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11 Abstract  

12 The embryonic zebrafish is an ideal system for lipid analyses with relevance to many areas of 

13 bioscience research, including biomarkers and therapeutics. Research in this area has been hampered 

14 by difficulties in extracting, identifying and quantifying lipids. We employed 1H-NMR at 700MHz to 

15 profile lipids in developing zebrafish embryos. The optimal method for lipidomics in embryonic 

16 zebrafish incorporated rapid lipid extraction using chloroform and an environment without oxygen 

17 depletion. Pools of 10 embryos gave the most acceptable signal-to-noise ratio, and the inclusion of 

18 chorions in the sample had no significant effect on lipid abundances. Embryos, bisected into cranial 

19 (head and yolk sac) and caudal (tail) regions, were compared by principal component analysis and 

20 analysis of variance. The lipid spectra (including lipid annotation) are available in the public 

21 repository MetaboLights (MTBLS2396).

22 Introduction

23 Lipids are a diverse and abundant class of biomolecules within all living organisms [1]. Simple fats 

24 and oils provide energy and have important roles in processes such as signalling and membrane 

25 trafficking, whereas more complex, polar lipids such as sterols and phospholipids provide much 

26 needed structures to biological membranes [2]. The lipid bilayer is a key component of skeletal 

27 muscle membranes and here the lipids provide both structure and flexibility [3].

28 Disrupted lipid metabolism is a primary pathogenetic mechanism in a number of mammalian diseases 

29 including myopathies such as lipid storage myopathy and HACD1-associated centronuclear myopathy 

30 [4-6]. Despite the importance of lipids, the study of lipidomics is less advanced than that of genomics 

31 or proteomics. Gene and protein structures are linear alignments of code (base pairs, amino acids) 

32 whereas the structure of lipids is far more complex, making even the classification of these structure 

33 more difficult [1].

34 There are a vast number of techniques available to study lipid profiles, all with their own benefits and 

35 limitations. 1H-NMR is an important tool for lipidomic analyses, it is time efficient, highly 
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36 reproducible and has been shown to identify a number of lipid classes in samples, including mouse 

37 liver [7]. NMR produces crowded spectra due to the lack of separation and so if separation is required 

38 mass spectrometry (MS) as a class of technique may be more appropriate [8]. MS is highly sensitive, 

39 however, the level of ionisation of lipids is variable and so lacks the reproducibility compared to 

40 NMR [8]. MS is destructive to samples and therefore complementary analyses cannot be performed 

41 on the same material, for these reasons’ NMR can be a desirable procedure for initial explorations [8].

42 Embryonic zebrafish are widely used to study development and genetic diseases, including several 

43 models for congenital myopathies [9-13]. Unlike mammals, zebrafish embryos develop externally and 

44 are therefore an isolated system for analysis of lipid metabolism during myogenesis [14]. Research in 

45 lipidomics (including biomarkers and therapeutics) has been hampered by difficulties in extracting, 

46 identifying and quantifying lipids. Previous studies have focused on the use of mass spectrometry 

47 techniques and while 1H-NMR has been conducted on zebrafish embryos this has mainly been to 

48 study polar/hydrophilic metabolites [15-19]. 

49 Robust methods for extraction and collection of 1H-NMR spectra are essential. Therefore, in this 

50 work, we established a working protocol that generates high-quality, reproducible spectra and 

51 confirmed our ability to detect lipidomic differences in developing embryos. In this study we aimed to 

52 carry out 1H-NMR lipid profiling in developing zebrafish embryos to establish a reproducible 

53 methodology for future studies, focusing on the protruding mouth stage (72 hours post fertilisation 

54 (hpf)).

55 Materials and Methods 

56 Animals

57 Adult AB strain wild-type (WT) zebrafish were housed in a multi-rack aquarium system at the 

58 University of Liverpool. Zebrafish were maintained at 28.5 ± 0.5°C on a 12-hour light, dark cycle. 

59 Husbandry and collection of embryos involving zebrafish embryos were performed in accordance 

60 with both local guidelines (AWERB ref no. AWC0061) and within the UK Home Office Animals 
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61 Scientific Procedures Act (1986), in a Home Office approved facility (University of Liverpool 

62 Establishment License X70548BEB). Adults were bred and embryos incubated in the dark at 28°C, in 

63 aquarium water and staged according to Kimmel et al., 1995 [20]. All experiments performed were 

64 exempt from ethical approval due to embryonic age as stipulated in ASPA guidelines.

65 Embryonic Sample Collection

66 AB wildtype zebrafish (Danio rerio) embryos were collected into microcentrifuge tubes, and water 

67 was removed by careful pipetting before snap freezing in liquid nitrogen and storing at -80°C for a 

68 period of no more than 1 month. For all experiments except the chorion and development 

69 experiments, embryos aged 3 days post fertilisation (dpf) were used. For chorion experiments, 1dpf 

70 embryos were used and for dechorionated embryos the chorions were removed manually using a pair 

71 of fine watchmaker forceps (Dumont Laboratories) and discarded before snap freezing and storing as 

72 above. To bisect 3dpf embryos, embryos were washed in cold fish water (approximate temperature: 

73 4°C) to shock and temporarily stop movement before using disposable scalpels (Swann-Morton) to 

74 bisect the embryos.

75 Whole embryos (all dpfs) were stored in pools of 10 embryos except where different embryo numbers 

76 required for the sample size experiments. Bisected embryos were stored in groups of 20 cranial or 

77 caudal portions per tube to counteract sample amount being decreased (Figure 1).

78 Lipid extraction

79 500µl of ice-cold chloroform (C1HCl3, Sigma Aldrich) was added to samples in microfuge tubes. 

80 Samples were then sonicated at 50KHz using a microprobe in three x 30 second intervals including a 

81 30 second pause in between intervals. Samples were vortexed for one minute before incubating for 10 

82 minutes at 4°C prior to centrifugation for 10 minutes at 21,500g and 4°C. The supernatant was 

83 transferred to a fresh microcentrifuge tube or glass via and snap frozen in liquid nitrogen before 

84 lyophilisation. Chloroform is a highly volatile chemical and is known to react with plastic, for this 

85 reason lipids were also extracted in glass mass spectrometry vials [21]. After plastic was deemed to be 
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86 most suitable, lipids were extracted in both normoxic and hypoxic conditions under low oxygen levels 

87 (constant nitrogen stream) to determine if the oxidation of lipids would produce an observable effect 

88 on spectra [22] and to evaluate the optimum extraction method for 1H-NMR analysis.

89 Sample preparation 

90 Lyophilised samples were resuspended in 200μl of 99.8% deuterated chloroform (C2HCl3, Sigma 

91 Aldrich). Samples were vortexed for 10 seconds and centrifugated at 21500g, 4°C for one minute. The 

92 supernatant was then transferred using a glass Pasteur pipette to 3mm (outer diameter) NMR tubes.

93 NMR Spectra acquisition 

94 Samples were acquired on a Bruker Avance III HD spectrometer with a TCI cryoprobe and chilled 

95 SampleJet autosampler with a field strength of 700.17MHz. Spectra acquisition and processing was 

96 carried out using Topspin 3.1 software. Spectra were acquired and pre-processed according to 

97 standard metabolomics practices by an NMR spectroscopist at the Shared Research Facility for NMR 

98 metabolomics [14]. Briefly 1D 1H-NMR NOESY standard vendor pulse sequence (noesgppr1d - all 

99 parameters constant between samples) was used to acquire with a 25ppm spectral width and 256 scans 

100 (thirty-minute experiment) at 15°C to offset the volatility of the chloroform. Pre-processing of spectra 

101 proceeded using automated standard vendor routines (apk0.noe - Fourier transform, phasing and 

102 window function) and spectra were aligned using the residual C1HCl3 peak at 7.26ppm.

103 Spectra inclusion criteria

104 Strict quality control (QC) was conducted on all spectra. Phasing of baselines was checked and 

105 manually corrected when required. The reference peak (C1HCl3) line width was measured at half 

106 height to ensure it was a single peak of <1.1Hz. Any samples that failed QC were acquired again on 

107 the spectrometer up to three times. 

108 Spectra processing
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109 Using a representative set of spectra, a pattern file defining bin boundaries was generated for all peak 

110 positions. Where possible peaks were identified using and in-house Avanti Library or annotated 

111 according to published identities [23,24]. The pattern file was validated using the TameNMR Galaxy 

112 toolkit (https://github.com/PGB-LIV/tameNMR) and then used to integrate the spectral peaks data 

113 into numerous ‘bins’ for statistical analysis. Spectra were also subsetted for head-group analysis by 

114 omission of bins (1-112) attributed to hydrocarbon chain identities from published 1H-NMR studies 

115 [7, 24].

116 Statistical analysis

117 Data was normalised by Probabilistic Quotient Normalisation (PQN) and auto scaled (each bin was 

118 mean centred followed division by the standard deviation for that bin) before performing multivariate 

119 (PCA) and univariate one-way ANOVA analyses. ANOVA was followed by Post-hoc analysis using 

120 Tukey’s Honest Significant Difference method for multiple comparisons. Cluster separations for PCA 

121 were scored and then we evaluated the probability that the separation seen was due to chance. This 

122 was performed using a permutation method within r package 'ClusterSignificance' [25]. Statistical 

123 analysis was conducted using in-house scripts implemented using the mixOmics package in R (r-

124 project.org) [26]. 

125

126 Results

127 Sample collection was based on Beckonert et al., (2007) and Folch (1957) with the extraction 

128 procedure simplified to focus solely on lipids and reduce sample losses (omitted two-phase extraction) 

129 (for entire workflow see Figure 1) [27, 28].

130 Figure 1: Schema of extraction protocol including zebrafish embryo preparation. Examples 

131 shown include the bisection of embryos 3 days post fertilisation (dpf) and removal of chorion from 

132 1dpf embryos. After sample preparation lipids were extracted in either plastic Eppendorf tubes or 

133 glass mass spectrometry vials. Samples were run on a Bruker Avance III HD spectrometer with a TCI 
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134 cryoprobe and chilled SampleJet autosampler with a field strength of 700.17MHz. Spectra were then 

135 processed and put through quality control measures (examples shown include phasing corrections and 

136 checking the chloroform peak width). Spectra were then binned appropriately using TameNMR and 

137 statistical analysis conducted using R.

138 Optimisation of sample size 

139 Sample size experiments determined 10 embryos was sufficient to produce 1H-NMR spectra with 181 

140 bins (Figure 2, Table 1). Figure 2 shows sections of the spectra corresponding to the majority of polar 

141 headgroups and the lipophilic hydrocarbon chain, with spectra from 1x embryo, 2x, 5x and 10x 

142 embryos at 3 days post fertilisation. Annotated bins for phosphatidylcholine (PC), triacylglyceride 

143 (TG) and total-cholesterol (TC) were selected due to their relevance in zebrafish development [9]. 

144 These bins show increasing signal in the spectra with increased embryo numbers within the sample. 

145 We calculated signal-to-noise ratios to establish whether bins exceeded both the limits of detection 

146 (LOD) and quantification (LOQ) (Table 1). Table 1 shows that certain bins did not always meet the 

147 LOQ or LOD (bins 118, 137 and 151) so these would not be appropriate bins to use for lipid 

148 quantification therefore other bins representing the same lipid classes should be selected, for example 

149 bin 150 was selected to quantify triacylglycerides over that of bin 151 (Table 1). 
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150 Table 1: A sample of the annotated spectral peaks and their mean signal-to-noise ratios for specific lipid bins corresponding to specific lipid classes. 

Bin number 8 20 118 120 123 136 137 150 151 152
Bin ID Total 

Cholesterol
Free 
Cholesterol

Lysophosphati-
dylcholine

Phosphatidyl 
choline

 Free 
Cholesterol

Phospholipids Phospholipids Triacylglycerides Triacylglycerides Phospholipids

Chorion 1dpf (10)* 2029.36 10271.17 28.25 276.16 182.91 84.41 210.12 1422.89 103.21 82.03
no-chorion 1dpf (10)* 2188.83 11043.17 39.61 301.31 190.96 600.87 72.16 1900.87 98.51 132.49
1dpf (10)* 1586.26 8876.64 10.73 380.22 148.83 121.15 211.43 1241.07 129.81 93.87
2dpf (10)* 477.39 2598.88 4.25 103.80 42.08 31.17 30.02 335.91 34.53 29.88
3dpf (1)* 158.07 2478.67 0.31 25.22 18.61 80.56 10.77 138.01 8.09 169.51
3dpf (2)* 159.16 1719.28 -0.36 26.93 13.71 25.66 9.46 109.19 7.13 75.57
3dpf (5)* 328.62 2173.93 2.09 71.78 27.18 30.79 15.82 200.41 24.09 63.24
3dpf (10)* 785.24 4419.27 5.55 107.54 68.53 53.32 66.23 489.48 36.57 56.49
Cranial (20) 2626.67 13571.41 22.97 532.87 225.33 168.95 407.86 1824.24 190.55 121.12
Caudal (20) 235.23 1768.09 -0.26 6.63 16.86 23.38 1.3 130.14 3.22 49.09
Eppendorf with N2 (10) 412.12 2088.55 0.84 43.39 34.16 173.29 5.03 287.21 15.46 13.81
Glass with N2(10) 709.42 4138.22 10.84 116.75 58.65 298.71 36.41 508.96 41.31 23.54

151 Bins that failed the LOD (limit of detection) threshold of 3:1 are highlighted in yellow and those failing the LOQ (limit of quantification) threshold of 10:1 in 

152 blue. Spectral bins 8, 120 and 150 (in bold) were selected for further analysis whereas bins 118, 137 and 151 are examples of bins that did not meet the LOD 

153 certain sample types. Dpf=days post fertilisation.

154 *whole embryo extraction in Eppendorf without O2 depletion
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155 Figure 2: 1D 1H-NMR spectra showing the polar headgroups and hydrocarbon chain portions 

156 of ZF extracts. 1D 1H-NMR spectra (Topspin) showing the polar headgroups and hydrocarbon chain 

157 portions of the spectra in sample sizes of 1, 2, 5 and 10 embryos at 3 days post fertilisation (n=3). 

158 The effect of embryonic dechorionation 

159 Removal of the chorion revealed no benefit with regards to reduced variation and samples did not 

160 cluster separately (p-value=0.894) (Figure 3A). ANOVA results identified no significant changes in 

161 lipid abundance in any of the bins (adjusted p-value <0.05) between the two samples (Figure 3A).

162 Figure 3: Effects of sample processing, extraction and developmental stage. (A) principal 

163 component analysis (PCA) scores of 1 day post fertilisation (dpf) embryos with and without chorions 

164 (n=3). (B) PCA scores for 3dpf embryonic lipids extracted in either glass vials with nitrogen gas (N2), 

165 or Eppendorf tubes with or without N2 (n=3). (C) PCA scores of embryos during development (n=3). 

166 The effect of extraction environment 

167 Spectra were compared from extractions performed in glass vials and Eppendorfs with or without the 

168 depletion of oxygen by use of nitrogen gas (N2). The addition of sample preparation in a N2 

169 environment exhibited a larger variance within the group spectra for both glass and Eppendorf 

170 extracts in low O2 environments with respect to extracts performed in Eppendorfs extracted without 

171 O2 depletion (Figure 3B). ANOVA results found 67 significant bins between the three extraction 

172 environments (Figure 3B). 

173 Lipidomic evaluation of developmental stages and bisected 

174 embryos

175 The lipidome of embryos during development was also compared using unsupervised multivariate 

176 principal component analysis (PCA), with 3dpf embryos clustering almost separately from 1dpf (p-

177 value=0.09) embryos but with 2dpf overlapping 1 and 3dpf embryos (p-values=0.116 and 0.906 
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178 respectively) (Figure 3C). ANOVA results identified 10 significant bins (adjusted p-value <0.05) 

179 between the developmental stages, with all 10 of these differing between 1 and 3dpf (Figure 3C).

180 The marginal separation of clusters seen between developmental stages (Figure 3C) led us to assess 

181 how much influence the yolk sac may be having in the spectra. Spectra acquired on dissected cranial 

182 (head and yolk sacs) and caudal (tails) sections gave clear separation with cranial sections and whole 

183 embryos clustered together (p-value=0.349), but separately from the caudal sections (caudal versus 

184 whole p-value=0.026, caudal versus cranial p-value=0.001) which are predominantly muscle (Figure 

185 4A). The PCA loadings for whole embryo (Figure 4B) show the variance between the cranial sections 

186 and whole versus the caudal section. Univariate analysis confirmed that these differences could be 

187 attributed to a large number of bins (132 bins of 181 adjusted p-value <0.05), of which three bins of 

188 biological interest have been annotated in red (Figure 4B). Analysis using the section of the spectra 

189 attributed to the head group regions of lipids showed similar clustering patterns with caudal sections 

190 separated out and also separation between whole embryos and cranial sections (Figure 4C). The PCA 

191 loadings indicated that the variance between cranial and caudal sections was dominated by peaks 

192 attributed to this lipid headgroup region (bins 113-181) (Figure 4D). 

193 Figure 4: The effect of bisecting embryos prior to lipid analysis. (A) Principal component analysis 

194 (PCA) scores for whole embryos versus bisected cranial/caudal sections and (B) corresponding PCA 

195 loadings (n=3 whole, n=6 cranial/caudal sections). (C) PCA scores for whole embryos versus bisected 

196 cranial/caudal sections using only the main headgroup region (bins 113-181) of the spectra to further 

197 identify peaks of interest and remove variation created by sample loss) and (D) corresponding PCA 

198 loadings (n=3 whole, n=6 cranial/caudal sections). (E-G) Representative boxplots for total cholesterol 

199 (TC) (E), phosphatidylcholine (PC) (F) and triacylgylcerides (TG), these bins are annotated on Figure 

200 3B (G). Adjusted p-values for E-F all equal < 0.05, ANOVA. Tukey’s multiple comparison showed 

201 Cranial-Caudal and Whole-Caudal to be significant, adjusted p-values < 0.05 (E) and all three 

202 comparisons to be significant in (F) and (G) (adjusted p-values < 0.05). Dotted lines (A&C) indicate 

203 the 95% confidence interval.
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204 The annotated bins from 3B are in Figures 3E-G showing the relative abundance of representative 

205 peaks for total cholesterol (TC), phosphatidylcholine (PC) and triacylglycerides (TG) respectively. 

206 ANOVAs for these 3 bins found them to be significantly changed as a whole (p<0.05) with relative 

207 abundance of these bins lower in the caudal sections. Tukey’s multiple comparisons found TC to be 

208 significantly lower in caudal sections than in either the cranial sections or whole embryos (p<0.05) 

209 and all three groups caudal, cranial and whole significantly different for PC and TG (p<0.05).

210 Discussion

211 Lipidomics in embryonic zebrafish is an emerging field and has potential for numerous applications 

212 with far-reaching impact. This work provides a robust methodology for 1H-NMR lipidomics using 

213 embryonic zebrafish from which reproducible, informative spectra can be produced. 

214 An increase in embryo number increased signal-to-noise ratio and allowed for the acquisition of a 

215 quantitative lipid spectra (Figure 2). Pools of 10 embryos provided a spectra in which all bins tested 

216 passed both the limit of detection and limit of quantification (Figure 2). Previous studies have used 

217 large numbers of zebrafish embryos (~100 embryos) for 1H-NMR [18,19]. Whilst zebrafish can lay 

218 clutches of several hundred embryos when housed in optimal conditions [29], pools of 100 are 

219 typically not experimentally feasible due to time constraints from commonly used techniques such as 

220 microinjection. Therefore, our finding that it is possible to use pools of 10 embryos for 1H-NMR 

221 lipidomic analysis is important for studies of genetically modified embryos.

222 Dechorionation was deemed to be an unnecessary step because there was no significant difference in 

223 the lipidome between samples with and without chorions (Figure 3A). This was an expected result as 

224 chorions are proteinaceous structures and not lipid based [30]. We were also able to conclude that 

225 retaining the chorions benefits spectral consistency – a probable reason for the increased variability is 

226 the possibility of an induced metabolic change in the sample. Embryos hatch from their chorions 

227 between 2 – 3 days post fertilisation (dpf) therefore when analysing different developmental changes, 

228 we recommend collection of embryos without including this labour-intensive step [20].
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229  We found the most robust method to extract lipids was rapid extraction in plastic Eppendorf tubes 

230 without the depletion of oxygen by use of nitrogen gas (N2). The use of increased variation seen in the 

231 PCA plots (Figure 3B) which led to a number of significant changes within the 1H-NMR spectra 

232 (Figure 3D). We propose that the additional air-flow induced through N2 rich working may have been 

233 a factor in increased variance in the lipid metabolome and outweighs the benefit of oxygen depletion 

234 on the lipidome in this study.

235 There was less cluster separation between embryos of different developmental stages than expected 

236 (Figure 3C) and we hypothesised this may be due to the yolk sac masking any effects seen from 

237 within the rest of the embryo due to its high lipid composition [15]. To test this, we bisected the 

238 embryos into cranial (head and yolk sac) and caudal (tail) regions and found the caudal sections 

239 segregated completely, thus confirming our hypothesis (Figure 4A & C). Fraher et al., 2016 

240 determined that at 0 hours post fertilisation (hpf) when the embryo consists of solely yolk sac, the 

241 most abundant classes of lipid were: cholesterol (TC) followed by phosphatidylcholines (PC) and 

242 triacylglycerides (TG). In our data these three lipid classes are significantly lower in the caudal 

243 samples and highest the cranial region (in which the yolk sac is the greatest proportion of sample) and 

244 then slightly lower in whole embryos. Therefore, bisection or removal of the yolk sac may be 

245 necessary in some situations including detailed analysis of the lipidome in a particular tissue (tail 

246 muscle for example) or evaluation of low abundance lipid classes.

247 In conclusion we have developed a robust method for analysis of lipid profiles of zebrafish embryos 

248 by 1D 1H-NMR. Furthermore, we anticipate this protocol could broaden the scope of 1H NMR 

249 lipidomic analysis by providing a template for establishing lipid analysis methods in other model 

250 organisms by 1H-NMR spectroscopy.

251

252 Additional Information
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253 Abbreviations: NMR nuclear magnetic resonance; dpf days post fertilisation; hpf hours post-

254 fertilisation; WT wild type; QC quality control; ANOVA analysis of variance; PCA principal 

255 component analysis; PQN probabilistic quotient normalisation; PC phosphatidylcholine; TG 

256 triacylglyceride; TC total-cholesterol; FC free-cholesterol; LOD limit-of-detection; LOQ limit-of-

257 quantification

258 Keywords: lipidomics, 1H-NMR spectroscopy, zebrafish embryo
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