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Characterization of porcine milk oligosaccharides during early 
lactation and their relation to the fecal microbiome

J. Salcedo*, S. A. Frese*,1, D. A. Mills*,†, and D. Barile*,†,2

*Department of Food Science and Technology, University of California, Davis 95616

†Foods for Health Institute, University of California, Davis 95616

Abstract

The composition of porcine milk oligosaccharides (PMO) was analyzed during early lactation and 

their relation to piglet gut microbiome was investigated. Pigs are considered ideal intestinal 

models to simulate humans because of the striking similarity in intestinal physiopathology to 

humans. The evolution of PMO was investigated in the milk from 3 healthy sows at prefarrowing, 

farrowing, and d 7 and 14 postpartum by Nano-LC Chip Quadrupole-Time-of-Flight mass 

spectrometer (Agilent Technologies, Santa Clara, CA). Previously sequenced metagenome 

libraries were reanalyzed to examine changes with specific gut bacterial populations. Over 30 

oligosaccharides (OS) were identified in the milk, with 3′-sialyllactose, lacto-N-tetraose, α1–

3,β1–4-D-galactotriose, 2′-fucosyllactose, and 6′-sialyllactose being the most abundant species 

(accounting for ~70% of the total OS). Porcine milk had lower OS diversity (number of unique 

structures) than human milk, and appeared closer to bovine and caprine milk. In agreement with 

previous studies, only 3 fucosylated OS were identified. Surprisingly, their contribution to total OS 

abundance was greater than in bovine milk (9 vs. 1%). Indeed, fucosylated PMO increased during 

lactation, mirroring a similar trend observed for neutral and type I OS content during early 

lactation. Taken together, these results suggest that, in terms of abundance, PMO are closer to 

human milk than other domestic species, such as bovine and caprine milks. Metagenomic 

sequencing revealed that fucose-consuming bacterial taxa in the gut microbiota of piglets were 

qualitatively but not quantitatively different between nursing and weaning stages, suggesting that 

both the composition and structure of dietary glycans may play a critical role in shaping the distal 

gut microbiome. The similarity of both intestinal physiopathology and milk OS composition in 

human and porcine species suggests similar effects on gastrointestinal development of early 

nutrition, reinforcing the use of the pig intestinal model to simulate human intestinal models in the 

clinical setting.
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INTRODUCTION

Breast milk is the optimal source of nutrition for the first few months of an infant’s life, as it 

provides all the necessary nutrients for optimal growth and development. Its composition has 

been shaped by natural selection, which acts on both the infant and the mother, maximizing 

infant survival, growth, and development while minimizing the metabolic costs of lactation 

for the mother (Zivkovic et al., 2011). As a result of this natural selective pressure, breast 

milk evolved to have a unique composition where lipids and lactose are the most abundant 

components, followed by oligosaccharides (OS) and proteins (German et al., 2008). Despite 

OS being the third most abundant components in milk (Kunz et al., 2000), it was long 

thought they had no biological significance. Recent studies pointed out many and diverse 

biological activities afforded by milk OS, including prebiotic activity, antiadhesion effects, 

anti-inflammatory properties, glycome-modifying activity, and roles in brain development, 

as well as influencing the growth-related characteristics of intestinal cells (Hickey, 2012; 

Lane et al., 2012; ten Bruggencate et al., 2014). Taken together, these bioactivities favor the 

establishment of a protective and healthful intestinal environment (Smilowitz et al., 2014). 

Milk OS are typically composed of 3 to 10 repeating monosaccharide units, including 

glucose (Glc), galactose (Gal), N-acetyl-glucosamine (GlcNAc), N-acetyl-galactosamine 

(GalNAc), fucose (Fuc), and sialic acids (NeuAc/ NeuGc). The core unit of bovine milk and 

other domestic milk OS can be either lactose [Gal(β1–4)Glc] or N-acetyl-lactosamine 

[Gal(β1–4)GlcNAc; Aldredge et al., 2013]. Based on their chemical composition, OS are 

classified as acidic (decorated by sialic acid, NeuAc/NeuGc) or neutral (containing GlcNAc, 

HexNAc, or fucose, lacking sialic acid).

Breast milk composition is not static but changes during lactation. The OS content can be as 

high as 23 g/L in colostrum and rapidly decrease during lactation to values a low as 5 to 10 

g/L late in nursing (Newburg, 2013). Human milk OS (HMO) have been widely studied, 

with more than 200 structures partially characterized (Wu et al., 2010, 2011) displaying a 

predominance of neutral fucosylated (50–70%) compared with sialylated OS (10–25%; 

Niñonuevo et al., 2008). The concentration of OS in milk from other mammalian species is 

lower than that in human milk, with a concentration of 1 g/L in bovine colostrum and even 

lower concentrations in mature bovine milk (Fong et al., 2011); however, a great diversity of 

OS structures has been reported for domestic animals. A bioinformatic library of 55 

structures was assembled for bovine milk OS (BMO; Aldredge et al., 2013), whereas 39 OS 

were described in porcine milk (Tao et al., 2010; Albrecht et al., 2014), 20 OS in caprine 

milk (Meyrand et al., 2013; Albrecht et al., 2014), and only 12 OS in camel milk (Alhaj et 

al., 2013; Albrecht et al., 2014). Conversely, the ratio of fucosylated to sialylated OS in milk 

from domestic animals is shifted toward sialylated OS, which predominate the overall 

composition (70%; Urashima et al., 2013).

Swine are important agricultural species and are considered to be an excellent model for 

nutritional studies because their digestive system, immune system physiology, and 

anatomical structure are similar to those of humans (Guilloteau et al., 2010). Only a few 

studies to date have evaluated porcine milk oligosaccharides (PMO) changes during early 

lactation (Tao et al., 2010; Albrecht et al., 2014). The present study characterized the 

composition and variation of PMO during the first 2 wk of lactation and examined how 
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PMO composition and of the gut metagenome of suckling pigs interact to shape the nursing 

pig microbiome.

MATERIALS AND METHODS

Materials

Sodium borohydride was from Sigma-Aldrich (St. Louis, MO). Commercial OS standards of 

lacto-N-tetraose (LNT), lacto-N-neotetraose (LNnT), lacto-N-hexaose (LNH), and lacto-N-

neohexaose (LNnH) were purchased from V-Labs (Covington, LA). All solvents used for 

sample preparation were HPLC-MS grade (Fisher Scientific, Fair Lawn, NJ). The DNA was 

extracted from feces using the Zymo Research Fecal DNA kit (Zymo Research, Irvine, CA) 

according to the manufacturer’s instructions, with modifications as described previously 

(Frese et al., 2015). Nonporous graphitized carbon solid-phase extraction (GCC-SPE; 2,000 

µg binding capacity) was from Glygen Corp. (Columbia, MD). Nanopure water (18.2 

MΩ/cm, 25°C) was used for the analytical work.

Collection of Porcine Samples

The University of California, Davis Institutional Animal Care and Use Committee approved 

all animal experiments under study before beginning the study, and this study has been 

described in detail previously (Frese et al., 2015). Three healthy Yorkshire or Hampshire 

adult pregnant multiparous sows from the University of California, Davis swine herd were 

selected for this study. Infant pigs were allowed to nurse freely until 21 d of age and did not 

consume sow feed. After 21 d, half the nursing pigs were moved to separate housing (away 

from the sow) and fed a standard starter feed (Hubbard Feeds, Mankato, MN). Animals were 

given ad libitum access to water and feed. Milk samples (2 mL) were collected by manual 

expression into a sterile collection container 1 d before farrowing (precolostrum), at 

farrowing (d 0), and at d 7 and 14 postfarrowing. Samples were immediately frozen at 

−80°C until analysis.

To avoid differences in sample preparation and analytical techniques that often hinder 

comparison of OS structures and abundances with published literature values, 2 separate 

samples of pooled human colostrum and pooled bovine colostrum were obtained at the 

University of California, Davis from other ongoing studies and analyzed simultaneously 

using the same analytical procedure.

OS Isolation and Purification

Milk OS were isolated and purified as previously described, with minor modification (Barile 

et al., 2010). Briefly, frozen milk samples were completely thawed, and a 0.5-mL aliquot of 

each sample was mixed with an equal volume of nanopure water and centrifuged at 14,000 × 

g in a microfuge for 30 min at 4°C to remove lipids. The top fat layer was removed, and 4 

volumes of chloroform:methanol (2:1, vol/vol) were added, vigorously mixed, and the 

resulting emulsion was centrifuged at 4,000 × g for 30 min at 4°C. The upper methanol layer 

containing OS was transferred to a tube, 2 volumes of cold ethanol were added, and the 

solution was frozen for 1 h at −30°C, followed by centrifugation for 30 min at 4,000 × g and 

4°C to precipitate the denatured protein. The supernatant (OS-rich fraction) was collected 
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and freeze-dried using a speed vacuum centrifuge. Native milk OS were reduced to alditol 

forms using 2.0 M sodium borohydride and incubated at 65°C for 1 h. Standard solutions of 

the OS LNT, LNnT, LNH, and LNnH (100 µg/L) were reduced in identical conditions. 

Oligosaccharides were purified from the mixture by GCC-SPE. Prior to use, each GCC-SPE 

cartridge was activated with 3 column volumes of 80% acetonitrile (ACN) and 0.1% 

trifluoroacetic acid (TFA, vol/vol) and equilibrated with 3 column volumes of nanopure 

water. The carbohydrate-rich solution was loaded onto the cartridge, and salts and mono- or 

disaccharides were removed by washing with 10 column volumes of nanopure water. The 

OS were eluted with a solution of 40% ACN with 0.1% TFA (vol/vol) in water and dried in 

speed vacuum centrifuge at 35°C overnight.

Characterization by LC Quadrupole-Time-of-Flight MS

Prior to MS analysis, dried OS samples were reconstituted in 100 µL of nanopure water. 

Mass spectrometry analysis was performed with an Agilent 6520 accurate-mass 

Quadrupole-Time-of-Flight (QTOF) LC/MS with a microfluidic nanoelectrospray chip 

(Agilent Technologies, Santa Clara, CA) as previously described (Wu et al., 2011). The 

microfluidic chip contained one enrichment and one analytical column, both packed with 

graphitized carbon. Chromatographic elution was performed with a binary gradient of 3% 

ACN/0.1% formic acid in water (solvent A) and 90% ACN/0.1% formic acid in water 

(solvent B). The column was initially equilibrated with a flow rate of 0.3 µL/min for the 

nanopump and 4 µL/min for the capillary pump. The 65-min gradient was programmed as 

follows: 0 to 2.5 min, 0% B; 2.5 to 20 min, 0 to16% B; 20 to 30 min, 16 to 44% B; 30 to 35 

min, 44 to 100% B; 35 to 45 min, 100% B; and 45 to 65 min, 0% B. Data were acquired in 

the positive ionization mode with a 450 to 2,500 m/z range. The electrospray capillary 

voltage was 1,700 to 1,900 V. The acquisition rate was 0.63 spectra/s for both MS and 

MS/MS modes. Automated precursor selection was employed based on ion abundance, 

performing up to 6 MS/MS spectra per individual MS when precursor was above ion 

abundance threshold. The precursor isolation window was selected to be narrow (1.3 m/z) to 

improve accuracy. Fragmentation energy was set at 1.8 V/100 Da with an offset of −2.4 V. 

Internal calibration was continuously performed by infusing 2 reference masses: 922.009 

and 1221.991 m/z (ESI-TOF Tuning Mix G1969–85000, Agilent Technologies).

QTOF Data Analysis

The Molecular Feature Extraction function of Mass Hunter Qualitative Analysis Version B.

06.00 (Agilent Technologies) was used to generate a list of deconvoluted masses selected to 

be in a range of 450 to 1,500 m/z with a ≥1,000 height count and a typical isotopic 

distribution of small biological molecules. Charge states allowed were restricted to single 

and double species. Oligosaccharide compositions were determined from the deconvoluted 

mass list with in-house software, and all OS compositions were confirmed by MS/MS 

analysis. Following MS/MS identity validation and assessment of reproducible retention 

times (RT), individual peaks for each OS were automatically integrated using the Targeted 

Feature Extractor from MassHunter Profinder Version B.06.00 (Agilent Technologies). The 

RT window allowed for compound matching was restricted to ±0.5 min and ±0.25% of the 

RT at each time point.

Salcedo et al. Page 4

J Dairy Sci. Author manuscript; available in PMC 2017 August 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Metagenomic and 16S rRNA Sequencing

In a previous study (Frese et al., 2015), fecal samples were collected rectally from nursing 

animals (n = 3), suckling the sows from whom milk was collected, using a sterile cotton 

swab wet with sterile PBS (pH 7.0) at 14 and 35 d after birth. The DNA was extracted from 

fecal sampling swabs using a Zymo Research Fecal DNA Miniprep kit, and the resulting 

DNA was used to characterize the microbial communities by molecular methods. 

Metagenomic sequencing was conducted using barcoded 100-bp single read shotgun 

libraries and pooled for sequencing across triplicate runs on an Illumina MiSeq (Illumina, 

San Diego, CA) at the University of California, Davis Genome Center, with libraries 

prepared from samples from 3 animals before (at 14 d of life) and after weaning (at 35 d of 

life). The data sets were previously analyzed (Frese et al., 2015) and were reanalyzed here 

with respect to the novel MS findings described herein. Functionally binned reads were 

taxonomically identified using Kraken (Wood and Salzberg, 2014). Data sets from this and 

previous studies are publicly available in MG-RAST (http://metagenomics.anl.gov).

RESULTS AND DISCUSSION

Characterization of Porcine Colostrum OS

Mass spectrometry is now widely accepted as an ideal tool for the characterization of OS in 

mammalian milks and biological samples (Niñonuevo et al., 2008; Aldredge et al., 2013; 

DeLeoz et al., 2013). Leveraging the reproducible RT and accurate mass of the Nano-LC-

Chip–QTOF MS (Agilent Technologies) system, we identified over 30 PMO and assessed 

similarities with HMO and BMO. Figure 1 presents the comparison of OS from pooled 

human colostrum, porcine precolostrum, and pooled bovine colostrum. Two major OS in 

common among the 3 types of milk were identified using in-house bioinformatics libraries 

as 3′-sialyllac- tose (634.2189 m/z: peak 1) and 6′-sialyllactosamine (675.2455 m/z. peak 

2).

Table 1 presents the details of the 33 OS identified in porcine milk from 3 sows at a lactation 

period ranging from prefarrow to d 14 postfarrow. Interestingly, we identified 

lactodifucotetraose (636.24 m/z), an OS typical of human milk and never before identified in 

porcine milk (see Figure 2 for the MS/MS confirmation). The number of OS identified is 

within the range described in literature (Tao et al., 2010; Albrecht et al., 2014), differences 

may due to genetic variability in sows from different studies. Similarly to human milk, only 

a small number of OS (i.e., 5 compounds) represented nearly 70% of the remaining OS 

abundances. The most abundant PMO were 3′-sialyllactose (26%), LNT/ LNnT (20%), 

triose (9%), 2′-fucosyllactose (7%), and 6′-sialyllactosamine (5%; see Table 1, 

Supplemental Figure S1; http://dx.doi.org/10.3168/jds.2016-10966). Interestingly, this work 

identified a higher percentage of neutral OS (≈50%) for porcine milk compared with human 

milk (20%), and the absence of Neu5Gc-containing OS in porcine milk.

As expected, we noted significantly less structural diversity in PMO compared with HMO, 

yielding only 1 or 2 oligosaccharides with the same composition, similar to that reported for 

BMO (Zivkovic and Barile, 2011). Human milk is reported to contain more than 200 OS, 

whereas bovine milk or colostrum has up to 55 (Aldredge et al., 2013; Albrecht et al., 2014) 
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and porcine milk 39 OS (Tao et al., 2010; Albrecht et al., 2014; Cheng et al., 2015). Porcine 

milk contains 2′-fu-cosyllactose and type I OS (LNT, lacto-N-fucopentaose I, lacto-N-

fucopentaose II, lacto-N-difucohexose I) in higher abundance, whereas type II OS (whose 

core units are LNnT or LNnH, lacto-N-fucopentaose III) are present in lower abundances. 

No type I OS have been identified in bovine milk (Urashima et al., 2013). To identify the 

type of OS in the porcine milk analyzed, samples were spiked with reduced standard 

solutions of LNT, LNnT, LNH, and LNnH. Results (Supplemental Figure S2; http://

dx.doi.org/10.3168/jds.2016-10966), which allowed us to identify the isomers LNnH, LNT 

and LNnT in the samples, suggest that porcine milk OS are structurally closer to OS in 

human milk than those in bovine milk. This work characterized 3 fucosylated OS, which is 

in agreement with Albrecht et al. (2014) but is lower than by Tao et al. (2010). Regardless of 

the lower structural diversity, the contribution of fucosylated OS to the total OS is high 

compared with bovine milk (9.1 vs. 1%). Overall, the composition and abundance of PMO 

suggest porcine milk is closer to human milk than bovine milk based on the higher 

abundance of fucosylated OS structures, the lower abundance of sialylated structures, and 

the presence of LNT at a high abundance (20%).

Changes in PMO During Early Lactation

Porcine milk OS base peak chromatograms obtained from precolostrum, farrowing, and d 7 

and 14 samples are shown in Figure 3. The PMO profile and abundance revealed a high 

variability during lactation (Tao et al., 2010), either increasing or decreasing with lactation. 

The peak with RT between 20.0 and 20.5 min corresponding to 3′-sialyllactose was the most 

abundant, as previously described for porcine milk (Tao et al., 2010), human milk (Thurl et 

al., 1996; Smilowitz et al., 2013), and bovine milk (Tao et al., 2009). Importantly, the OS at 

RT ≈13.5 was identified as LNT, which is abundant in human milk but only present at trace 

level in bovine milk. Relevant shifts in OS composition occurred as lactation progressed (see 

Figure 4). In precolostrum and farrowing stage samples, sialylated and nonfucosylated 

neutral OS were the most abundant and had similar abundances, whereas fucosylated OS 

were present in low abundance (4–6%). A significant decrease (P < 0.05) of sialylated OS 

correlated with a significant increase (P < 0.05) of fucosylated OS at d 14 is observed. 

Figure 5 shows the variation of the most abundant neutral nonfucosylated (top panel, 

710.265 m/z; 507.185 m/z), sialylated (central panel, 636.228 m/z, 3′-sialyllactose; 677.225 

m/z, 6′-sialyllactose), and fucosylated OS (bottom panel, 637.239 m/z; 491.190 m/z). The 

most abundant sialylated OS (central panel) decreased during early lactation (−30 to −60%), 

the abundance of the main fucosylated OS (bottom panel) increased during the same time 

period (98 to 615%), and neutral OS abundances (top panel) did not show a clear pattern, 

with some greatly increasing and others decreasing (+430 to −71%); LNT actually increased 

in porcine milk during lactation.

A decrease in sialylated OS over lactation was also reported in bovine milk (Tao et al., 2009; 

Barile et al., 2010), whereas in human milk the abundance is lower (10–25%) and stable 

across lactation (Niñonuevo et al., 2008). In the first days of lactation, PMO and BMO had a 

similar pattern, with highly sialylated OS being the most abundant; however, as lactation 

advanced, the similarity between PMO and HMO increased as a result of the fucosylation 

increment and sialylation decreased in PMO.
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Milk OS are known to have at least 2 important potential functions: prevention of pathogen 

binding to the intestinal epithelial and stimulation of beneficial bacterial growth (Newburg et 

al., 2005; Yu et al., 2013). Both fucosylation and sialylation play significant roles in those 

functions (Bode and Jantscher-Krenn, 2012; Charbonneau et al., 2016), whereas sialylated 

OS are essential for neuronal development (ten Bruggencate et al., 2014). Given that PMO 

are structurally closer to HMO than to BMO, it is interesting to consider whether milk OS 

are tailor-made for the postnatal development of the specific type of animal gastrointestinal 

system and, thus, the more similar the gastrointestinal systems are, the closer their milk OS 

compositions will be (Albrecht et al., 2014). This hypothesis needs to be validated by 

performing studies using comparable instrumentation and similar methodology to further 

characterize other mammalian milks and compare their composition and abundances to 

human milk.

PMO and the Gut Microbiome

Considering the possible dramatic effect of OS on the neonatal gut microbiome, elucidation 

of the common structures and abundances of these compounds in milk over the lactation 

period is a critical step in understanding how these structures differentially affect the gut 

microbiome at a given time. We previously described the distal gut microbiome of animals 

born to the sows profiled in this study of OS. That study showed how composition of dietary 

glycans dramatically shape the nursing gut microbiome from both taxonomic and functional 

standpoints during nursing and after weaning (Frese et al., 2015). Congruent with findings 

that previously noted sialic acid and HexNAc as dominant components of sow milk, we 

found these were crucial in shaping the different communities comprising the gut 

microbiome before weaning and that the abundance of these OS was high in the milk fed to 

the nursing pigs during the various stages of lactation in our study. Nearly half of the 

glycans in sow milk analyzed in the present study were in a sialylated form, which agrees 

with the previous report by Tao et al. (2010) with regard to PMO. In profiling the gut 

metagenome of nursing pigs, we found that the consumption of free sialic acid was largely 

dominated by the Enterobacteriaceae, a family that makes up a large fraction of the total 

community during the nursing period (Frese et al., 2015). Accordingly, this sialic acid-

consuming microbiota disappeared at weaning, when these structures decreased in the diet 

and were replaced by dietary starches.

In the present study, we detected a surprising abundance of fucosylated glycans over 

lactation, despite detecting a smaller number of total structures than presented in previous 

reports (Tao et al., 2010). However, we did not previously examine how the fecal 

microbiome may be associated with fucose catabolism. In the present study, we reanalyzed 

these previous metagenomics-sequencing libraries to consider how fucose may affect the 

fecal metagenome. In contrast with our previous observations of microbial genes associated 

with Neu5Ac and HexNAc consumption (Frese et al., 2015), fucose catabolism pathways 

were not significantly different before and after weaning. However, the identity of fucose-

consuming taxa changed dramatically at weaning, where Enterobacteriaceae comprised 

more than 53% of total assigned reads for metagenomic reads predicted to encode a fucose 

permease during nursing to 0.6% after weaning (see Figure 6). This suggests that both the 

composition and construction of dietary glycans may play a critical role in shaping the distal 
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gut microbiome. Mirroring the interactions with sialic acid reported previously (Frese et al., 

2015), Enterobacteriaceae were found to encode genes related to the consumption of free 

fucose (Figure 6) but lack the enzymatic capacity to liberate these monomers from PMO, 

which may also support the hypothesis that microbial cross-feeding is shaping these gut 

communities. Preferences among carbohydrate sources have been reported for 

Enterobacteriaceae (Chang et al., 2004), and this certainly offers a competitive advantage in 

the ecosystem for potential pathogens (Ng et al., 2013).

Although sialic acids are not found in the plant kingdom, fucose is a major component of 

many plant and animal glycans (Ma et al., 2006), which may explain the qualitative but not 

quantitative differences between nursing and weaning gut taxa consuming fucose. Thus, it is 

interesting to consider how these structures may have evolved to shape the gut microbiome 

of nursing pigs before domestication, given recently observed differences among wild, 

captive, and domestic Suidae (Ushida et al., 2015), or perhaps how breeding has shaped 

porcine milk OS production.

Conclusions

Nano-LC Chip QTOF MS-MS technology was used to identify 33 OS structures in porcine 

milk from precolostrum to d 14 of lactation. Porcine milk OS composition and evolution 

during early lactation were similar to those of human milk (despite lower diversity and 

number of structures), as indicated by the relative increase in fucosylated compounds and 

decrease in sialylated compounds as lactation progressed, accompanied by high amounts of 

neutral and type I OS. The consumption of milk OS was previously found to be reflected in 

the enzymatic potential of the gut metagenome, which is expanded here in light of our new 

findings related to the abundance of fucosylated structures. These findings suggest that 

porcine milk could be an ideal source for extraction of human milk OS mimics. The present 

study reinforces the pig model as one of the best human intestinal models. The similarity of 

both intestinal physiopathology and milk OS composition could lead to studies in the 

neonatal pig that would model how early nutrition intervenes in the gastrointestinal 

development in human infants.

Supplementary Material
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Figure 1. 
Comparison of the base peak chromatograms of oligosaccharides extracted from pooled 

human colostrum, porcine precolostrum, and pooled bovine colostrum. Peak identification: 

peak 1 = 3′-sialyllactose (3′-SL; 636.23 m/z); peak 2 = 6′-sialyllactosamine (6′-SLN; 

677.25 m/z); cps = counts per second.
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Figure 2. 
Confirmation of the oligosaccharide lactodifucotetraose (637.258 m/z) in porcine milk by 

MS/MS: (a) precursor spectrum; (b) product spectrum. Dark circle = glucose; light circle = 

galactose; triangle = fucose; cps = counts per second. Color version available online.
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Figure 3. 
Base peak chromatogram of porcine milk from the same sow at prepartum and d 0, 7, and 14 

postpartum. Peak identification: peak 1 = lacto-N-tetraose (LNT; 710.27 m/z); peak 2 = 3′-
sialyllactose (3′-SL; 636.23 m/z); cps = counts per second. Color version available online.
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Figure 4. 
Porcine milk oligosaccharide (OS) variation during various stages of lactation. Results are 

expressed as the average percentage (%) of total OS from 3 sows. Medium gray (blue) = 

fucosylated OS; dark gray (red) = sialylated OS; light gray (green) = neutral nonfucosylated 

OS. Color version available online.
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Figure 5. 
Variation of selected porcine oligosaccharides (OS) from 3 sows during early lactation. 

Results are expressed as mean ± SD of at least 2 sows, except in samples for d 14, where 

only 1 sample was available. Upper panel = neutral nonfucosylated OS; middle panel = 

sialylated OS; lower panel = fucosylated OS. Color version available online.
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Figure 6. 
Distribution of metagenomic reads from pig fecal samples annotated as fucose-permease 

enzymes in nursing (left circle) or weaned (right circle) animals. Weaned animals are piglets 

with diet changed at d 21, from sow milk to commercial standard starter food.
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