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Abstract. Lipids exert substantial influences on
vertebrate embryogenesis, but their metabolic
dynamics at detailed structural levels remains
elusive, primarily owing to the lack of a tool capa-
ble of resolving their huge structural diversity.
Herein, we present the first large-scale and spa-
tiotemporal monitoring of unsaturated lipids with
C=C specificity in single developing zebrafish
embryos enabled by photochemical derivatiza-
tion and tandem mass spectrometry (MS). The

lipid isomer composition was found extremely stable in yolk throughout embryogenesis, while notable
differences in ratios of C=C location (e.g., PC 16:0_16:1 (7) vs. 16:0_16:1 (9)) and fatty acyl composition
isomers (e.g., PC 16:1_18:1 vs. 16:0_18:2) were unveiled between blastomeres and yolk from zygote to 4 h
post fertilization (hpf). From 24 hpf onwards, lipid isomer compositions in embryo head and tail evolved
distinctively with development, suggesting a meticulously regulated lipid remodeling essential for cell
division and differentiation. This work has laid the foundation for functional studies of structurally defined
lipids in vertebrate embryology.
Keywords: Zebrafish embryogenesis, Lipid remodeling, C=C location isomers, Mass spectrometry, Photo-
chemical derivatization
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Introduction

Lipids, typically abundant in oocytes and embryos, are of
profound importance to vertebrate embryonic development

in aspects of cell membrane construction [1], energy provision
[2], and signaling [3, 4]. Although efforts have been made on
global lipid profiling of oocytes and embryos using mass

spectrometry (MS) [5–8], our knowledge of lipids in the dynam-
ic context of vertebrate embryogenesis is considerably limited
and sketchy compared with that of nucleic acids and proteins.
This situation is further complicated by the vast structural com-
plexity of lipids owing to the five layers of lipid moieties,
namely lipid class, fatty acyl identity, fatty acyl sn-position,
carbon-carbon double bond (C=C) location, and C=C geometry
(cis/trans), wherein the latter three present great challenges to
conventional MS workflows [9–13]. Consequently, the meta-
bolic dynamics and developmental significances of a large
variety of structurally defined lipids remain largely overlooked
and poorly understood in vertebrate embryology.
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The zebrafish (Danio rerio) is a model vertebrate which has
contributed substantially to developmental biology [14], drug
discovery [15], human genetic [16–18], and cardiovascular
disease studies [19, 20]. While recent advances have enabled
the tracing of developmental trajectories of zebrafish embry-
onic cells at the single-cell transcriptomic level [21, 22] and a
large-scale embryonic proteome analysis [23], the distribution,
transport, and metabolism of lipids during zebrafish develop-
ment have recently attracted increasing research interests [24–
29]. Fraher et al. performed lipid profiling of the body and yolk
of zebrafish embryos from 0 to 120 h post fertilization (hpf) and
revealed that the two sections had characteristic lipid compo-
sitions which were dynamic with development [30]. However,
the question of how lipids are processed in the first several
hours of embryogenesis, during which cells undergo rapid
division and differentiation, remains unanswered. Dueñas
et al. applied high-resolution 3D mass spectrometric imaging
(MSI) to visualize lipid distributions in the early-stage (up to
16-cell) zebrafish embryos and found lipids of major classes
had symmetrical distributions in the blastomeres but each had
its own specific location [31]. Pirro et al. developed an inte-
grated desorption electrospray ionization (DESI) imaging and
nanoESI-MS platform to study lipid dynamics in developing
zebrafish embryos [32]. Nonetheless, most of these studies
failed to resolve the detailed lipid structural moieties, which
has great impacts on the biological functions of lipids.

Zebrafish embryos develop independently using yolk nutri-
ents for the first 5 days post fertilization (dpf) before they are able
to commence feeding (Figure 1a). Lipids, along with other
cytoplasmic components, are initially stored in the yolk and
transported to the animal pole upon fertilization to form the
blastodisc. The embryo body and yolk are separated by the yolk
syncytial layer (YSL), wherein many crucial genes for lipid

transport and lipoprotein production are expressed [33, 34]. It
is well established that the YSL is responsible for the processing
and delivery of yolk lipids to the embryo body; however, a key
question remains as to how this lipid remodeling process affects
lipid compositions in the embryo body at deep structural levels.
An enhanced lipidomics workflow that offers comprehensive
lipid structural characterization at a high detection sensitivity
should be able to provide more insights in this regard.

In this study, we performed for the first time an in-depth and
dynamic lipid profiling with C=C specificity of single devel-
oping vertebrate embryos. Zebrafish embryos were chosen
owing to transparency in their early developmental stages,
which simplified observation and handling. The photochemical
Paternò–Büchi (PB) reaction was coupled with tandem MS
[35, 36] (Figure 1b) to pinpoint C=C locations in
glycerophospholipids (GPs), which were invisible to conven-
tional lipid analysis methods. MS/MS fragmentation of the PB
reaction product released two diagnostic ions distinctive to the
C=C location, spaced 26 Da from each other (Figure 1c). The
relative amount of a lipid C=C isomer could be represented by
the summed abundance of its C=C-specific diagnostic ions
[37–39], eliminating the use of internal standards. Recent im-
provements on the PB reaction-based workflow included the
coupling with chromatographic separations [39–41], selection
of new PB reagents [40, 42, 43], and development of custom
software and databases [39, 44]. Moreover, the PB reaction,
along with other tools for deeper lipid structural analysis, has
been coupled with MSI for spatial profiling of lipids with
isomeric resolutions [12, 38, 45]. These features have opened
an avenue for the large-scale and time-resolved lipid profiling
down to the C=C location level for developmental studies.

To investigate the possible lipid alterations between lipid
source (i.e., the yolk) and destination (i.e., the blastomeres or

Figure 1. (a) Developmental stages of zebrafish embryos that were monitored in this work. (b) Experimental workflow for shotgun
lipidomic analysis of one zebrafish embryowith C=C specificity. The blastomeres and yolkweremanually dissected for separate lipid
extraction. Lipid extracts were re-dissolved for online photochemical C=C derivatization and nanoESI-MS/MS analysis. (c) Scheme
for locating the C=Cs in unsaturated lipids
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embryo body), the blastomeres and yolk were dissected with
their lipid contents separately extracted and analyzed by MS.
Specifically, for early embryogenesis, lipid dynamics was
monitored at a high temporal resolution as the embryo devel-
oped from 1-cell (zygote), 4-cell, 16-cell (cleavage period), 1k-
cell until 4 hpf (blastula period). Later on, lipids in different
parts of the embryo body, i.e., head and tail, were profiled at 24
hpf (end of segmentation period), 72 hpf (end of hatching
period), and 5 dpf (early larval period).

Experimental
Reagents

Methanol (HPLC grade), acetonitrile (HPLC grade), and
tricaine mesylate (MS-222) were purchased from Sigma-
Aldrich (St. Louis, MO, USA), acetone (analytical grade) was
purchased from Beijing Chemical Works (Beijing, China),
chloroform was purchased from Beijing Tongguang Fine
Chemicals Company (Beijing, China), and ammonium acetate
was purchased from Aladdin Chemical Co., Ltd. (Shanghai,
China). Deionized water was prepared from a Milli-Q water
purifier (Millipore, Belford, MA, USA).

Lipid Nomenclature

Unless otherwise noted, ΔX was used to annotate C=C loca-
tions in fatty acyls, in which X indicated the lower numbered
carbon in each C=C. For glycerophospholipids, the sn-posi-
tions of fatty acyls were not determined; therefore, B_^ was
used to denote unspecified sn-positions, e.g., PC 16:0_18:1.

Collection of Zebrafish Embryos and Lipid
Extraction

In this study, onlywild-type zebrafish embryos of Tübingen (TU)
strain were used. Fish maintenance and embryo raising followed
the ethical guidelines of the Tsinghua University Animal Care
and Use Committee. Embryos were raised at 28.5 °C and staged
according to Kimmel et al. [46].When reaching to desired stages,
embryos were transferred into a new Petri dish containing deion-
ized water and dechorionated manually under a microscope. For
stages of 1-cell, 4-cell, 16-cell, 1k-cell, and 4 hpf, separation of
blastomeres and yolk was achieved by manual dissection using
two fine needle tips of syringes under a microscope. For stages of
24 hpf, 72 hpf, and 5 dpf, embryos were transferred to a new Petri
dish containing deionized water and MS-222 (ca. 100 mg/L) for
anesthesia, and then the yolk was first dissected from the embryo
body, after which the body was cut into head and tail (Figure S1).
Each part from a dissected embryo was transferred into a 0.6-mL
centrifuge tube, with 20-μL methanol immediately added to
quench metabolic activities. All samples were stored at − 20 °C
prior to lipid extraction.

Lipids were extracted using a modified Bligh-Dyer method
[47]. Briefly, 20-μL deionizedwater and 40-μL chloroformwere
added into each tube which already contained the sample and
20-μL methanol. For head and tail samples of 24, 72 hpf, and 5

dpf stages, 2–5 min of sonication was applied for complete
pulverization. The mixture was vortexed for 2 min and subject
to centrifugation at 14,000 rpm for 5 min, and then the organic
phase was transferred to a new centrifuge tube. Twenty micro-
liters of chloroformwas added into the remaining aqueous phase
to repeat the vortex and centrifugation steps once, and then the
organic phases were combined and dried. Lipid extracts were re-
dissolved into the spray solvent, i.e., a mixture of acetone,
acetonitrile, and 10 mM aqueous ammonium acetate (40/40/
20, v/v/v). For each blastomere/head/tail sample, 5-μL solvent
was added. For each yolk sample at stages from 1-cell to 24 hpf,
10-μL solvent was added, while only 5-μL solvent was used for
each yolk sample at 72 hpf due to its shrinking size. The yolk of
a single embryo at 5 dpf stage was too small for analysis, and
only the head and tail parts were analyzed.

Mass Spectrometry

All experiments were performed on a Thermo Q-Exactive
Orbitrap mass spectrometer (Thermo Fisher Scientific, San
Jose, CA) unless otherwise noted. Major parameters were set
as follows: resolution, 70,000; microscans, 1; maximum inject
time, 50 ms; capillary temperature, 320 °C; and S-lens RF
level, 50. For MS2, the high collision dissociation (HCD)
energy was set as 20 (normalized collision energy, NCE), and
the mass isolation window was 0.8 Da. The commercial ESI
ion source was removed and replaced by a homemade nanoESI
source prior to all experiments. The homemade nanoESI source
was constructed on a lifting platform where a pulled emitter
was fixed. The high voltage (+ 1700 V and − 1800 V for
positive and negative mode analyses, respectively) was applied
via a copper wire inserted from the back of the emitter to be in
touch with the solution. NanoESI emitters with a tip diameter
of 3 μmwere fabricated by pulling borosilicate glass capillaries
(o.d., 1.50 mm; i.d., 1.10 mm, Sutter Instrument) using a P-
1000 micropipette puller (Sutter Instrument, Novato, CA,
USA). Parameters for capillary pulling were set as follows:
heat, 500; pull, 0; vel., 30; time, 250; and pressure, 500.

Online Photochemical Derivatization for Locating
the C=C

Acetone was used as the photochemical reagent for PB reaction
towards the C=Cs in unsaturated lipids. An ultraviolet lamp
with a major emission at 254 nm was placed beside the
nanoESI source. The distance between the lamp and nanoESI
capillary was 2.5 cm. PB reaction products were identified by a
58-Da mass shift relative to intact lipids, which corresponded
to the addition of one acetone molecule. For lipids containing
polyunsaturated fatty acyls, only the first-stage (with one ace-
tone addition) products were used for C=C localization. Diag-
nostic ions corresponding to all C=C locations were detected
since PB reaction was not specific to C=Cs at different loca-
tions. Although we could not perform relative quantitation of
C=C location isomers due to the lack of commercially available
internal standards for translating the abundance ratio of
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diagnostic ions to concentration ratio, the term Brelative
amount^ is used herein to indicate the isomer quantity.

Results and Discussion
Lipid Diversity in Zebrafish Embryos Revealed
Through Deep Structural Characterization
with C=C Specificity

As a proof of principle, MS analysis of the lipid extracts of the
blastomeres and yolk dissected from a single zebrafish embryo
revealed similar lipid compositions (Figure 2a, b) dominated by
unsaturated phosphatidylcholines (PCs). The relative amounts of
major lipids varied between the blastomeres and yolk. Generally,
polyunsaturated lipids, such as PC 38:6 and PC 40:7, were more
concentrated in the yolk. This suggested that lipids stored in the
yolk were remodeled in response to developmental needs.

Despite these differences, the blastomeres and yolk shared the
same set of dominant species. The fatty acyl composition of each
PC was then acquired via –MS/MS analysis of their acetate
adducts ([PC + CH3COO]

−). Using this strategy, we found that
PC 38:5 was a mixture of PC 16:0_22:5, PC 18:1_20:4, and PC
18:0_20:5 (Figure 2e). Similarly, PC 38:6 was not pure PC
16:0_22:6 either [30]. Rather, it was composed of PC
16:0_22:6 and PC 18:1_20:5 (SI, page 31).

A more detailed layer of lipid structural information was
acquired by locating the C=Cs in fatty acyls. Following rapid
(< 2 min) photochemical PB derivatization, unsaturated lipids
shifted to higher mass range after a 58-Da mass increase due to
acetone addition (Figure 2c, d). For instance, several pairs of
C=C-specific diagnostic ions were generated from PB products
of PC 38:5 (PBPC 38:5) atm/z 866.6 (Figure 2f). Diagnostic ions
at m/z 622/648, 662/688, 702/728, 742/768, and 782/808 were
assigned to the five C=Cs at Δ5, 8, 11, 14, and 17 in C20:5 and
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Figure 2. Lipid profiling with C=C specificity in a developing zebrafish embryo. Mass spectra of the lipid extracts from (a)
blastomeres and (b) yolk of a single zebrafish embryo at 4-cell stage. (c, d) After photochemical derivatization, PB reaction products
of unsaturated lipids were identified via a 58-Damass shift. (e) Fragmentation of the acetate adduct of PC 38:5 released fatty acyls of
C16:0, C18:1, C18:0, C20:5, C20:4, and C22:5; asterisk denotes 44 Da (CO2) loss from C20:5. (f) Tandem mass spectrum of PB
products of PC 38:5 atm/z 866.6. Several sets of diagnostic ions specific to C20:5 (5, 8, 11, 14, 17), C22:5 (7, 10, 13, 16, 19), C20:4
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those at Δ7, 10, 13, 16, and 19 in C22:5, while those atm/z 620/
646, 660/686, 700/726, and 740/766 were assigned to Δ5, 8, 11,
and 14 within C20:4. All these polyunsaturated fatty acyls
(C20:4, C20:5, and C22:5) consisted of a single isomer. By
contrast, consistent with previous studies of human and rat
samples [48, 49], C18:1 consisted of Δ9 and Δ11 isomers, with
C=C-specific ions atm/z 698/724 and 726/752, respectively. It is
worth noting that the ions at m/z 726.47 from the Δ11 C=C in
C18:1 and m/z 726.50 from the Δ11 C=C in C20:4 were well
resolved by the Orbitrap MS at a mass resolution of 70,000
(Figure S2), which enabled accurate calculation of abundance
ratios of diagnostic ions. Therefore, PC 38:5 in the zebrafish
embryo was a mixture of PC 16:0_22:5 (7, 10, 13, 16, 19), PC
18:1 (9)_20:4 (5, 8, 11, 14), PC 18:1 (11)_20:4 (5, 8, 11, 14), and
PC 18:0_20:5 (5, 8, 11, 14, 17) (Figure 2g).

In this way, over fifty lysoPCs (LPCs) and PCs were identi-
fied with fatty acyl compositions and C=C locations from a
single embryo (Table S1). Monounsaturated fatty acyls of
C16:1 and C18:1 were each found to contain two C=C location
isomers, i.e., C16:1 (7)/C16:1 (9) and C18:1 (9)/C18:1 (11).
Polyunsaturated fatty acyls existed in only one isomeric form:
For C18:3, C20:5, C22:5, and C22:6, only theω-3 isomers were
detected, while C18:2 and C20:4 solely existed as ω-6 forms. A

set of phosphatidylethanolamine (PE) and phosphatidylinositol
(PI) species were also detected and characterized (Figure S3 and
Table S2). Specifically, the C=C localization of PEs and PIs was
achieved using the LC-PB-MS/MS platform (see Supplemental
Information for details) [39].

Collectively, the structural characterization of GPs with C=C
specificity was achieved by identifying fatty acyls and C=C
locations within them, presenting a significant improvement in
lipid structural elucidation. Our results thus revealed a remarkable
structural diversity of embryo lipids in terms of fatty acyl com-
position and C=C location. The intrinsic diversity of maternally
deposited yolk lipids was pivotal to support myriad developmen-
tal needs of the increasingly specified embryonic cells.

Alterations in Lipid C=C Location Isomers Un-
veiled during Zebrafish Embryogenesis

The relative amounts of C=C location isomers for C16:1- and
C18:1-containing lipids were monitored during embryonic de-
velopment. As mentioned before, relative amount of a structur-
ally defined lipid isomer was achieved by calculating the inten-
sity ratio between C=C-specific diagnostic ions. For instance,
diagnostic ions at m/z 622/648 and 650/676 (Figure 3a, b) were
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observed for PBPC 16:0_16:1 (m/z 790.6), indicative of the
presence of PC 16:0_16:1 (7) and PC 16:0_16:1 (9)
(Figure S4A). The relative amount of PC 16:0_16:1 (7) was
calculated as the intensity ratio between its C=C-specific ions
and C=C-specific ions to all C=C location isomers, i.e., (I622 +
I648)/(I622 + I648 + I650 + I676).

Notable differences in the C=C location isomer composi-
tions of PC 16:0_16:1 were found between the blastomeres
and yolk. In the blastomeres, the level of PC 16:0_16:1 (7)
was significantly elevated than in the yolk from 10–15% to
26–34% (Figure 3e). The presence of C16:1 (7), most likely
derived from β-oxidation of C18:1 (9) [50], was rarely re-
ported and its function was not understood well [51, 52].
Conventionally, mitochondrial fatty acid β-oxidation (FAO)
pathway is important to maintain energy homoeostasis in
organs including heart, liver, and skeletal muscle [53]. How-
ever, the shortening of C18:1 (9) to C16:1 (7) via β-oxidation
should not be simply considered as an energy production
process but a pathway for lipid remodeling, and C16:1 (7)
was not merely an intermediate of C18:1 degradation. An
additional evidence to support a specific biological role of

C16:1 (7) was that the composition of C16:1 C=C location
isomers was fairly stable in the blastomeres and yolk during
the first 4 h of development, indicating a tight regulation on
its production. Even at 24 hpf, separate lipid profiling of the
head and tail revealed that the C=C isomer compositions of
PC 16:0_16:1 were basically unchanged (30% in the head vs.
31% in the tail) compared with that in the blastomeres prior
to 4 hpf. Only at 72 hpf and 5 dpf, a notable decrease of the
Δ7 isomer to 15% was observed in the tail, while little
changed in that of the head (Figure 3e).

Similar analysis was carried out for the much more abun-
dant PC 34:1, which contained almost exclusively PC
16:0_18:1 (SI, page 19). As aforementioned, C18:1 consisted
of Δ9 and Δ11 isomers (Figure 3c, d and Figure S4B). The
relative amount of C18:1 (9) was, however, only slightly higher
in the blastomeres (85–87%) than in the yolk (79–85%). From
24 hpf to 5dpf, the relative amount of C18:1 (9) in the tail kept
decreasing from 83 to 75%, which was notably lower than that
in the head (82% at 5 dpf, Figure 3f). Consequently, using the
developed method, we have achieved the monitoring of tem-
poral changes of structurally defined lipids during zebrafish
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embryogenesis, which were meticulously regulated during dif-
ferent developmental stages.

Alterations in Both Fatty Acyl Composition
and C=C Location Isomers for Polyunsaturated
Lipids

Besides C=C location isomers, we also found distinctive com-
positions of fatty acyl isomers. For instance, PC 34:2 in the
embryo was revealed to be a mixture of PC 16:0_18:2 and the
more abundant PC 16:1_18:1 (SI, page 20). We found that the
level of PC 16:1_18:1 in PC 34:2 was significantly upregulated
in the blastomeres than in the yolk (79–88% vs. 63–70%) prior
to 4 hpf (Figure S5A-B). Afterwards, its amount decreased in the
tail (69% at 5 dpf) andmore obviously in the head (57% at 5 dpf)
(Figure 4a). Likewise, PC 36:2 was a mixture of PC 18:0_18:2
and PC 18:1_18:1 (SI, page 27), with the latter consistently more
concentrated in the blastomeres and embryo body (95–99%)
than in the yolk (ca. 90%, Figure 4c and S5C-D). Interestingly,
the distributions of fatty acyl composition isomers for PC 34:2
and PC 36:2 had the same trend; viz., both PC 16:1_18:1 and PC
18:1_18:1 were more concentrated in the blastomeres and em-
bryo body. The underlying molecular mechanism and biological
implications of these fatty acyl isomer differences remain un-
clear. It is speculated that such a lipid remodeling of yolk lipids
ensures appropriate lipid content required for embryonic cell
division and membrane construction, although verification of
this hypothesis requires extensive research.

Furthermore, variations were also uncovered in the C=C
location isomer compositions of PC 16:1_18:1 and PC
18:1_18:1. For PC 16:1_18:1, diagnostic ions for Δ7 and Δ9
isomers of C16:1 were identical with those for Δ9 and Δ11
isomers of C18:1 (Figure S5A-B and Figure S6). As C16:1 (7)
was the β-oxidation product of C18:1 (9), we chose to sum their
C=C-specific ion abundances to represent their total amount.
The relative amounts of C16:1 (7) and C18:1 (9) were notably
higher in the blastomeres (55–62%) than in the yolk (41–45%).
From 24 to 72 hpf, the relative amounts of C16:1 (7) and C18:1
(9) decreased in both embryo head and tail, but they were still
higher than those of the yolk (Figure 4b). For PC 16:0_16:1,
C16:1 (7) was found to be more concentrated in blastomeres,
while for PC 16:0_18:1, the relative amounts of C18:1 (9) were
quite similar in the blastomeres and yolk. The higher relative
amount of C16:1 (7) and C18:1 (9) of PC 16:1_18:1 in the
blastomeres, therefore, was also consistent with the above
observations. As for PC 18:1_18:1, C=C location isomer pro-
files were close between the blastomeres and yolk (66–70% vs.
63–65%). Even after 24 hpf, very little changes in isomer ratios
were observed among the head, tail, and yolk (Figure 4d).

Remarkable Consistency in Yolk Lipid Profiles

The coexistence of C18:1 (9) and C18:1 (11), found in all C18:1-
containing lipids, was the most prevalent pair of C=C location
isomers in zebrafish embryos. We monitored eight C18:1-con-
taining lipids, namely LPC 18:1, PC 18:0_18:1, PC 18:1_18:2,
PC 18:1_18:3, PC 18:1_20:5, PC 18:1_20:4, PC 18:1_22:6, and

PC 18:1_22:5, in the yolk of single embryos by measuring the
relative amount of C18:1Δ9 andΔ11 isomers. Our data revealed
that isomer compositions of these lipids were remarkably stable
over the entire developmental process, except for LPC 18:1
(Figure 4e). In addition, for PCs that contained C18:1 and
another polyunsaturated fatty acyl (e.g., C20:5 or C22:6), the
relative amounts of C18:1 (9) and C18:1 (11) were roughly
equal. By contrast, C18:1 (9) was significantly elevated in PCs
containing a saturated fatty acyl (e.g. C16:0 or C18:0), suggest-
ing a selectivity towards the incorporation of fatty acyl C=C
location isomer in PC biosynthesis, which was affected by the
other fatty acyl attached to the PC backbone.

Lastly, to evaluate inter-day reproducibility, we compared
the fatty acyl and C=C location isomer compositions of two
sets of yolk samples collected on different days, both at 24 hpf
stage. As shown in Figure S7, day-to-day variations were
essentially negligible, strongly suggesting that the PC isomer
compositions were tightly regulated metabolically. In this
study, small standard deviations (SDs, typically < 3%) were
consistently found in the determination of isomer composi-
tions. It is the high accuracy and analytical reproducibility for
lipid isomer analysis that has enabled the monitoring of subtle
lipid alterations with high precision.

Conclusions
In summary, we have achieved for the first time a deep lipidomic
monitoring with C=C specificity for a developing zebrafish em-
bryo from zygote to early larval stage. Relative amounts of C=C
location isomers of unsaturated PCs were extremely consistent in
the yolk as the nutrient source. Although the embryo body, as the
destination of lipid transport, shared the same set of unsaturated
lipids with yolk throughout embryogenesis, alterations in the
compositions of PC fatty acyl and C=C location isomers were
found in the blastomeres and maintained a homeostasis in early-
stage embryogenesis (prior to 4hpf), which strongly suggested
that the lipid remodeling process took place even at the C=C
location level to maintain a specific composition of lipid struc-
tural moieties essential for membrane construction, cell division,
and differentiation. Additionally, the divergent lipid isomer pro-
files of embryo head and tail from 24 hpf to 5 dpf were the results
of both specific developmental needs and gradual depletion of
yolk lipids. Altogether, our study opens a new avenue for detailed
structural analysis and monitoring of lipids in the dynamic con-
text of vertebrate development. More importantly, as lipid func-
tions are ultimately determined by the lipid structure, this study
should promote the functional studies of lipids in biological
systems
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