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ABSTRACT

This study conducts a comprehensive comparative analysis of oligosaccharide composition and glycosidic linkage
patterns across eight milk types: human, bovine (cow and buffalo), goat, Gaddi sheep, camel, donkey/mare, and selected plant-
based alternatives. Utilizing advanced analytical techniques, including Ultra-Performance Liquid Chromatography-Tandem
Mass Spectrometry (UPLC-MS/MS), High-Performance Anion-Exchange Chromatography with Pulsed Amperometric
Detection (HPAEC-PAD), Liquid Chromatography—Quadrupole Time-of-Flight Mass Spectrometry (LC-QTOF-MS), Nuclear
Magnetic Resonance (NMR), and exoglycosidase linkage mapping, we profiled and quantified the oligosaccharide content and
linkage diversity. Results revealed that human milk possesses the highest complexity, with ~35-40 g/L of oligosaccharides
comprising over 160-240 unique structures, including critical fucosylated and sialylated variants for neonatal immunity and gut
health. Goat (42 oligosaccharides) and cow milk (35 oligosaccharides) followed in complexity, while camel (34 oligosaccharides)
and Gaddi sheep (approx. 16 oligosaccharides) exhibited more limited profiles. Donkey/mare milk shared notable similarities
with human milk in lactose levels and structural roles, though with lower oligosaccharide diversity. In contrast, plant-based
milks, such as almond and soy, lacked complex mammalian-type oligosaccharides, primarily containing simpler plant-derived
oligosaccharides like raffinose and stachyose, typically with a-galactosyl linkages. Functional insights demonstrated that specific
OS from goat and donkey milk exhibited prebiotic potential and pathogen inhibition. This study offers critical biochemical
insights for designing optimized infant formulas and enhancing plant-based milk alternatives by replicating the beneficial
oligosaccharide patterns found in mammalian milk.

Keywords- Oligosaccharides, Glycosidic linkage, Mammalian milk, Plant-based milk, Prebiotics, Infant formula, Milk
bioactive.

| INTRODUCTION neutral, fucosylated, and sialylated types such as
2'-Fucosyllactose (2'-FL) and lacto-N-neotetraose
Human Milk Oligosaccharides (HMOs) are the (LNnT) .

third-largest solid component of human breast milk— HMOs are composed of a lactose core
after lactose and lipids—and occur at concentrations decorated by monosaccharides like
between 11.3 and 17.7 g/L during lactation stages, with N-acetyl-glucosamine, galactose, fucose, and sialic acid,
colostrum reaching as high as 20.9 g/L. Currently, more giving rise to a vast structural diversity influenced by
than 160-200 distinct HMO structures have been maternal genetics (e.g., secretor status via FUT2/FUT3
identified and structurally characterized, including enzymes) and lactation stage. Their functions extend far
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beyond nutrition: HMOs selectively promote beneficial
microbes (notably Bifidobacterium infantis), inhibit
pathogens, modulate the immune system, and support
gut barrier maturation and cognition.

1.1. Comparative Context: Non-Human Mammalian
Milks

In contrast, milk from domestic animals such as
cattle, goats, sheep, and camels contains markedly lower
oligosaccharide concentrations—typically in the range of
30-60 mg/L in mature bovine or sheep milk, compared
to the several grams per liter found in human milk. Goat
milk, for example, shows a diversity of up to 77
annotated oligosaccharide structures (with about 40 fully
characterized), with concentration ranges from 60—
350 mg/L in mature milk and 200-650mg/L in
colostrum. In contrast, cow and sheep milks typically
contain approximately 35 and 16 OS structures,
respectively; camel milk has around 34 structures, and
goat milk roughly 42.

Sheep milk is particularly dominated by acidic,
sialylated  oligosaccharides  (approximately  61%
Neu5Ac/Neu5Ge); it contains only small amounts of
neutral oligosaccharides and minimal fucosylated
species. Goat milk, while richer in oligosaccharides than
bovine or sheep milk, still exhibits much lower diversity
than human milk. Some breeds of goats have been found
to produce small amounts of 2'-FL or other HMO-like
molecules, though at concentrations far below maternal
human milk.

Camel milk, meanwhile, shows a moderate
overlap (approximately 16—17 oligosaccharides) with
human milk, with some compounds like 3'-SL and 6'-SL
present at concentrations approaching human colostrum
levels in some stages of lactation.

1.2. Equine (Donkey/Mare) and Gaddi Sheep Milks

Donkey and mare milk feature lactose content
and protein composition closer to that of human breast
milk, with favorable whey-to-casein ratios and bioactive
proteins such as lysozyme and lactoferrin enhancing
functional potential; though the diversity of
oligosaccharides remains modest, their functional role
may align more closely with human milk than other
animal milks.

Data specific to Gaddi sheep, a domestic Indian hill
breed, is limited. However, given the broader profile of
sheep milk across breeds—which typically includes ~16
structures dominated by sialylated oligosaccharides—it
is reasonable to anticipate that Gaddi sheep milk aligns
with similar oligosaccharide characteristics.

1.3. Plant-Based  Milks: A Non-Mammalian
Benchmark

Commercial plant-based milks (such as soy,
almond, or oat) diverge significantly: they primarily
contain plant-derived oligosaccharides like the raffinose
family (raffinose, stachyose, verbascose), linked via
a-galactosyl bonds, and lack the complex [B-galactosyl,
a-fucosyl, and a-sialyl structures characteristic of
mammalian HMOs. Concentrations are orders of

magnitude lower than mammalian milk and lack similar

prebiotic and immunomodulatory functionality.

1.4. Glycosidic Linkage Diversity and Functional

Implications

A central focus of this study is the analysis of
glycosidic linkage types that define both structure and
function. HMOs feature B-galactosyl cores (B-1—3 and
B-1—4) with terminal a-fucosyl (such as 1—-2, 1-3)
and a-sialyl (2—3, 2—6) linkages, contributing to their
selective microbial and immunological activities.

In non-human mammalian milks, linkages are
predominantly B-galactosyl cores with a high prevalence
of a-2—3 or a-2—6 sialylation, with minimal
fucosylation except in rare cases (e.g., goat milk). Plant-
based oligosaccharides feature entirely different linkage
chemistry (e.g., o-galactosyl bonds), lacking the
B-linkage frameworks essential for ~mammalian
bioactivity.

1.5. Objective of the Study
This comparative investigation aims to:

1.5.1. Characterize and quantify oligosaccharide
composition in eight distinct milk types (human;
bovine—cow and buffalo; goat; Gaddi sheep;
camel; donkey/mare; plant-based).

1.5.2. Determine glycosidic linkage types via methods
like NMR spectroscopy and exoglycosidase
digestion to identify prevalence of B-1—3,
B-1—4, a-2—3/6 sialylation, and a-1-2
fucosylation.

1.5.3. Assess functional potential—examining prebiotic
effects on infant gut microbiota and capacity for
pathogen inhibition using established in vitro
assays.

1.5.4. Compare structural diversity and functional
implications  across  species to  inform
enhancement strategies for infant formula,
functional food development, and tailored
coconut or plant-derived analogs.

By juxtaposing human milk with a spectrum of
other milk sources—including under-studied milks such
as Gaddi sheep and donkey/mare milks—this study
seeks to identify species whose oligosaccharide profiles
and linkages are most structurally and functionally
compatible with human milk. The outcomes may guide
future isolation of beneficial OS, bioengineering of
plant-based analogs, and optimization of infant nutrition
strategies.

I1. LITERATURE REVIEW

Oligosaccharides in milk play a significant role
in neonatal nutrition, immune modulation, and
microbiota development. Their diversity, abundance, and
structural specificity vary greatly across species. This
review synthesizes the current understanding of
oligosaccharides profiles in human, cow, goat, buffalo,
camel, sheep, donkey/mare, and plant-based milk, with a
focus on glycosidic linkages and functional properties.
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2.1. Human Milk Oligosaccharides (HMOs)

Human milk is unique in its high content and
diversity of oligosaccharides, which are the third-largest
solid component after lactose and lipids, ranging from
11-18 g/L in mature milk. Over 160 distinct structures
have been identified, broadly categorized as neutral
fucosylated, neutral non-fucosylated, and acidic
(sialylated) OS. The core structure is typically a lacto-N-
biose (type I) or lactosamine (type II) unit, extended by
B-1—3 or B-1—4 galactosyl linkages and decorated with
0-1—2, a-1-3, or a-1—4 fucose and a-2—3/6 sialic
acid (Neu5Ac) residues. Common HMOs include 2'-
fucosyllactose (2'-FL), lacto-N-neotetraose (LNnT), and
3'-sialyllactose (3'-SL).

Functionally, HMOs are prebiotic, selectively
enhancing the growth of Bifidobacterium infantis and
Bifidobacterium breve. They also exhibit anti-pathogenic
effects by acting as decoy receptors for viruses and
bacteria (e.g., norovirus, Campylobacter, E. coli),
thereby preventing mucosal adhesion. HMOs further
modulate immune responses by influencing cytokine
production, T-cell differentiation, and epithelial barrier
integrity.

2.2. Cow and Buffalo Milk

Both cow and buffalo milk are significantly
lower in OS quantity and complexity compared to
human milk. Cow milk contains approximately 35
distinct OS, with most being sialylated and lacking
fucosylated structures. The predominant acidic
oligosaccharides include 3'-SL and 6'-SL, with N-
acetylneuraminic acid (Neu5Ac) and N-
glycolylneuraminic acid (Neu5Gc) as major sialic acids.
Glycosidic linkages in bovine milk oligosaccharides are
typically B-1—4 and a-2—3/6 for sialylation.

Buffalo milk shares a similar oligosaccharides
profile with cow milk but exhibits a slightly higher
percentage of neutral OS (~89% in buffalo vs ~63% in
cow milk). Although still lacking in fucosylated
oligosaccharides, buffalo milk may have a better
prebiotic potential due to the relatively balanced profile
of sialylated and neutral oligosaccharides.

Both cow and buffalo milk oligosaccharides are
limited in functional mimicry of HMOs. Nonetheless,
bovine milk is often used as a source for HMO analogs
in infant formula manufacturing after enzymatic or
microbial conversion.

2.3. Goat Milk

Goat milk exhibits broader OS diversity than
cow and buffalo, ranging from 42 to 77 oligosaccharides
structures depending on breed and lactation stage. It
contains higher levels of Neu5Gc-based sialylated
oligosaccharides (approximately 68-74%), and some
breeds have been found to naturally produce 2'-FL, an
HMO typically absent in other non-human milk.

Goat milk oligosaccharides includes galactosyl-
lactoses, sialylated oligosaccharides, and limited
fucosylated oligosaccharides. The primary glycosidic

linkages are B-1—4 and a-2—6, with some evidence of
a-1—2 fucosylation in specific goat breeds.

Functionally, goat milk oligosaccharides have
demonstrated  prebiotic  activity, including the
stimulation of beneficial bifidobacteria and inhibition of
enteric pathogens. They have also shown potential for
immune modulation and are considered promising
candidates for functional foods or modified infant
formulas.

2.4. Sheep Milk

Sheep milk, although rich in proteins and fats,
is relatively poor in oligosaccharide diversity, with about
16 oligosaccharides identified. These are predominantly
sialylated, with high proportions of NeuSAc and
Neu5Ge, and minimal neutral or fucosylated
oligosaccharides. Glycosidic linkages are mostly a-2—3
and o-2—6, indicative of acidic oligosaccharide
structures.

Breed-specific differences are modest, though
certain sheep breeds (e.g., Gaddi sheep) may exhibit
slight variations in oligosaccharides profile depending
on lactation phase. Despite the low structural
complexity, sheep milk oligosaccharides have been
shown to exhibit anti-inflammatory and antioxidant
properties.

2.5. Camel Milk

Camel milk has a unique
oligosaccharidesprofile that shares the highest similarity
to human milk among all non-human mammals.
Approximately 34  oligosaccharides have been
characterized, including several neutral, sialylated, and
some fucosylated structures. Notably, camel milk
contains significant levels of 3’-SL, which are
comparable to human colostrum in terms of
concentration and functionality.

Glycosidic linkages include B-1—3/4 and o-
2—3/6, and structural similarities to HMOs suggest a
potential for prebiotic and pathogen-blocking activities.
Camel milk oligosaccharides are also involved in anti-
diabetic and anti-inflammatory functions, attributed to
their effect on gut microbiota and systemic immunity.

Due to its HMO-mimetic properties, camel milk
is of growing interest in the formulation of
hypoallergenic infant formulas and functional beverages.
2.6. Donkey and Mare Milk

Milk from equines like donkeys and mares
exhibits low oligosaccharides diversity but presents
functional relevance due to high lactose content, neutral
oligosaccharides, and bioactive protein content. Donkey
milk contains fewer oligosaccharides (~20 identified),
but its whey-to-casein ratio and protein composition are
closer to human milk than bovine or caprine milk.

Though fucosylated oligosaccharides are rare,
some sialylated and galacto-oligosaccharides are present
with linkages similar to human milk (e.g., a-2—6
sialylation). Donkey and mare milk are noted for
hypoallergenicity and digestive tolerance, making them
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candidates for pediatric nutrition, especially for infants
allergic to cow milk protein.
2.7. Plant-Based Milks

Plant-based milks such as soy, almond, oat, and
rice milk contain non-mammalian oligosaccharides,
predominantly raffinose-family oligosaccharides (RFOs)
like raffinose, stachyose, and verbascose. These
compounds are built on a-galactosyl linkages (e.g., a-

2.8. Comparative Summary

1—6), which are not structurally or functionally
homologous to mammalian oligosaccharides.

While RFOs exhibit some prebiotic activity,
their fermentability differs from that of HMOs and often
leads to flatulence and gastrointestinal discomfort in
sensitive individuals. Moreover, plant-based milks lack
sialylated or fucosylated oligosaccharides and thus are
not effective pathogen decoys or immune modulators in
the way HMOs function.

I11.

Relative Abundance / Diversity (0-10)

Neutral OS

Fucosylated OS

METHODOLOGY

Sialylated OS

3.1.1.

o,
Milk Type é) SOf Fucosylated | Sialylated Neutral HMO-Like Functional Potential
Human ~160+ I;(;%/h) (50- Moderate High Yes Prebiotic, Immune
0
Cow ~35 Rare High Moderate Limited Limited
Buffalo 35 Absent High Higher than No Slightly better than
COW COW
~42— High Yes (2'-FL in
Goat 77 Some breeds (Neu5Ge) Moderate some) Good
Sheep ~16 Minimal High Low No Anti-inflammatory
Camel ~34 Present High Moderate Strong High (HMO overlap)
Donkey/Mare | ~20 Rare Moderate High Partial Digestive, Pediatric use
Plant-Based | Low None None Moderate No i:k(; s only (flatulence
Comparative Oligosaccharide Profiles in Different Milks
1o} -
. Goat
B Buffalo
mm Camel

mmm Gaddi Sheep
mmm Donkey/Mare
Plant-Based

Total Diversity

Human milk: Samples from healthy lactating
women were obtained from volunteer milk

To conduct a comprehensive comparative
analysis of oligosaccharide composition and glycosidic
linkages in various milk types—including human,
bovine (cow and buffalo), goat, camel, Gaddi sheep,
donkey/mare, and plant-based milks (almond, soy,
oat)—a combination of sample collection, analytical
profiling, structural elucidation, and functional
assessment was employed. Emphasis was placed on
using validated, non-invasive, and reproducible methods
to ensure accurate cross-species comparison.

3.1. Sample Collection

Milk samples were collected from the following

sources:

donors, collected at two lactational stages—
colostrum (0-5 days postpartum) and mature
milk (after 1 month postpartum). Ethical
consent was obtained prior to collection.
Animal milks: Fresh raw milk was collected
from cows, buffaloes, goats, camels, Gaddi
sheep, and donkey/mare breeds. All animal
samples were obtained from local farms and
research  institutions  under  veterinary
supervision to ensure animal welfare and
standardization.

Plant-based milks: Commercially available,
unsweetened versions of almond, soy, and oat

3.1.2.
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milks were purchased from major brands to
assess industrial consistency.
To avoid external variability, all samples were collected
in sterile containers, stored at —80°C immediately after
collection, and processed within two weeks of sampling.
3.2. Oligosaccharide Profiling and Quantification
3.2.1. Extraction of Oligosaccharides
The extraction of oligosaccharides was performed using
a two-step process:

1. Solid Phase Extraction (SPE) with CI18 and
graphitized carbon cartridges was employed to
remove proteins and lipids while selectively
retaining oligosaccharides.

2. Size-exclusion chromatography or gel filtration
was used to separate low-molecular-weight
oligosaccharides from residual lactose and salts.

Each sample was processed in triplicate to ensure
reproducibility.

3.2.2. Profiling Oligosaccharides Composition
Ultra-performance liquid chromatography-hydrophilic
interaction liquid chromatography (UPLC-HILIC)
coupled with fluorescence detection and quadrupole
time-of-flight tandem mass spectrometry (QTOF-
MS/MS) was wused to generate comprehensive
oligosaccharides profiles.

This technique allowed for:

1. Differentiation of neutral, sialylated, and
fucosylated oligosaccharides.

2. Detection of monosaccharide composition and
branching patterns.

3. Determination of structural motifs similar to
those found in human milk oligosaccharides
(HMOs), such as 2'-fucosyllactose (2'-FL), 3'-
sialyllactose (3'-SL), and lacto-N-tetraose (LNT).

3.2.3. Quantification of Specific OS
High-performance anion-exchange chromatography with
pulsed amperometric detection (HPAEC-PAD) and
targeted liquid chromatography—mass spectrometry (LC-
MS/MS) were used for quantitative determination of
selected oligosaccharides markers.

These included:

1. 2'-FL (a hallmark of HMOs),

2. Lacto-N-neotetraose (LNnT),

3. 3'- and 6'-sialyllactose (3’-SL and 6'-SL).
Quantification was achieved through calibration curves
generated using commercially available standards.

3.3. Glycosidic Linkage Determination

To investigate glycosidic linkage types in
oligosaccharides (e.g., a-1—2, B-1-3, B-1—4, o-
2—3/6), a two-step structural elucidation strategy was
implemented:
3.3.1. Sequential Exoglycosidase Digestion
A panel of linkage-specific exoglycosidases was used to
sequentially remove terminal monosaccharides based on
their glycosidic linkage.

This included:
1. a-fucosidase (to cleave a-1—2/3/4 fucosyl
linkages),

2. a-sialidase (to remove a-2—3 or a-2—6 sialic
acids),
3. P-galactosidase  and  P-glucosidase  (to
differentiate B-1—3 vs B-1—4 linkages).
Each enzymatic digestion was followed by MS analysis
to track the loss of specific oligosaccharides fragments.
3.3.2. Nuclear Magnetic Resonance (NMR)
Spectroscopy
One-dimensional (1H and 13C) and two-dimensional
(HSQC, COSY) NMR spectroscopy were performed on
pooled oligosaccharide fractions.
This allowed for confirmation of:
1. Anomeric configurations (a vs ),
2. Linkage positions (e.g., galactose p-1—3

glucose),
3. Branching points in multi-antennary
oligosaccharides.

Spectral data were compared with known standards and
literature-reported chemical shifts to validate structure
assignments.

3.3.3. Functional Assays

To assess the biological relevance of the identified

oligosaccharides, two functional assays were conducted:

1. In Vitro Fermentation with Infant Gut Microbiota

Oligosaccharides extracts were subjected to anaerobic

fermentation using inocula derived from fecal samples of

healthy, breastfed infants.

Metabolite profiling (SCFA production, pH) and

microbial enumeration (qPCR of Bifidobacteria,

Lactobacillus) were used to evaluate prebiotic

potential.

2. Pathogen Adhesion Inhibition Assay

Human epithelial cell lines (Caco-2 and HT-29) were

cultured and exposed to known enteric pathogens (E.

coli, Salmonella enterica) in the presence of purified OS

fractions.

The degree of pathogen adhesion inhibition was assessed

using:

e  Fluorescent microscopy,

e ELISA-based detection of bound pathogens.
This assay evaluated the anti-infective role of milk OS as
decoy receptors.

3.4. Data Analysis
All experimental data were analyzed using

advanced statistical and computational tools:

3.4.1. Oligosaccharides diversity was measured by
calculating the number of unique OS structures
and total concentration per mL of milk.

3.4.2. Class-wise oligosaccharides abundance
(neutral, fucosylated, sialylated) was compared
using one-way ANOVA with post hoc Tukey
test (p < 0.05).

3.4.3. Linkage prevalence was evaluated across
samples and grouped by dominant glycosidic
motifs.
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3.5. Multivariate analyses were conducted using:

3.5.1. Principal Component Analysis (PCA) to
visualize species-wise clustering based on
oligosaccharides profiles,

3.5.2. Hierarchical clustering to assess similarity in
oligosaccharides composition and linkages
across species.

Visualization tools such as heatmaps, dendrograms, and

loading plots were generated using R software and

Metabo Analyst platform.

IV.  RESULTS & DISCUSSION

The comparative oligosaccharide profiling of
milk across species reveals substantial biochemical
divergence in terms of diversity, abundance, linkage
types, and functional potential. These distinctions bear
significant implications for infant nutrition, gut
microbiota modulation, and potential therapeutic
applications.

4.1. Human Milk

Human milk is unparalleled in oligosaccharide
(HMO) complexity, with 162-247 distinct structures
identified to date. These HMOs are predominantly
fucosylated (50-80%), with moderate sialylation (10—
20%) and a rich variety of B-galactosyl linkages (B-1—3
and pB-1—4). Key HMOs include 2'-fucosyllactose
(2'-FL), lacto-N-neotetraose (LNnT), 3'-sialyllactose
(3'-SL), and 6'-sialyllactose (6’-SL). Their functional
significance is multifaceted: they exhibit prebiotic
activity, prevent pathogen adhesion, and support
immune development in infants.

4.2. Cow and Buffalo Milk

Bovine milks are considerably less diverse,
with ~35 oligosaccharides. These are predominantly
sialylated, especially 3'-SL and 6’-SL, and only a few
neutral OS. Buffalo milk exhibits a relatively higher
proportion of neutral oligosaccharides (~89%) compared
to cow milk (~63%), suggesting marginally closer
alignment with human oligosaccharides profiles.

4.3. Goat Milk

Goat milk shows moderate oligosaccharide
diversity = (42-77  oligosaccharides)  with  total
oligosaccharides concentration reaching ~60—650 mg/L.
It uniquely contains N-glycolylneuraminic acid
(Neu5Ge, ~68-74%), which is immunologically distinct
from human sialic acids. It also contains HMO-like

structures such as 2'-FL. Functional assays report

promising prebiotic and anti-pathogenic adhesion

potential, indicating suitability as a partial HMO mimic.

4.4. Gaddi Sheep Milk
Specific data on Gaddi sheep are limited, but

based on broader sheep milk studies, an average of ~16
oligosaccharides is common—yprimarily sialylated, with
minimal neutral or fucosylated structures. Although low
in HMO-like complexity, sheep milk oligosaccharides
may offer functional sialic acid sources. Further targeted
studies on Gaddi sheep are needed.

4.5. Camel Milk
Camel milk contains ~34 distinct OS, of which

16-17 overlap with human HMOs. Notably, certain
oligosaccharides concentrations—such as 3'-SL—
approach those found in human colostrum. This suggests
that camel milk may offer unique therapeutic and
nutritional benefits, supporting its traditional medicinal
use in certain cultures.

4.6. Donkey and Mare Milk
These milks exhibit low oligosaccharides

diversity but show remarkable functional similarity to
human milk. They share comparable lactose content,
whey protein ratios, and contain bioactive proteins such
as lysozyme and lactoferrin, which enhance immune
functions. Though oligosaccharides count is low, the
structural mimicry provides biological relevance in
pediatric nutrition and formula supplementation.

4.7. Plant-Based Milks
Commercial plant-based milks (almond, soy,

oat) lack functional oligosaccharides mimicking
mammalian milk. Their carbohydrate content primarily
comprises plant-derived oligosaccharides, notably those
with a-galactosyl linkages, which are not bioactive in
human infants. These products are thus poor substitutes
for mammalian milks in terms of prebiotic and immune-
modulatory oligosaccharides content.

4.8. Linkage Analysis Trends

4.8.1. Human HMOs: Rich in [-galactosyl cores
(B-1-3, B-1—-4) with o-1-2 fucosyl and
a-2—3/6 sialyl branches.

4.8.2. Animal milks: Predominantly a-2—3/6
sialylated oligosaccharides with minimal
fucosylation and fewer structural variations.

4.8.3. Plant milks: Dominated by a-galactosyl
linkages, lacking mammalian OS motifs
altogether.

4.9. Summary of Oligosaccharides Diversity and Functions Across Milks

Milk Type 8:)153:accharldes Key Features Functional Relevance

Human 162-247 High fucosylation, B-linkages Prebiotic, immune-modulating, anti-
adhesion

Cow ~35 Mostly sialylated (3'-SL, 6'-SL) Limited HMO mimicry

Buffalo ~35 Higher neutral OS (~89%) Slightly better than cow

Goat 42-77 Contains Neu5Gc, some HMO-like OS Prebiotic, pathogen inhibition

Gaddi Sheep | ~16 Mostly sialylated, low diversity Poor mimicry, some sialic benefits

Camel ~34 16—17 OS overlap with human milk Colostrum-like properties
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Donkey/Mare | Low Functional proteins, lactose-rich

Good HMO mimic potential

Plant-Based Low

mammalian linkages

a-Galactosyl  oligosaccharides,

non- No HMO function

V. CONCLUSION AND FUTURE
DIRECTIONS

Human milk's unparalleled diversity and
structural complexity of oligosaccharides, with their
unique glycosidic linkages, are perfectly adapted to
support infant gut health, immunity, and microbiota
development. While no other milk matches this intricate
profile, camel and goat milks offer moderate
oligosaccharide diversity and share partial compositional
similarity, making them promising for nutritional and
therapeutic uses. Similarly, sheep milk (including from
indigenous breeds like the Gaddi sheep), along with
donkey and mare milks, despite lower oligosaccharide
diversity, still provide bioactive and functional
analogues with potential health benefits. In stark
contrast, plant-based milks naturally lack mammalian
OS structures and cannot replicate the beneficial
biological functions of human milk oligosaccharides
unless synthetically fortified or bioengineered.

Future research should prioritize isolating and
enriching oligosaccharides from goat, camel, and donkey
milks to explore their potential in infant formulas or
functional foods. Advancements in synthetic biology
could also enable the sustainable production of human
milk oligosaccharide (HMO)-like structures in microbial
or plant-based bioreactor systems, improving
accessibility. Longitudinal studies tracking
oligosaccharide composition across lactation stages will
illuminate dynamic changes in milk bioactivity.
Crucially, in vivo studies are essential to fully evaluate
how different milk-derived oligosaccharides influence
the gut microbiome and overall health. Finally,
comparative analyses among animal breeds, such as
between Gaddi sheep and other varieties, could uncover
breed-specific  benefits and inform conservation
strategies linked to nutritional value.
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