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ABSTRACT: A comprehensive survey on triglycerides (TAGs) of bovine milk was
conducted by a combination of exhaustive liquid chromatography (LC) separation, high-
resolution mass spectrometry (MS) detection, and automated lipid molecular feature
extraction. A total of 220 groups (a series of species having the same chemical formula and
mass) and 3454 molecular species of TAGs were identified based on the accurate mass of the FRURTIEwS

parent ion as well as MS2 information. Sixty-five different fatty acids (FAs) were found across " Automated identification
these TAG species; C4:0, C6:0, C8:0, C10:0, C12:0, C14:0, C16:0, C18:0, and C18:1 were 3

the most frequent FAs, whereas C11:3, C11:4, C27:0, C27:1, C28:0, and C28:1 were rare g ] e ' N
FAs in TAG molecules. The number of species identified represents only a small portion of —ﬂ”"ﬁ @l

total TAG molecules that can be theoretically synthesized from 65 FAs. Each TAG group
contains on average 15—16 isomeric species (species with different FA composition), but
positional isomers do not seem to be widespread. As the isomeric species cannot be
completely resolved chromatographically, quantification of TAG was conducted at the group
level. The most abundant TAG groups in bovine milk include TAG 34:0, TAG 36:0, TAG
38:1, TAG 38:0, and TAG 40:1. This study provides the most comprehensive milk TAG inventory so far that can be used as a
reference for studying milk lipids.

TAG 46:1

TAG 46:0

TAG quantification Manual verification

B INTRODUCTION fore a large proportion of milk TAG species remains to be
characterized. With the aim to build up a complete milk lipid
inventory, we have conducted a comprehensive survey of milk
lipids by combining exhaustive chromatographic separation
with high-resolution mass spectrometry detection and an
automated lipid identification tool. A total of 3454 TAG

Lipids are one of the major components of bovine milk
alongside proteins and lactose. Milk lipids not only provide
energy but also have a profound influence on physicochemical
properties of dairy products' > as well as on human health.*’

In addition, some lipid species may be useful as biomarkers of

physiological status or even risk of metabolic diseases in dairy species have been identified in this study; their concentration
cows.” was also tentatively determined. In this report, we will provide

The total fat content and the overall fatty acid (FA) a full description and analysis of the TAG species detected in
milk. Indeed, this study surveyed both TAGs and polar lipids.
A separate report will summarize the results on polar lipid
characterization.

composition are the two most important attributes of milk
lipids, which can be determined readily using infrared-based
devices® and GC, respectively.” However, the biological
functions and the nutritional potential of milk lipids are
often related to a specific lipid class or even the stereo- B MATERIALS AND METHODS
structures of lipid molecules.'®™"* Hence, a thorough
characterization of both major and minor classes of milk lipids
at a molecular species level is essential.

The recent advances in separation technology, high-
resolution mass spectrometry, and data-processing tools greatly
facilitate this task; a number of reviews focusing on analytical
platforms applicable to lipidomic analysis of biological systems
are available.*™'¢ Triglycerides (TAGs) are the dominant
component of milk lipids, representing >98% of total milk
fat."” It is estimated that around 400 FAs are present in bovine
milk,"® from which many thousands of TAG species can
theoretically be produced by random combination. However,
in the literature, less than 500 species have been described so
far with analytical techniques including GC, RPLC-MS,
HILIC-LC-MS, and supercritical fluid LC—MS;*""7*° there-

Milk Source and Chemicals. Our preliminary tests found
that the TAG profile was quite similar between raw milk and
commercial milk. As commercial milk samples are bulked milk
from many cows and across different herds, they are a better
representative of bovine milk. Three brands (A, B, and F) of
full cream commercial milk samples obtained from a local
supermarket (Victoria, Australia) were used in this study; the
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total fat content was 3.4% for all the three samples, as shown
on the label.

A total of 9 TAG standards (TAG tri-8:0, TAG tri-10:0,
TAG tri-12:0, TAG tri-14:0, TAG tri-15:0, TAG tri-16:0, TAG
tri-18:0, TAG tri-18:1, and TAG tri-20:0) were purchased
from Sigma-Aldrich. Solvents used for milk lipid extraction and
mobile phase preparation were of chromatographic grade and
were from Fisher Scientific (methanol and isopropanol),
Sigma-Aldrich (chloroform), and Merck (acetonitrile and
butanol). Ammonium formate (used as a mobile phase
additive) was of analytical grade (Sigma-Aldrich).

TAG Standard Preparation and Lipid Extraction. Stock
solutions of TAG standards (1 mg/mL) were prepared in
chloroform/methanol (2:1, v/v) or in chloroform (for TAG
tri-20:0) and stored at —20 °C; working solutions of TAG
standards (0.00002, 0.00008, 0.0004, 0.002, and 0.004 mg/
mL) were prepared by diluting the stock solution with a
solvent mix (butanol/methanol/chloroform, 3:5:4, v/v/v).

For TAG identification, milk lipids were extracted using the
Folch method.”” Briefly, 0.5 mL of milk, 0.5 mL of water, and 4
mL of chloroform/methanol (2:1, v/v) were mixed at room
temperature in a 15 mL centrifuge tube; lipids were extracted
by vortex at full speed for 2 min, followed by centrifugation for
15 min (at 5500 g) to separate the aqueous and organic phases.
The organic phase containing the TAG fraction was transferred
to a glass vial and dried at 30 °C under N, to remove the
solvents. The remaining lipids were then redissolved in 1 mL
of the solvent mix (butanol/methanol/chloroform, 3:5:4, v/v/
v), and this crude lipid preparation was used directly for
comprehensive TAG identification by LC—MS/MS.

For TAG quantification, milk lipids were extracted using the
one-phase extraction method reported by Liu et al.** Briefly, at
room temperature, 100 yL of raw milk was mixed with 1 mL of
butanol/methanol/chloroform (3:5:4, v/v/v) in a 2 mL
Eppendorf tube, and this mixture was shaken vigorously by
vortex for 30 s and then centrifuged for 10 min (at 13,000 g).
The supernatant and its 5- and 20-fold dilutions were used for
TAG quantification by LC—MS.

TAG Identification by LC—MS/MS. For identification,
milk lipids extracted from sample A were separated by non-
aqueous reversed phase liquid chromatography (NARP-LC)
using an AcclaimTM C30 column (250 X 3 mm, 3 um,
Thermo Fisher Scientific) connected to a Kinetex Core—Shell
C18 column (150 X 4.6 mm, 2.6 um, Phenomenex) on a
Vanquish UHPLC system (Thermo Fisher Scientific). The
column compartment was maintained at 30 °C and the sample
tray at 15 °C. The mobile phase is composed of pure
acetonitrile (A) and acetonitrile/isopropanol (10:90, v/v)
containing 10 mM ammonium formate (B). The gradient
elution was performed by a linear increase of mobile phase B
from 0 to 76% over 120 min with a flowrate of 0.45 mL/min.
The injection volume was 5 uL.

A Q Exactive Plus mass spectrometer (MS) (Thermo Fisher
Scientific) equipped with a heated electrospray ionization
source was used for TAG molecule detection. The heated
capillary was maintained at 300 °C with a source heater
temperature of 325 °C, and the sheath, auxiliary, and sweep
gases were respectively at 40, 15, and 4 units. The instrument
was operated in positive ion mode (4.2 kV) with a full scan
(120—1800 m/z) at a resolution of 70,000 followed by S data-
dependent MS2 scans at a resolution of 17,500 and collision
energy of 25 eV. The precursor isolation width was set to 1.5
Da, and a dynamic exclusion of 8 s was enabled.

TAG species identification was achieved using LipidSearch
4.1 Software (Thermo Fisher Scientific), based on accurate-
mass information of parent ions as well as MS2 informa-
tion.”””" The following parameters were selected to capture
the main species of TAG with definite FA composition:
precursor ion—M + NH,; precursor tolerance—5 ppm;
product tolerance—8 ppm; threshold type—relative; product
ion—2.0%; m-score threshold—S5.0; recalculate isotope—on;
execute quantitation—off; toprank filter—off; main node
filter—main isomer peak; FA priority—on; ID quality filter
(A).

TAG Quantification by LC—MS. Extracted lipids from the
three brands of milk were separated by a Luna Omega C18
column (150 X 2.1 mm, 1.6 ym, Phenomenex) on the same
Vanquish UHPLC system. The column compartment was
maintained at 55 °C and the sample tray at 15 °C. The mobile
phase is composed of water/acetonitrile (40:60, v/v)
containing 10 mM ammonium formate (A) and acetonitrile/
isopropanol (10:90, v/v) containing 10 mM ammonium
formate (B). The gradient elution was performed by a linear
increase of mobile phase B from S to 100% over 25 min with a
flowrate of 0.25 mL/min. The injection volume was 5 uL.

The detection of milk TAG was also by Q Exactive Plus MS
operated in full scan (120—1800 m/z) positive ion mode using
the same instrument settings as for TAG identification. The
raw data acquired were imported into Xcalibur software
(Thermo Fisher Scientific) for TAG group identification based
on accurate mass of parent ions as well as MS2 information.
Quantification of TAG groups was performed with LCquan
software (Thermo Fisher Scientific) as well as external
calibration curves of TAG standards. Finally, TAG concen-
trations were converted into gmoles, and the mean values of
the three brands of milk samples are presented.

B RESULTS AND DISCUSSION

Summary of TAG Groups and Species Identified. A
TAG group is defined in this study as a series of species having
the same chemical formula, same accurate mass, same total acyl
carbon number, and same total double bond number, whereas
a TAG species is defined as a TAG molecule with definite
identity of all the three FAs (irrespective of their stereospecific
position). As expected, the number of TAG species identified
by LipidSearch varies with the parameter settings. While the
top-rank species only display a subset of all species with the
highest matching scores, the number of main species
identifiable rises when lowering the product ion intensity or
m-score threshold or when grade-A (lipid class and FA chains
completely identified) and grade-B (lipid class and some FA
chains identified) quality ID are combined (Table 1). For all
species, the FA position is not defined; so positional isomers
are not counted. In addition, the number of TAG groups and
species that can be identified depends on the sensitivity of the
MS instrument as well as the lipid concentration of the sample.

In order to capture the essential lipid species of bovine milk
while excluding those of very low/trace level or with
incomplete FA identity, a set of parameters of moderate
stringency were chosen which allowed us to identify 220
groups and 3454 species (Table 1, bold); the total acyl carbon
number (CN) across these TAG groups ranges from 20 to 62,
with the total double bond number (DB) varying between 0
and 9 and molar mass between 400 and 1100 Da. Among the
220 TAG groups, 36 are saturated, 37 are mono-unsaturated,
37 are di-unsaturated, and 110 are poly-unsaturated. Because
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Table 1. Summary of LipidSearch Results

TAG product ion number of number of
composition  threshold (%) m-score grade®” groups species
Top-rank 2 S A 220 1202
species

main 2 S A 220 3454
species

main 1 N A 220 3658
species

main 0.5 S A 223 4021
species

main 2 2 A 223 3707
species

main 2 S A-B 233 4787
species

“A: TAG species with all FAs completely identified; B: TAG species
with some FAs identified.

of the very large size of the dataset, only the list of TAG groups
is shown in the main text (see the TAG quantification section),
whereas the full list of the 3454 TAG species with detailed
chemical formula and accurate mass information is provided as
the Supporting Information (Table S-1).

Although the 3454 TAG species identified in this study are
by no means a complete account of all TAG species present in
bovine milk, compared with previous studies, which identified
less than 80 TAG groups and between 100 and 300
species,”'*7***® this work provides the most comprehensive
inventory of bovine milk TAG. Close examination of the large
dataset allows us to observe several features that are discussed
in the following sections.

FA Composition of TAG Species. FA profiling of milk fat
is generally performed by GC, and in most studies around 25
major FAs are quantified and reported.””** Examination of the
FA composition of the 3454 TAG species reveals that at least
65 FAs are found in these TAG molecules, of which 23 are
saturated, 17 are mono-unsaturated, 8 are di-unsaturated, and
17 are poly-unsaturated (Table 2). It is unsurprising to note
that the most frequent FAs (present in over 300 out of the
3454 species) are all major FAs of bovine milk, namely, C4:0,
C6:0, C8:0, C10:0, C12:0, C14:0, C16:0, C18:0, C18:1, and
C18:2, whereas several FAs including C11:2, C11:3, C11:4,
C12:4, C27:0, C17:1, C28:0, and C28:1 are only found in less
than 10 species. We should point out that the presence of
around half of the 65 FAs (Table 2, underlined) has not been
reported so far in milk fat. Indeed, it remains a difficult task to
identify and quantify such rare FAs by GC, given the limited
availability of standards. It is interesting to note that short-
chain FAs such as C2:0, C3:0, C5:0, and C7:0 were not found
in these 3454 TAG species identified by LipidSearch software.

The theoretical number of TAG species that can be
synthesized with 65 FAs could reach over 45,000 by random
combination even without considering the positional isomers.
Although the exact number of TAG groups and species present
in bovine milk will never be known, the 3454 species detected
in this work are likely to be only the relatively abundant lipids
yet a small fraction of the total TAG pool. We believe that a
large number of low- or very low-abundance species are still
not captured in this inventory, as the number of species
identified by LipidSearch rises to 3658 and 4021 when we drop
the relative intensity threshold of the product ions from 2 to 1
and 0.5%, respectively (see Table 1). No attempt was made to
increase the number of TAG species in this inventory by using
a more concentrated sample or by increasing the sensitivity of

Table 2. FAs Detected in Milk TAG Molecules and Their
Frequency

saturated FA'  mono-unsaturated  di-unsaturated poly-unsaturated

(frequency) FA (frequency) FA (frequency) FA (frequency)
C4:0 (518) C10:1 (211) C10:2 (25) C10:3 (23)
C6:0 (435) Cl1:1 (62) Cl11:2 (6) C10:4 (14)
C8:0 (432) C12:1 (172) C12:2 (66) C11:3 (1)
C9:0 (156) C14:1 (289) C14:2 (90) Cl1:4 (1)
C10:0 (486) Cl16:1 (375) C18:2 (406) C12:3 (17)
C11:0 (147) C17:1 (229) C20:2 (106) Cl12:4 (6)
C12:0 (390) C18:1 (630) C22:2 (31) Cl14:3 (75)
C13:0 (162) C19:1 (172) C24:2 (13) Cl4:4 (14)
C14:0 (497) C20:1 (107) C18:3 (281)
C15:0 (324) C21:1 (43) Cl18:4 (110)
C16:0 (642) C€22:1 (40) C20:3 (143)
C17:0 (276) C23:1 (84) C20:4 (156)
C18:0 (463) C24:1 (42) C20:5 (90)
C19:0 (101) C€25:1 (28) €22:3 (38)
C20:0 (106) C26:1 (14) C22:4 (74)
C21:0 (49) C27:1 (2) C22:5 (81)
C22:0 (83) C28:1 (1) C22:6 (20)
€23:0 (50)

€24:0 (69)

€25:0 (15)

€26:0 (30)

€27:0 (2)

€28:0 (2)

the LC—MS instrument (e.g, nano-LC). We should also
mention here that the current LC—MS/MS method cannot
differentiate cis-/trans- and double bond positional isomers of
C18:1, nor various isomers of conjugated and non-conjugated
C18:2; so the frequency of C18:1 and C18:2 shown in Table 2
is the sum of all isomers.

TAG Group Composition. Although most TAG groups
contain 30—58 CN and 0—S5 DB, those with <30 CN and >5
DB are also not rare, and interestingly, odd CN groups
represent as much as 40% of total TAG groups (Table 3). It is
known that the presence of short-chain FAs is a distinct feature
of bovine milk as compared to human milk.'">*" TAG groups
with a total acyl carbon number as low as 20—22 were detected
in this study. If the scarcity of TAG groups with total acyl
carbon number >60 can be explained by their low melting
point, which hinders their secretion from mammary glands, it
would be puzzling if TAG 12:0, TAG 14:0, TAG 16:0, and
TAG 18:0 were totally absent given the abundance of FA C4:0,
C6:0, and C8:0 in bovine milk. Manual inspection of the LC—
MS chromatograms and MS2 spectra has revealed the presence
of these five TAG groups in the sample, but the level of parent
ions and/or product ions are below the threshold for triggering
data-dependent MS2 scan or below the threshold for detection
by LipidSearch (data not shown). This again indicates that the
TAG groups and species listed in Table S-1 is far from
exhaustive.

Verification of LipidSearch Results. LipidSearch is a
powerful tool in automated lipid species identification of milk
fat, a daunting task to be completed manually. Table S-1 shows
that the most striking feature of milk TAG is the huge number
of isomer species within each group (on average 15—16 species
per group and as many as >30 for some groups). While
identification of the isomer species can be achieved by
LipidSearch or other data analysis software with minimal or

https://dx.doi.org/10.1021/acsomega.0c01841
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Table 3. TAG Concentration in Bovine Milk”

TAG

TG 20:0
TG 22:1
TG 22:0
TG 23:0
TG 24:1
TG 24:0
TG 25:1
TG 25:0
TG 26:3
TG 26:2
TG 26:1
TG 26:0
TG 27:2
TG 27:1
TG 27:0
TG 28:3
TG 28:2
TG 28:1
TG 28:0
TG 29:2
TG 29:1
TG 29:0
TG 30:4
TG 30:3
TG 30:2
TG 30:1
TG 40:4
TG 40:3
TG 40:2
TG 40:1
TG 40:0
TG 41:5
TG 41:4
TG 41:3
TG 41:2
TG 41:1
TG 41:0
TG 42:8
TG 42:7
TG 42:6
TG 42:5
TG 42:4
TG 42:3
TG 42:2
TG 42:1
TG 42:0
TG 43:5
TG 43:4
TG 43:3
TG 43:2
TG 43:1
TG 43:0
TG 51:0
TG 52:7
TG 52:6
TG 52:5
TG 52:4
TG 42:3
TG 52:2
TG 52:1
TG 52:0

umol (+SD)
0.50 + 0.04
0.14 + 0.02
4.93 + 0.60
1.40 = 0.08
2.27 + 0.29
37.60 + 4.11
0.54 + 0.03
8.87 = 0.55
0.17 + 0.02
1.18 + 0.07
17.69 + 1.84
168.53 + 17.06
0.19 + 0.02
2.46 + 0.20
34.69 + 1.80
1.36 + 0.19
6.82 + 0.45
7712 + 7.12
364.39 + 36.18
0.70 + 0.09
8.78 + 0.43
59.53 + 3.87
0.29 + 0.03
3.80 + 0.55
22.61 + 1.25
172.09 + 14.90
94.67 + 8.89
327.11 + 26.64
954.87 + 103.60
1565.37 + 168.62
1198.55 + 122.83
1.90 + 0.13
226 + 0.27
14.17 + 0.74
70.82 + 1.34
152.14 + 9.72
185.17 £ 9.78
0.07 + 0.01
0.73 + 0.0
6.02 + 0.60
32.71 £ 2.78
52.75 + 4.98
156.66 + 10.09
493.83 + 39.70
943.4 + 92.96
905.92 + 64.95
2.04 + 0.10
1.55 £ 0.26
12.50 + 0.57
45.21 + 1.5§
135.87 + 5.83
171.47 + 5.56
51.70 + 9.74
1.30 + 0.14
9.95 + 0.34
4131 + 1.13
147.30 + 3.54
156.66 + 10.09
831.67 + 81.24
545.62 + 82.18
129.01 + 25.90

TAG

TG 30:0
TG 31:3
TG 31:2
TG 31:1
TG 31:0
TG 32:5
TG 32:4
TG 32:3
TG 32:2
TG 32:1
TG 32:0
TG 33:3
TG 33:2
TG 33:1
TG 33:0
TG 34:5
TG 34:4
TG 34:3
TG 34:2
TG 34:1
TG 34:0
TG 35:4
TG 35:3
TG 35:2
TG 35:1
TG 35:0
TG 447
TG 44:6
TG 44:5
TG 44:4
TG 44:3
TG 44:2
TG 44:1
TG 44:0
TG 45:5
TG 45:4
TG 45:3
TG 45:2
TG 45:1
TG 45:0
TG 46:6
TG 46:5
TG 46:4
TG 46:3
TG 46:2
TG 46:1
TG 46:0
TG 47:5
TG 47:4
TG 47:3
TG 47:2
TG 47:1
TG 55:3
TG 55:2
TG 55:1
TG 55:0
TG 56:9
TG 56:8
TG 56:7
TG 56:6
TG 56:5

umol (£SD)
605.23 + 56.81
0.41 + 0.04
226 + 0.24
19.87 + 0.99
103.39 + 5.03
0.16 + 0.01
1.20 + 0.16
10.50 + 1.18
5744 + 3.51
332.04 + 28.67
1006.24 + 82.32
0.90 + 0.17
4.86 + 0.49
43.73 + 2.40
219.05 + 10.87
0.52 + 0.04
2.50 + 0.26
20.23 + 2.14
102.73 + 6.84
652.98 + 53.25
2001.29 + 170.67
0.56 + 0.01
2.71 £ 0.13
13.37 + 0.80
116.64 + 6.18
546.8 + 49.20
0.78 + 0.07
5.88 + 0.41
18.87 + 0.82
29.99 + 2.17
110.98 + 3.97
382.01 + 21.08
880.19 + 65.15
709.80 + 57.65
1.01 + 0.02
2.99 + 0.26
13.33 + 1.04
50.61 + 1.54
142.78 + 6.72
168.30 + 9.04
2.82 + 0.11
15.12 + 0.86
46.87 + 2.21
153.12 + 6.81
444.41 + 25.46
859.45 + 64.85
575.54 + 46.77
1.19 + 0.03
4.92 + 0.32
18.30 + 1.77
69.22 + 2.01
181.66 + 5.82
12.66 + 1.21
13.42 + 2.1§
15.02 + 1.99
325 £ 042
0.38 + 0.0
1.98 + 0.15
7.22 + 0.37
15.04 + 1.46
12.86 + 1.93

12576

TAG

TG 36:5
TG 36:4
TG 36:3
TG 36:2
TG 36:1
TG 36:0
TG 37:3
TG 37:2
TG 37:1
TG 37:0
TG 38:6
TG 38:5
TG 38:4
TG 38:3
TG 38:2
TG 38:1
TG 38:0
TG 39:5
TG 39:4
TG 39:3
TG 39:2
TG 39:1
TG 39:0
TG 40:7
TG 40:6
TG 40:5
TG 47:0
TG 48:6
TG 48:5
TG 48:4
TG 48:3
TG 48:2
TG 48:1
TG 48:0
TG 49:5
TG 49:4
TG 49:3
TG 49:2
TG 49:1
TG 49:0
TG 50:6
TG 50:5
TG 50:4
TG 50:3
TG 50:2
TG 50:1
TG 50:0
TG 51:5
TG S1:4
TG 51:3
TG 512
TG S1:1
TG 58:2
TG 58:1
TG 59:5
TG 59:4
TG 59:3
TG 59:2
TG 60:3
TG 60:2
TG 60:1

umol (£SD)
1.00 + 0.08
6.92 + 0.74
63.87 + 6.55
302.12 + 17.22
1422.68 + 127.39
2681.86 + 237.52
11.82 + 0.88
50.43 + 2.05
280.79 + 22.93
411.36 + 33.09
0.22 + 0.03
3.41 + 0.30
20.33 + 2.34
15291 + 11.47
646.28 + 34.34
2298.24 + 220.88
1982.97 + 185.20
0.41 + 0.03
4.73 + 0.24
22.38 + 1.42
85.31 + 0.82
262.15 + 24.06
255.39 + 2041
0.08 + 0.01
2.16 + 0.28
20.57 + 1.32
155.84 + 11.93
3.61 + 0.10
15.96 + 0.71
45.79 + 2.17
169.17 + 2.97
53541 + 21.90
968.28 + 88.09
402.76 + 42.01
1.7§ + 0.0S
7.48 + 0.36
27.7§ + 091
113.83 + 3.88
245.18 + 20.17
114.71 + 12.59
5.51 + 0.32
2543 + 093
81.26 + 5.59
292.36 + 7.47
733.31 + 53.26
933.12 + 89.74
287.28 + 39.31
4.20 + 0.30
21.32 + 0.73
59.80 + 3.00
166.9 + 14.95
192.19 + 22.47
4.92 + 0.69
5.49 + 0.94
0.53 = 0.09
0.18 + 0.03
3.28 +£ 0.53
3.27 £ 0.60
1.98 + 0.25
2.32 + 0.35
3.42 + 0.50
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Table 3. continued
TAG umol (+SD) TAG
TG 53:6 1.57 + 0.07 TG 56:4
TG 53:5 7.19 + 0.49 TG 56:3
TG 53:4 17.02 + 1.19 TG 56:2
TG 53:3 4871 + 3.42 TG 56:1
TG 53:2 96.49 + 12.18 TG 56:0
TG 53:1 7048 + 11.44 TG 57:6
TG 53:0 1521 + 2.54 TG 57:5
TG 54:7 5.54 + 043 TG 57:4
TG 54:6 23.84 + 4.65 TG 57:3
TG 54:5 89.45 + 6.39 TG 57:2
TG 54:4 200.54 + 15.49 TG 57:1
TG 54:3 360.84 + 44.05 TG 58:8
TG 54:2 307.56 + 54.80 TG 58:7
TG 54:1 131.94 + 27.71 TG 58:6
TG 54:0 25.38 + 6.34 TG 58:5
TG 55:5 276 + 0.28 TG 58:4
TG 55:4 4.59 + 0.31 TG 58:3

umol (£SD) TAG

8.97 + 1.04 TG 61:3
10.19 + 1.03 TG 61:2
12.0S + 1.84 TG 62:2
10.98 + 1.94

5.76 + 0.99

0.04 + 0.01

0.46 + 0.07

1.26 + 0.22

3.34 £ 0.27

1.73 + 0.14

6.66 + 1.12

0.90 + 0.04

2.1 £0.17

2.12 + 031

1.26 + 0.28

1.31 £ 0.10

0.5 + 0.03

umol (+SD)
0.48 + 0.07
0.58 + 0.12
1.00 + 0.21

“From TAG 20:0 to TAG 54:0: the average response of TAG 24:0, TAG 30:0, TAG 36:0, TAG 42:0, TAG 45:0, TAG 48:0, and TAG 54:0 was
used; from TAG 55:5 to TAG 62:2: the response factor of TAG 60:0 was used.

no chromatographic separation,””** the TAG species identified
can only be considered as putative in the case of multiple co-
eluting isomers. In this study, automated identification by
LipidSearch was based on MS/MS2 spectra acquired after an
exhaustive NARP-LC separation (Figure S-1, Supporting
Information); so confidence in the species identified can be
considered as high. Nevertheless, the reliability of the data
generated needs to be verified manually given the exact
mechanism for biosynthesis of TAG molecules in mammary
glands is still obscure.

MS2 spectra of highly resolved isomers facilitate consid-
erably manual identification of TAG species. For example, in
the case of TAG 30:0, a classic reversed-phase LC (RP-LC)
combining a sub-2 ym column with a long gradient elution
detected five peaks with peaks a—b and c—d poorly resolved
(Figure 1A). The MS2 spectrum of the overlapping peaks c—d
is quite complex containing 9 DAG+ ions (Figure 1C), from
which it is very difficult to determine with certainty the exact
number of isomer species co-eluted and their FA composition,
let alone their relative abundance. NARP-LC with 2 columns
connected in series is known to provide improved separation of
TAG isomers, and such a strategy has been used in several
studies.'”*"*> We compared various column combinations,
and the best overall performance was obtained by combining a
C30 column with a core—shell C18 column. A total of 12
peaks were detected for TAG 30:0 by NARP-LC with several
of them baseline resolved (Figure 1B). Only 3 DAG+ ions (m/
2299, 383 467) were found in the MS2 spectrum of the largest
peak (h) (Figure 1D), corresponding to the neutral loss of
three different FA chains; the mass difference between the
parent ion (m/z 572) and the DAG+ ions reflects the identity
of the three FAs (C4:0, C10:0, and C16:0). Consequently, this
peak contains a single isomer species with a definite FA
composition 4:0/10:0/16:0. Similarly, the FA identity of all the
other peaks can be readily assigned manually based on DAG+
ion information, including peak k, which contains 2 co-eluting
isomers TAG 4:0/8:0/18:0 and TAG 2:0/12:0/16:0. The
number of isomer species of this TAG group identified by
manual inspection totalled 13, with 3 of them TAG 2:0/10:0/
18:0 (peak 1), TAG 2:0/12:0/16:0 (peak k), and TAG 2:0/

14:0/14:0 (peak j) not detected by LipidSearch due to the
relative abundance of one product ion being below the
threshold. The presence of FA C2:0 in the TAG structure is an
interesting finding, which was rarely reported so far. Indeed,
manual inspection of MS2 spectra also revealed the presence of
other short-chain FA including C3:0, C5:0, and C7:0 in species
belonging to several TAG groups, for example, TAG 27:2,
TAG 27:1, TAG 29:3, TAG 29:2, TAG 31:2, and TAG 31:1
(data not shown) but again not captured by LipidSearch.

A total of 9 FAs were found in these 13 isomers, namely,
C2:0, C4:0, C6:0, C8:0, C10:0, C12:0, C14:0, C16:0, and
C18:0. If the 8 major FAs (4:0, 6:0, 8:0, 10:0, 12:0, 14:0, 16:0,
and 18:0) were randomly combined for making TAG 30:0
molecules, the isomer species that can be theoretically
produced would comprise 4:0/8:0/18:0, 4:0/10:0/16:0, 4:0/
12:0/14:0, 6:0/6:0/18:0, 6:/8:0/16:0, 6:0/10:0/14:0, 6:0/
12:0/12:0, 8:0/8:0/14:0, 8:0/10:0/12:0, and 10:0/10:0/10:0;
all these 10 isomer species were indeed detected by manual
inspection as well as LipidSearch. This implies that the type
and the total number of isomer species of this TAG group does
match the random combination of FAs. If FA C2:0 was also
included, the number of theoretical isomers that could be
formed for TAG 30:0 would be 13, corresponding exactly to
the 13 species detected by manual inspection. This example
confirms that LipidSearch is reliable for capturing the main
TAG species, but species of low abundance may still be missed
out when identification parameters of moderate stringency
were applied.

Identification of Positional Isomers. Figure 2 shows the
NARP-LC-MS profile of TAG 28:0, from which 11 peaks can
be identified (a—k), albeit not fully resolved. Alignment of the
peak apex of the extracted parent ion versus the product ion
chromatograms allows us to establish with ease the FA
composition of the 11 isomers including the over-lapping ones
(f=h). A close examination of the FA composition of these 11
peaks indicate that peak ¢ and peak i are, respectively,
positional isomers of peak d and peak j, as the MS2 spectra of
the positional isomers contain the same DAG+ ions but in
different proportions (data not shown). The presence of
positional isomers is usually judged based on isomer species

https://dx.doi.org/10.1021/acsomega.0c01841
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Figure 1. Extracted ion chromatograms of TAG 30:0 and MS2 spectra of selected peaks following different chromatographic separation regimes. A:
LC separation of milk fat by a Luna Omega C18 column (150 X 2.1 mm, 1.6 ym) in classic RP mode for 80 min; B: LC separation of milk fat by a
combination of an AcclaimTM C30 column (250 X 3 mm, 3 ym) and a Kinetex Core—Shell C18 column (150 X 4.6 mm, 2.6 yum) in NARP mode
for 120 min; C: MS2 spectrum of peaks c-d from chromatogram A; D: MS2 spectrum of peak h from chromatogram B. The isomer species of all
peaks shown in chromatogram B are assigned as 10:0/10:0/10:0 (a), 8:0/10:0/12:0 (b), 8:0/8:0/14:0 (c), 6:0/12:0/12:0 (d), 6:0/10:0/14:0 (e),
6:0/8:0/16:0 (f), 4:0/12:0/14:0 (g), 4:0/10:0/16:0 (h), 6:0/6:0/18:0 (i), 2:0/14:0/14:0 (]), 4:0/8:0/18:0 and 2:0/12:0/16:0 (k), and 2:0/10:0/
18:0 (1).

having the same FA composition but different retention time. most species is likely due to their low abundance rather than
The low abundance of the positional isomers (c and i poor chromatographic separation. However, not all positional
compared to d and j) does not support random esterification of isomers of TAGs are of low abundance; in the case of the well-

FAs to the three positions of the glycerol backbone, a fact that known positional isomer pair OPO/OOP, while OPO is the
is well documented in various types of milk.*>**~* major structure, OOP is of substantial proportion in bovine
Consequently, the failure to detect positional isomers for milk.>>*" Again, using the current parameter settings,

12578 https://dx.doi.org/10.1021/acsomega.0c01841
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Figure 2. Identification of all isomers of TAG 28:0 by manual alignment of parent and product ion chromatograms. LC separation of TAG 28:0

isomers was carried out by a combination of an AcclaimTM C30 column (250 X 3 mm, 3 #m) and a Kinetex Core—Shell C18 column (150 X 4.6
mm, 2.6 ym) in NARP mode for 120 min. The FA composition of the isomers are assigned as 8:0/10:0/10:0 (a), 8:0/8:0/12:0 (b), 6:0/10:0/12:0
(c), 6:0/10:0/12:0 (d), 6:0/8:0/14:0 (e), 4:0/12:0/12:0 (f), 4:0/10:0/14:0 (g), 6:0/6:0/16:0 (h), 4:0/8:0/16:0 (i), 4:0/8:0/16:0 (j), and 2:0/

12:0/14:0 (k).

These two simple examples clearly show that chromato-

LipidSerach is successful in detecting 8 out of the 9 species

graphic separation facilitates considerably the manual identi-

(except TAG 2:0/12:0/14:0), but is not able to provide

fication of TAG species, which is an essential way for verifying
and complementing the results generated by LipidSearch.

detailed information regarding the presence or relative

abundance of positional isomers.

https://dx.doi.org/10.1021/acsomega.0c01841
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Indeed, manual identification of lipid species is often required
when automated data processing tools are not available. In
addition, combining exhaustive LC separation with parent ion/
product ion chromatogram alignment enables deconvolution
of co-eluting isomers and detection of positional isomers.
While previous studies strongly advocate the non-random
distribution of FA in TAG synthesis,'® our results appear to
suggest that what can be theoretically produced is indeed
found in milk when it comes to the number and FA
composition of isomer species. Based on the present data,
we believe that “skewed random” is a more appropriate term to
describe FA make-up in milk TAG structures.

It should be mentioned, however, the NARP-LC-MS
method showed lower sensitivity (due to larger LC columns
and a higher flowrate used). Consequently, for a compre-
hensive TAG identification, a higher lipid concentration was
required, which cannot be achieved easily with the simple one-
phase extraction method. Therefore, the Folch lipid extraction
method was used for TAG identification, whereas the one-
phase method was used for TAG quantification.

Quantification of TAG Groups. As resolution of all
isomer species is not possible for most if not all TAG groups,
quantification of TAG at the species level is not achievable at
this stage. In this study, TAG quantification was performed at
the group level using the external calibration method. It is
known that MS response of TAG molecules varies with both
FA chain length and level of unsaturation,*"** but currently, it
is impossible to procure standards for 220 TAG groups. We
have measured the relative response of 9 TAG standards and
found a rather similar response from TAG 24:0 to TAG 54:0,
or between TAG 54:0 and TAG 54:3, but a slightly lower
response with TAG 60:0 (Table S-2, Supporting Information).
Consequently, we have used the average response of TAG
24:0, TAG 30:0, TAG 36:0, TAG 42:0, TAG 45:0, TAG 48:0,
and TAG 54:0 to estimate the concentration of all TAG groups
from TAG 20:0 to TAG 54:0, and the response factor of TAG
60:0 to estimate that from TAG 55:5 to TAG 62:2. Such an
approach of using a single or a limited number of standards to
quantify or semi-quantify TAGs is widely adopted in lipidomic
analysis.”** As a result, the TAG quantification results
presented in this report can only be considered as an
approximate level.

Because of the wide concentration range of various TAG
groups, 3 dilutions of the lipid extract were measured to ensure
that the concentration of each group is within the linear range
(between 10 ng and 10 pg/mL). Table 3 shows that the
concentrations of the 220 TAG groups in bovine milk spans
from 0.07 to over 2000 ymol. The most abundant TAG groups
(>800 pmol) include TAG 32:0, TAG 34:0, TAG 36:1, TAG
36:0, TAG 38:1, TAG 38:0, TAG 40:1 and TAG 40:0, TAG
42:1, TAG 42:0, TAG 44:1, TAG 46:1, TAG 48:1, TAG 50:1,
and TAG 52:2, consistent with previous reports,zo’zz"m’%’46
although the abundance order of these major TAG groups
differs across different studies probably due to milk samples
being of various origins. By contrast, TAG groups with CN >
54 are generally present at low concentration (<20 gmol) and
ignored in most studies. Overall odd-CN groups are less
abundant compared to even-CN ones and groups with total
DB > 4 are mostly at a concentration <50 umol. By contrast,
only a small variation was observed across the three brands of
milk; this can be explained by the fact that all the three brands
are probably derived from raw milk of the same region. The
total amount of TAG species added together is approximately

30 mg/mL of milk for all the three brands, a value very close to
the theoretical fat content of the samples (34 mg/mL). This
indicates that our method used for TAG quantification is of
adequate accuracy.

B CONCLUSIONS

Bovine milk TAGs are an immense assembly of molecules of
varying FA composition. The 3454 species detected in this
work represent the most comprehensive coverage of milk
TAGs to date. However, these species are likely to be only a
relatively abundant and small portion of all TAG molecules
present in milk. In addition to the dozen major FAs, many low-
abundance FAs including C2:0 and C3:0 were found to
participate in TAG synthesis for the first time. A non-complete
random rule appears to govern FA esterification in TAG
molecules. The molar concentration of 220 TAG groups was
also tentatively determined using currently available standards.
This dataset is expected to be a valuable reference inventory
for researchers involved in dairy research.
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