hence appeared suitable for
further investigations. In particular, changes seen in cultured community composition after the addition
of sialic acid showed that the bias towards Proteobacteria was at least partly reversible.
SIP technology relies on the premise that if an organism assimilates a substrate labelled with a stable
or ‘heavy’ isotope, its cell constituents, including nucleic acids, become labelled with that isotope. The
separation of ‘heavier’ labelled nucleic acids (‘dense’ fractions) from unlabelled nucleic acids (‘light’
fractions) achieved by density gradient centrifugation allows further identification of the
microorganisms that were able to assimilate the labelled substrate. This approach makes it possible to
unlock the ‘microbial black box’ and therefore link the consumption of a particular compound in the
environment to the identity of the utiliser [31]. For example, RNA-SIP has been successfully applied to
identify starch-utilising bacteria in an in vitro model of the human large bowel [19] and to show that
Bifidobacterium animalis was the primary degrader of 13C-labelled inulin in vivo using a rat model [20].
In this study, we aimed to identify bacteria capable of utilising free sialic acid in a complex cultured
piglet caecal community. Sialic acids, in particular N-acetylneuraminic acid, are common in nature and
have important biological functions ranging from being an essential nutrient for brain development [32] to
enabling pathogenic bacteria to evade host detection [33]. However, little is known about their fate in
the large bowel ecosystem. Using 13C-probing and high throughput sequencing, we have shown that
much of the intestinal microbiota in a piglet culture model may be capable of assimilating sialic acid
based on the diversity of bacteria with 13C labelled RNA.
Our data also shows that some members of the microbial community are better able to utilise sialic
acid than others. The proportion of Prevotella was markedly higher in the ‘dense’ fraction of 13C-sialic
acid fed cultures, indicating that these members of the community were the most adept at utilising sialic
acid, as demonstrated by the substantial incorporation of 13C into their ribosomal RNA. The genus
Lactobacillus was also more relatively abundant in cultures containing 13C-sialic acid, compared to
control cultures. Members of the genus Prevotella, and to a lesser extent, the genus Lactobacillus, are
known for their ability to degrade and utilise mucin [34,35], a source of host-derived sialic acid.
Therefore, it seems likely that members of genera Prevotella and Lactobacillus are most able to benefit
from the presence of free sialic acid, even in a complex community where other bacteria may also be
competing for this resource. Our results are also supported by a previous study showing sialylated human
milk oligosaccharides can support the growth of Lactobacillus delbrueckii, whereas fucosylated
oligosaccharides did not [8]. Furthermore, other members of the bacterial community are also known to
desialylate macromolecules, which could contribute to the sialic acid pool [36]. Overall, the community
profile of the ‘light’ fractions from 13C-sialic acid cultures were more similar to the ‘dense’ fractions
from the same 13C-sialic acid culture, rather than to the ‘light’ fractions from the control cultures, as
might be expected. However, because only three of the nine carbon atoms in the 13C-sialic acid used
were the heavier 13C isotope, it is likely that bacteria represented in the ‘light’ fractions from 13C-sialic
acid cultures were also sialic consumers, but had simply incorporated more 12C into their RNA than
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bacteria found in the ‘dense’ fraction. Furthermore, it is possible that some bacteria may become
enriched by using sialic acid for energy production without assimilating its atoms into their RNA. In this
way, they may benefit from the addition of 13C-sialic acid without becoming labelled. While it seems
likely that bacteria enriched in the ‘dense’ fractions are the most proficient users of sialic acid, it cannot
be ruled out that some of the bacteria in these fractions are gaining 13C through metabolism of
by-products, such as acetate or lactate, released by primary sialic acid consumers. Additional experiments
using different time points would be useful for quantifying rates of cross-feeding. Furthermore, because
incorporation of 13C into RNA is likely to occur at differing rates with differing numbers of labelled
RNA molecules per cell, 13C-RNA is likely to be distributed throughout the gradient, rather than in a
discrete ‘band’. The caecal content itself will contain other sources of carbon originating from ingested
food that could also be incorporated into RNA by bacteria stimulated to grow in the presence of sialic
acid. Moreover, despite the fact that cultures systems do not in general take into account interactions
with glycomic motifs at the lumen/host interface, the caecal contents investigated here may also have
contained endogenous substrates of host origin, such as mucin, which could have been a source of
unlabelled sialic acid.
Members of the genera Eubacterium and Ruminococcus were reduced in the presence of sialic acid,
indicating that they were less able to utilise sialic acid, or that they were being out-competed for this
resource by other members of the community. Indeed, it has been shown that in a mixed microbial
community, Eubacterium rectale preferentially utilise complex plant-based polysaccharides over simple
mono-saccharides [37]. While some Ruminococcus species are able to grow on sialylated substrates [38],
it is likely that they also have a preference for complex polysaccharides, as shown by the extensive
fibrolytic enzyme systems present in their genomes [39,40]. The proportions of the Escherichia/Shigella
group were also substantially reduced in the presence of sialic acid, which at first would seem
counter-intuitive as E. coli is known to grow on sialic acid [33,41]. However, it is possible that this
reduction in proportions was a reflection of the relative increase in Prevotella and Lactobacillus, rather
than a decrease in absolute numbers of Escherichia/Shigella. Indeed, it has been suggested that the ability
of commensal bacteria to out-compete other bacteria for sialic acid may be critical for preventing
infection by pathogens [42]. Colonisation of germ-free mice by Bacteroides thetaiotamicron results in
the liberation of sialic acid from mucin, which, in the absence of a normal microbiota, can lead to the
growth of the pathogens Salmonella typhimurium and Clostridium difficile [42]. Interestingly, it has also
been shown that fimbriae expression in E. coli K12 is suppressed in the presence of excess sialic
acid [43], which may be an adaptive response to activation of the host immune defence system. A
reduction in fimbriae expression is likely to lead to reduced adherence, which in turn may lead to
increased wash-out in vivo and therefore a decrease in E. coli abundance. This idea is supported by a
study showing that infant formula fortified with gangliosides reduced faecal levels of E. coli in pre-term
new-born infants [11].
Our data suggest that much of the large bowel microbiota can potentially utilise free sialic acid.
However, sialic acids are also found conjugated to a variety of nutrients such as gangliosides and
oligosaccharides. While the identity of large bowel bacteria capable of breaking down these substrates
have yet to be fully characterised, studies suggest the ability to utilise milk oligosaccharides are restricted
to a small number of species, most of which appear to be bifidobacteria [7,8,44]. Similarly, some
bifidobacteria, in particular B. infantis and B. bifidum, have also been shown to possess the ability to
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degrade the milk gangliosides GM3 and GD3 [45]. Our results show that even if the ability to break
down complex glycolipids, glycoproteins, and oligosaccharides is not universal among the intestinal
community, any breakdown products that are released will be readily utilised by other bacteria present.
Further studies using different concentrations of labelled substrate and time-points may provide
additional details of the trophic interactions involved in bacterial utilisation of sialic acid.
5. Conclusions
In conclusion, we have demonstrated that sialic acid is readily consumed by many members of the
intestinal microbiota, but with differing proclivities. This difference in ability to metabolise sialic acid
may have important consequences for the host as shown by the growth of bacteria such as Lactobacillus,
and the reduction in potential pathogens such as Escherichia/Shigella, and Klebsiella. Our study
provides novel insights into the role of the intestinal microbial community in the metabolism of sialic
acid, a critical nutrient for brain development and function. Furthermore, this study also highlights the
importance of RNA-SIP technology for linking community composition to function.
Acknowledgments
We thank Douglas Rosendale for highly valuable discussions and insights during the writing of the
manuscript. We thank Leigh Ryan, Jason Peters, and Stacey Burton for care of the animals. This research
was supported with funds from AgResearch Core funding, the Agricultural and Marketing Research and
Development Trust (AGMARDT), the Royal Society of New Zealand (grant FRG-1205), and the German
Federal Office for Agriculture and Food (grant 01/12-13 NZL).
Author Contributions
W.Y., M.E., S.A.B., and R.B. conceived and designed the experiments; W.Y. carried out the
experiments and bioinformatics/statistical analyses; W.Y. M.E, and R.B. interpreted the data; W.Y. and
M.E. wrote the paper with input from all authors. All authors approved the final version of the manuscript
for submission.
Conflicts of Interest
The authors declare no conflict of interest.
References and Notes
1.

2.

3.

Schnaar, R.L.; Gerardy-Schahn, R.; Hildebrandt, H. Sialic acids in the brain: Gangliosides and
polysialic acid in nervous system development, stability, disease, and regeneration. Physiol. Rev.
2014, 94, 461–518.
Wang, B.; Miller, J.B.; McNeil, Y.; McVeagh, P. Sialic acid concentration of brain gangliosides:
Variation among eight mammalian species. Compar. Biochem. Physiol. Part A Mol. Integr. Physiol.
1998, 119, 435–439.
Kracun, I.; Rosner, H.; Drnovsek, V.; Heffer-Lauc, M.; Cosovic, C.; Lauc, G. Human brain
gangliosides in development, aging and disease. Int. J. Dev. Biol. 1991, 35, 289–295.

Nutrients 2015, 7
4.
5.

6.
7.
8.
9.

10.

11.

12.
13.
14.
15.

16.
17.
18.

19.

2122

Morgan, B.L.; Winick, M. Effects of administration of N-acetylneuraminic acid (NANA) on brain
NANA content and behavior. J. Nutr. 1980, 110, 416–424.
Wang, B.; Yu, B.; Karim, M.; Hu, H.; Sun, Y.; McGreevy, P.; Petocz, P.; Held, S.; Brand-Miller, J.
Dietary sialic acid supplementation improves learning and memory in piglets. Am. J. Clin. Nutr.
2007, 85, 561–569.
Wang, B.; Brand-Miller, J.; McVeagh, P.; Petocz, P. Concentration and distribution of sialic acid
in human milk and infant formulas. Am. J. Clin. Nutr. 2001, 74, 510–515.
Zivkovic, A.M.; German, J.B.; Lebrilla, C.B.; Mills, D.A. Human milk glycobiome and its impact
on the infant gastrointestinal microbiota. Proc. Natl. Acad. Sci. USA 2011, 108, 4653–4658.
Yu, Z.T.; Chen, C.; Newburg, D.S. Utilization of major fucosylated and sialylated human milk
oligosaccharides by isolated human gut microbes. Glycobiology 2013, 23, 1281–1292.
Morrow, A.L.; Ruiz-Palacios, G.M.; Jiang, X.; Newburg, D.S. Human-milk glycans that inhibit
pathogen binding protect breast-feeding infants against infectious diarrhea. J. Nutr. 2005, 135,
1304–1307.
Gurnida, D.A.; Rowan, A.M.; Idjradinata, P.; Muchtadi, D.; Sekarwana, N. Association of complex
lipids containing gangliosides with cognitive development of 6-month-old infants. Early Hum. Dev.
2012, 88, 595–601.
Rueda, R.; Sabatel, J.L.; Maldonado, J.; Molina-Font, J.A.; Gil, A. Addition of gangliosides to an
adapted milk formula modifies levels of fecal Escherichia coli in preterm newborn infants.
J. Pediatr. 1998, 133, 90–94.
Nyberg, L.; Nilsson, Å.; Lundgren, P.; Duan, R.-D. Localization and capacity of sphingomyelin
digestion in the rat intestinal tract. J. Nutr. Biochem. 1997, 8, 112–118.
Gil, A.; Rueda, R. Modulation of intestinal microflora by specific dietary components. Microb. Ecol.
Health Dis. 2000, Suppl 2, 31–39.
Radajewski, S.; Ineson, P.; Parekh, N.R.; Murrell, J.C. Stable-isotope probing as a tool in microbial
ecology. Nature 2000, 403, 646–649.
Boschker, H.T.S.; Nold, S.C.; Wellsbury, P.; Bos, D.; de Graaf, W.; Pel, R.; Parkes, R.J.;
Cappenberg, T.E. Direct linking of microbial populations to specific biogeochemical processes by
13
C-labelling of biomarkers. Nature 1998, 392, 801–805.
Abraham, W.R. Applications and impacts of stable isotope probing for analysis of microbial
interactions. Appl. Microbiol. Biotechnol. 2014, 98, 4817–4828.
Neufeld, J.D.; Wagner, M.; Murrell, J.C. Who eats what, where and when? Isotope-labelling
experiments are coming of age. ISME J. 2007, 1, 103–110.
Egert, M.; de Graaf, A.A.; Maathuis, A.; de Waard, P.; Plugge, C.M.; Smidt, H.; Deutz, N.E.;
Dijkema, C.; de Vos, W.M.; Venema, K. Identification of glucose-fermenting bacteria present in an
in vitro model of the human intestine by RNA-stable isotope probing. FEMS Microbiol. Ecol. 2007,
60, 126–135.
Kovatcheva-Datchary, P.; Egert, M.; Maathuis, A.; Rajilic-Stojanovic, M.; de Graaf, A.A.; Smidt, H.;
de Vos, W.M.; Venema, K. Linking phylogenetic identities of bacteria to starch fermentation in an
in vitro model of the large intestine by RNA-based stable isotope probing. Environ. Microbiol. 2009,
11, 914–926.

Nutrients 2015, 7

2123

20. Tannock, G.W.; Lawley, B.; Munro, K.; Sims, I.M.; Lee, J.; Butts, C.A.; Roy, N.
RNA-stable-isotope probing shows utilization of carbon from inulin by specific bacterial
populations in the rat large bowel. Appl. Environ. Microbiol. 2014, 80, 2240–2247.
21. Falk, P.; Hoskins, L.C.; Larson, G. Bacteria of the human intestinal microbiota produce
glycosidases specific for lacto-series glycosphingolipids. J. Biochem. 1990, 108, 466–474.
22. Calder, P.C.; Krauss-Etschmann, S.; de Jong, E.C.; Dupont, C.; Frick, J.S.; Frokiaer, H.;
Heinrich, J.; Garn, H.; Koletzko, S.; Lack, G.; et al. Early nutrition and immunity—Progress and
perspectives. Br. J. Nutr. 2006, 96, 774–790.
23. Kohler, H.; Donarski, S.; Stocks, B.; Parret, A.; Edwards, C.; Schroten, H. Antibacterial
characteristics in the feces of breast-fed and formula-fed infants during the first year of life.
J. Pediatr. Gastroenterol. Nutr. 2002, 34, 188–193.
24. Tannock, G.W.; Munro, K.; Bibiloni, R.; Simon, M.A.; Hargreaves, P.; Gopal, P.; Harmsen, H.;
Welling, G. Impact of consumption of oligosaccharide-containing biscuits on the fecal microbiota
of humans. Appl. Environ. Microbiol. 2004, 70, 2129–2136.
25. Karl, D.M.; Bossard, P. Measurement of microbial nucleic acid synthesis and specific growth rate
by 32PO4 and [3H]adenine: Field comparison. Appl. Environ. Microbiol. 1985, 50, 706–709.
26. Furet, J.P.; Firmesse, O.; Gourmelon, M.; Bridonneau, C.; Tap, J.; Mondot, S.; Dore, J.;
Corthier, G. Comparative assessment of human and farm animal faecal microbiota using real-time
quantitative PCR. FEMS Microbiol. Ecol. 2009, 68, 351–362.
27. Claus, S.P.; Ellero, S.L.; Berger, B.; Krause, L.; Bruttin, A.; Molina, J.; Paris, A.; Want, E.J.;
de Waziers, I.; Cloarec, O.; et al. Colonization-induced host-gut microbial metabolic interaction.
MBio 2011, 2, doi:10.1128/mBio.00271-10.
28. Caporaso, J.G.; Kuczynski, J.; Stombaugh, J.; Bittinger, K.; Bushman, F.D.; Costello, E.K.;
Fierer, N.; Pena, A.G.; Goodrich, J.K.; Gordon, J.I.; et al. QIIME allows analysis of high-throughput
community sequencing data. Nat. Methods 2010, 7, 335–336.
29. R Core Team. R: A Language and Environment for Statistical Computing; R Foundation for
Statistical Computing: Vienna, Austria, 2010.
30. Whiteley, A.S.; Thomson, B.; Lueders, T.; Manefield, M. RNA stable-isotope probing.
Nat. Protocols 2007, 2, 838–844.
31. Whiteley, A.S.; Manefield, M.; Lueders, T. Unlocking the ‘microbial black box’ using RNA-based
stable isotope probing technologies. Curr. Opin. Biotechnol. 2006, 17, 67–71.
32. Wang, B. Sialic acid is an essential nutrient for brain development and cognition. Annu. Rev. Nutr.
2009, 29, 177–222.
33. Severi, E.; Hood, D.W.; Thomas, G.H. Sialic acid utilization by bacterial pathogens. Microbiology
(Reading, Engl.) 2007, 153, 2817–2822.
34. Wright, D.P.; Rosendale, D.I.; Robertson, A.M. Prevotella enzymes involved in mucin
oligosaccharide degradation and evidence for a small operon of genes expressed during growth on
mucin. FEMS Microbiol. Lett. 2000, 190, 73–79.
35. Derrien, M.; van Passel, M.W.; van de Bovenkamp, J.H.; Schipper, R.G.; de Vos, W.M.;
Dekker, J. Mucin-bacterial interactions in the human oral cavity and digestive tract. Gut Microbes
2010, 1, 254–268.

Nutrients 2015, 7

2124

36. Sela, D.A.; Li, Y.; Lerno, L.; Wu, S.; Marcobal, A.M.; German, J.B.; Chen, X.; Lebrilla, C.B.; Mills,
D.A. An infant-associated bacterial commensal utilizes breast milk sialyloligosaccharides.
J. Biol. Chem. 2011, 286, 11909–11918.
37. Mahowald, M.A.; Rey, F.E.; Seedorf, H.; Turnbaugh, P.J.; Fulton, R.S.; Wollam, A.; Shah, N.;
Wang, C.; Magrini, V.; Wilson, R.K.; et al. Characterizing a model human gut microbiota composed
of members of its two dominant bacterial phyla. Proc. Natl. Acad. Sci. USA 2009, 106, 5859–5864.
38. Crost, E.H.; Tailford, L.E.; Le Gall, G.; Fons, M.; Henrissat, B.; Juge, N. Utilisation of mucin
glycans by the human gut symbiont Ruminococcus gnavus is strain-dependent. PLoS ONE 2013, 8,
e76341, doi:10.1371/journal.pone.0076341.t002.
39. Flint, H.J.; Scott, K.P.; Duncan, S.H.; Louis, P.; Forano, E. Microbial degradation of complex
carbohydrates in the gut. Gut Microbes 2012, 3, 289–306.
40. Dassa, B.; Borovok, I.; Ruimy-Israeli, V.; Lamed, R.; Flint, H.J.; Duncan, S.H.; Henrissat, B.;
Coutinho, P.; Morrison, M.; Mosoni, P.; et al. Rumen cellulosomics: Divergent fiber-degrading
strategies revealed by comparative genome-wide analysis of six ruminococcal strains. PLoS ONE
2014, 9, e99221, doi:10.1371/journal.pone.0099221.
41. Chang, D.E.; Smalley, D.J.; Tucker, D.L.; Leatham, M.P.; Norris, W.E.; Stevenson, S.J.; Anderson,
A.B.; Grissom, J.E.; Laux, D.C.; Cohen, P.S.; et al. Carbon nutrition of Escherichia coli in the
mouse intestine. Proc. Natl. Acad. Sci. USA 2004, 101, 7427–7432.
42. Ng, K.M.; Ferreyra, J.A.; Higginbottom, S.K.; Lynch, J.B.; Kashyap, P.C.; Gopinath, S.;
Naidu, N.; Choudhury, B.; Weimer, B.C.; Monack, D.M.; et al. Microbiota-liberated host sugars
facilitate post-antibiotic expansion of enteric pathogens. Nature 2013, 502, 96–99.
43. El-Labany, S.; Sohanpal, B.K.; Lahooti, M.; Akerman, R.; Blomfield, I.C. Distant cis-active
sequences and sialic acid control the expression of fimB in Escherichia coli K-12. Mol. Microbiol.
2003, 49, 1109–1118.
44. Schwab, C.; Ganzle, M. Lactic acid bacteria fermentation of human milk oligosaccharide
components, human milk oligosaccharides and galactooligosaccharides. FEMS Microbiol. Lett.
2011, 315, 141–148.
45. Lee, H.; Garrido, D.; Mills, D.A.; Barile, D. Hydrolysis of milk gangliosides by infant-gut
associated bifidobacteria determined by microfluidic chips and high-resolution mass spectrometry.
Electrophoresis 2014, 35, 1742–1750.
© 2015 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 license
(http://creativecommons.org/licenses/by/4.0/).

