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Chapter 3
Rapid metabolic screening of early 
zebrafi sh embryogenesis based on 
direct-infusion-nanoESI-FTMS

ABSTRACT
Single zebrafi sh eggs were rapidly profi led using high resolution nanoelectrospray direct infu-
sion mass spectrometry with limited sample preparation and without separation. The analysis 
time per sample is around 1 minute. Using this approach the different developmental stages 
of zebrafi sh eggs can be characterized by their active metabolites. Five different development 
stages with distinct metabolic fi ngerprints could clearly be observed when untargeted analysis 
is performed and the data are plotted using principal component analysis (PCA). Using this 
approach early embryogenesis is followed with a time resolution of 1 hour and 102 features 
proved relevant. Of these, signifi cant number of putatively identifi ed compounds has not been 
reported earlier to have any association with early zebrafi sh embryogenesis yet. The onset of 
gene expression and the increase in energy requirement is refl ected by the measured metabo-
lome complementing earlier reported transcriptomics studies from a systems biology point of 
view. By deyolking and dechorionation eggs at two early developmental stages, we were able 
to observe distinct changes in localized metabolism. 



Chapter 3

34         | Chapter 3

INTRODUCTION
In the past decade the Zebrafish (Danio Rerio) has become a popular vertebrate model system 
for studying human development and disease[1]–[3]. This is because the development of the 
zebrafish is very similar to the embryogenesis in higher vertebrates, including humans. But 
unlike mammals, zebrafish develop from a fertilized egg to an adult outside the female in a 
transparent egg. This makes it possible to observe developing embryos from the single cell to 
the entire organism level[4]. The development time of the embryo is fast (after about 2 days 
most common vertebrate specific body features can be seen including brain, eyes, ears and all 
internal organs) and the number of offspring is large (100-200 eggs per mating). Moreover, 
because they are small, available in large numbers and maintained at low cost, zebrafish em-
bryos are ideal as model systems in high-throughput whole organism preclinical drug scree-
ning and toxicology studies as less drug is required, a larger number of animals can be used 
and less ethical issues are associated[5], [6]. Therefore, the zebrafish embryo can bridge the 
gap between cell assays and rodent assays.
The external and rapid development as well as transparency of zebrafish embryos is ideal for 
observable phenotype-based screening at cellular and organ-tissue level using live imaging, 
for example using a complex object parametric analyzer (COPAS)[7]. Although these pheno-
typic changes are adequate for specific drug-induced biological responses, they don’t reveal 
system-wide responses and are not sufficient in elucidating the mode of action or potential 
toxicity of drugs[6]. With the ever increasing interest in studying biological systems in a ho-
listic manner (systems biology) the necessity for delivering qualitative and quantitative data 
of complete biological systems for which zebrafish offer many advantages becomes clear[8]. 
Metabolomics is a powerful tool within systems biology and investigates the complex inter-
actions of the metabolism and metabolic networks[9]–[11]. One of the greatest strengths of 
metabolomics is the ability to capture a molecular snapshot of metabolites as reactants, inter-
mediates or products of (enzyme-mediated) biochemical reactions. Metabolomics comple-
ments genomics, transcriptomics and proteomics for metabolites are in a unique position as 
they are building blocks for all other biochemical structures including proteins (amino acids), 
genes and transcripts (nucleotides) and cell walls (lipids) [12], [13]. 
So far, the number of metabolomics studies on zebrafish embryos is limited[14]–[18].  Most 
of these studies included chromatography which is time consuming and therefore less sui-
table for high-throughput metabolic screening. Recent studies outlined the power of high-
resolution direct infusion mass spectrometry (HR-DI-MS) metabolomics on other complex 
samples[19]–[22]. Most of these studies were performed using flow injection electrospray 
ionization (ESI)-MS and therefore did not explore the advantages of nanoESI over normal ESI 
with respect to ionization efficiency and ion suppression effects[23].
In this paper we describe a rapid metabolic profiling method of zebrafish eggs, based on lysis 
of single zebrafish eggs and subsequent HR-nanoESI-DI-MS analysis. A clear metabolic dis-
tinction between developmental stages in early embryogenesis is described and up-and down 
regulation of some important primary metabolites is shown. By deyolking and dechoriona-
ting the embryos, we were able to highlight localized and time resolved metabolism.

MATERIALS AND METHODS
Chemicals and materials
Methanol was from Biosolve (Valkenswaard, The Netherlands). Water was obtained from a 
Millipore high purity water dispenser (Billerica, MA, USA). All solvents were HPLC grade. 
The labeled amino acids (“Cell Free” amino acid mix (20 AA) (U-13C, 98%+; U-15N, 98%)) 



Ch
ap

te
r 3

Rapid metabolic screening of early zebrafish embryogenesis based on direct-infusion-nanoESI-FTMS |           35

were bought from Cambridge Isotope Laboratories (Andover, MA, USA) and added to the 
samples at a concentration of 1 µg/mL. Reserpine (also used as internal standard) was supp-
lied by Fluka (Buchs, Switzerland) and added to the samples at a concentration of 500 ng/mL.

Whole embryo experiments
Two wild type (strain A/B) parent groups were maintained under standard zebrafish aqua-
rium conditions. Since many cell differentiation and phenotopic processes occur within 48 
hours after fertilization, the following 5 early developmental stages were chosen: the 4-cell (1 
hpf), 64-cell (2 hpf), 1k (3 hpf), 50% Epiboly (5 hpf) and the 18-somites stage (18 hpf) For 
each of the five developmental stages 8 eggs were analyzed separately in triplicate.
 
Lysation protocol for the whole embryo
1) The egg was optically selected under a microscope in the relevant developmental stage and 
pipetted to a 1.5 mL eppendorf tube. As much as possible of the egg water was removed.
2) The egg was washed 3 times with 1 mL demineralized H2O.
3) 100 µL (9:1, v/v methanol:water) including the internal standards (1µg/mL labeled amino 
acids+ 500 ng/mL reserpine) was added. Immediately the sample was snap-frozen in liquid 
nitrogen for 2 minutes. This step should quench metabolism and precipitate the proteins.
4) After snap-freezing the sample was sonicated for 2 minutes to lyse and to homogenize the 
sample and visually inspected to confirm homogeneity. In case of non-homogeneity the sam-
ple was snap-frozen and sonicated a second time.
5.)Precipitated proteins were spun down by centrifuging the lysate at 16.1 krcf at 0 °C. The 
supernatant (80 µL) was used for DI-MS analysis.

Deyolking and dechorionating experiments
Two developmental stages 1kcell (3 hpf) and somite (18 hpf)) of the same wild type were 
measured (pool of n=10) in triplicate.
Dechorionating
1) The chorion of the egg was removed mechanically by a tweezer and was put in a 1.5 mL ep-
pendorf tube. Using this methodology only the membrane of the chorion could be analysed. 
The same lysation protocol as described above was used however, instead of 100 µL , now 1 
mL of solvent + IS (since it was a pool of 10 egg instead of a single egg) was added and no 
washing was done (since it would remove parts of the sample). 
Deyolking
1) After dechorionating the egg only consists of the yolk with its cells (see Figure 1). The yolk 
was removed by adding a Ringer solution to the egg and pipetting it up-and down a few times. 
2) Subsequently, the sample was centrifuged for 5 minutes at 0.8 krcf (to segregate the cells) 
and the supernatant (including the yolk) was pipetted away. This way only the cells of the 
embryo could be analyzed[4].
3) 1 mL of IS was added to the pallet and the same lysation protocol was used as described 
above.
Non-fertilized egg (pool of n=10, in triplicate)
1) First the non-fertilized egg (only 3 hpf stage) was dechorionated resulting in only the yolk 
with its fluid. This way also the fluid in the yolk could be analyzed.
2) 1 mL of IS was added and the same lysation protocol was used as described above.
In the deyolking experiments again also whole-eggs were included as a reference.



Chapter 3

36         | Chapter 3

MS Analysis
Th e analyses were performed by DI-nanoESI-MS in the positive ion mode using the automa-
ted Advion NanoMate Triversa system (type ‘A’ chip) coupled to a LTQ-FT Ultra (Th ermo 
Fisher Scientifi c). Eppendorf 96 well plates were used on which all the samples were randomly 
distributed. Of each sample 5µL was infused using a pressure of 0.2 psi and an electrospray 
voltage of 1.48 kV in the positive ion mode. Mass spectra were recorded using three scan 
ranges containing 20 scans: 50-250; 250-500; 500-1000 m/z (in this order) at a resolution of 
100.000. Separate scan ranges instead of one full scan range was chosen in order to enhance 
sensitivity. Th e MS was tuned with inlet capillary temperature of 120 °C, capillary voltage of 
35V and the tube lens voltage of 50 V. For tandem MS as well as for the deyolking experiments 
an LTQ-Orbitrap XL (Th ermo Fisher Scientifi c) was used with inlet capillary temperature of 
120 °C, capillary voltage of 25 V and the tube lens voltage of 80 V.

Data processing 
Th e fi rst 10 scans (approximately 10 seconds) of every sample were averaged using XCali-
bur soft ware (version 2.0.7; Th ermo Fischer). Th ese average scans were stored in separate 
fi les. In some samples no spray or no stable spray was obtained, i.e. no average scan could be 
made. Th ese samples were discarded from further processing. Using a resolution of 100.000 
(at 400 m/z) each sample typically resulted in 5 to 10 thousand unique features in the average 
spectrum. In contrast to hyphenated MS data, the drawback of DI-MS data is that all masses 
co-elute. Aligning features over samples now is solely based on accurate mass. To align the 
masses across the diff erent samples we created mass-bins of very small sizes (0.0003 Da) and 
assigned the diff erent masses to the nearest bin. For a mass range of 50 to 250 m/z this genera-
ted approximately 650.000 mass bins. All data analysis was done using Matlab (version 2011a 
64bit; MathWorks). In order for the data to be analyzed in Matlab the Xcalibur averaged spec-
tra fi les were converted to mzXML format (ReAdW version 4.3.1).

RESULTS AND DISCUSSION
Our primary goal was to explore the possibility of discerning developmental stages in zebra-
fi sh embryogenesis by applying HR-nanoESI-DI-MS analysis on lysed eggs. Th erefore, re-
producible and high-quality MS data should be generated and preferably an automated data 
processing tool is required. Th e implementation of these (automated) tools, viz., acquisition 
and processing strategy, forms an integral part of the proposed method. Aft er binning, empty 
and almost empty features were removed. Th is reduced the number of features from ~650.000 
to ~30.000. To reduce analytical variation as much as possible, the data was normalized by se-
lecting the optimal internal standard for each compound from the mix of internal standards. 
Th is selection was based on the minimization of the RSD of the response of replicate measure-

Figure 1: Photomicrograph of zebrafi sh embryos: (left ) 1k-cell stage and (right) somite stage. In both stages some of 
the embryos were dechorionated in order to perform the deyolking.
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ments[24]. Beckmann et al. [21] normalized the data by using the total ion current, however 
with our data this would reduce group diff erences which is not desirable. To enable statistical 
interpretation, features that showed consistency per group were selected [25]. Features were 
considered consistent if they were either present or absent in all samples for a group. However, 
as we were interested in changes between developmental stages, we allowed for, at most, one 
missing feature in the replicates of a particular developmental stage. Th is step further reduced 
the number of possible features to ~5.000. As we anticipate diff erences between the samples 
to be apparent in the most abundant metabolites for that sample, we focused on the top 100 
features per sample reducing the number of features of interest to 200. Out of these 200 fea-
tures, 102 showed signifi cant diff erences in concentration between the diff erent developmen-
tal stages. As observed in other complex samples in other research[20], the lowest mass range 
(50-250 m/z) showed a clear clustering of the diff erent developmental stages (see Figure 3). 
Th is would indicate that at least small molecules relate to metabolic variations between the 
ages of the embryo.

Robustness/validation of the analytical method
Metabolomics oft en deals with diff erential analysis of fi ngerprints[20] to highlight biomar-
kers. Especially, when a large number of analytes is taken into consideration absolute quanti-
tation is only reported in some cases. In order to be able to give some indication of the analy-
tical rigor of the method, the RSD of repeated measurements, for example using QC samples 
is oft en reported. In the absence of QC samples , the RSD was calculated for each feature using 
a RSD approach based on multiple sets of replicated measurements[26] and classifi ed in one 
of the six possible classes (0-0.1,0.1-0.25,0.25-0.35,0.35-0.5,0.5-1 and >1). Th e result of this 
inter-assay reproducibility for the 102 features is displayed in Figure 2. As can be seen almost 
half of these features showed an RSD lower than 25%.

Figure 2: Histograms showing the technical reproducibility of the measurements. 45% of the 102 features has an 
RSD <25%.
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One could argue that by focusing on the top N features too much information is being dis-
carded. For example, tryptophan, hypoxanthine, carnosine, methionine, aspartic acid, pro-
pionylcarnitine, dimethyllysine, methyllysine, acetyllysine and serine were discarded (see 
Supporting Figure 1). However, including lesser abundant features invariably led to higher 
RSD values for these new features. This could be explained by ion suppression effects: as we 
measured crude, complex samples containing various compound classes and compound sizes 
as a result of lysis of the whole embryo. As a comparison: yeast has an estimated 1100 me-
tabolites which is expected to be significantly less than the metabolome of a whole zebrafish 
embryo[13]. This together with using nanoESI lead to quite some sample-loss due to, e.g., 
clogging of the nanoESI emitter, which resulted in a loss of replicates. Nevertheless, by discar-
ding the missing variables from the dataset, still 102 features were extracted which revealed 
the developmental stage differences (Figure 3). (FDA suggests that for LC-MS profiling an 
RSD of 20% is acceptable[13]).
 
Identification of metabolites
Out of the significant 102 features 27 separate metabolites (36 features; including all adducts) 
were putatively identified (see Table 1). Identification was based on (1) search of HR-MS 
data against HMDB (Human Metabolome project Data Base) and (2) searching MS/MS data 
against HMDB comparison to standards. After the first HMDB search 171 possible structures 
were found of which 21 were unique and 150 isomers. From those 150 remaining isomers, 6 
were identified using tandem MS and subsequent database search or comparison to standards.

Table 1: RSD values of the 27 (putatively) identified features. The features that were not found in the cited references 
were ticked as ‘new’ in the last column.
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Figure 3: PCA score plots indicating a visible diff erence between 5 diff erent developmental stages. For these plots 
only one PCA model was created using all samples and only those features with an RSD < 30%. Th e blocks represent 
the 18 hpf stage, the diamonds the 5 hpf stage. Th e circles represent the 1, 2 and 3 hpf respectively.
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Table 1 shows all the putatively identified features, with their associated RSD values. Remar-
kably, the potassium adducts nearly always shows the best RSD, followed by the sodium ad-
ducts and finally the protonated molecule.  As our samples were not acidified, alkali adducts 
were not suppressed. The reason for the pre-dominant potassium adducts is most likely due to 
relative high potassium concentration inside the cell as opposed to the relative high concen-
tration of sodium outside living cells. From several of the 27 (putatively) identified features 
the boxplots with their up-or down regulation are shown in Figure 4. Still 63% of the 102 
significant features remained unidentified. This confirms that further research is required to 
expand the zebrafish metabolome database in order to increase identification using DI-MS 
methods[16].

Biological relevance
In order to evaluate the possibility of using this technology for early fingerprinting of zebra-
fish embryos, different stages after fertilization were analyzed using this approach. 1, 2, 3, 5 
and 18 hours post fertilization (hpf) were tested. The PCA in Figure 3 shows the somite stage 
(18 hpf) as the most distinctive group as well as having the most within-group variation. The 
fact that this stage is most distinctive from the other groups can be explained by the fact that 
different tissue types and organs (i.e. nervous system, skin, blood, and heart) begin to form 
at this stage. Since small time differences result already in differences of organ formation this 
will lead to biological variations in the different samples, explaining why this time point has 
the most variation in the metabolome measurements. Thus, as Chen et al. [16] remarked, the 
differences in the metabolome between the early embryonic stages may reflect the embryo-
logical properties of the cells. These results show that the zebrafish embryonic metabolome 
reflects differentiation. With our method we were able to observe a post fertilization time-
trend with a time resolution of 1 hpf. The metabolic shift between 1, 2, 3 and 5 hpf can be 
clearly observed indicating that in early embryogenesis the metabolome changes quickly and 
significantly. As can be seen, the metabolome of the first three stages (1, 2 and 3 hpf) closely 
resemble each other. This suggests that zygotic gene transcription only begins at the onset of 
the midblastula transition (3 hpf)[27]. 
The boxplots in Figure 4 allows us to go more into depth regarding the biology during early 
embryogenesis. Interestingly, the increase in concentration of dimethylarginine can be a re-
sult of the enhanced methylation and acetylation metabolism of lysine and arginine which 
play an important role in histone activity and gene expression[28][29]. When we searched for 
other methylated and acetylated forms of lysine and arginine by discarding the described mis-
sings data cleaning step (resulting in a larger data subset) we also found increasing trends for 
dimethyllysine, methyllysine and acetyllysine (Supporting Figure 1). Although we are aware 
these analytes did not make it to the best 102 features, these findings correlate to the onset of 
gene expression at 3 hpf.
The increased concentration of spermine dialdehyde could reflect the turnover of the po-
lyamine spermine which plays a role in normal and neoplastic growth as well as the (uni)
directional transport of molecules by GAP junctions which is an important process in early 
embryogenesis[30][31].
It can also be observed that the concentrations of several amino acids and biogenic amines 
are increasing during early embryogenesis. Apparently the embryos are able to release amino 
acids from storage proteins to provide the cells with building blocks and energy already in an 
early stage. Some of these reveal more than a 10-fold change going from 1 hpf to 18 hpf. In the 
18 hpf stage the rise of most of the amino acids is the largest. This could be explained by the 



Ch
ap

te
r 3

Rapid metabolic screening of early zebrafish embryogenesis based on direct-infusion-nanoESI-FTMS |           41

Figure 4: Boxplots of the up-and down regulation of some of the (putatively) identified metabolites through the five 
different developmental stages (for arg, his, actylcarnitine, lys, dimethylarg and spermine dialdehyde the (M+H)+ plot 
is shown, for tyr, glu, creatine,phe, pro, leu, val, ala, homoserine, asparagine, phophoethanolamine, acetylasparctic 
acid the (M+K)+ plot is shown, and for isovaleraldehyde the (M+NH4)+ plot is shown. The y-axis represents the ratio 
of the analyte/optimal internal standard.

increase in energy requirement for evoked muscle contraction starting at around 18 hpf[32]. 
Isovaleraldehyde, vinylacetylglycine could reflect the degradation of branched chain amino 
acids like valine and (iso)leucine, both associated with the increase in energy requirement. 
The concentration of hypoxanthine (see supplemental figure) is decreasing which can be ex-
plained by the enhanced DNA/RNA synthesis via xanthine, as also indicated by the decrease 
of guanine. 
Some metabolites, like acetylcarnitine and creatine, show up- as well as- down regulation 
within the five developmental stages. The observed trends of almost all of our identified fea-
tures is supported by the observations of previous publications[15][17]. Moreover, features 
that are indicated as new in table 1(arginine, acetylasparctic acid, carnitine, dimethylargi-
nine, dopamine, FAPy-adenine, indoleacetic acid, isovaleraldehyde, phosphoethanolamine, 
quinone, safrole, spermine dialdehyde, vinylacetylglycine) were exclusively found with our 
method and not in the aformentioned references. This indicates the potential of HR-DI-MS 
for metabolic profiling purposes.
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Deyolking
To obtain more insight in the biology of early embryogenesis, a series of deyolking experi-
ments were performed in order to zoom in on the localization of metabolism. Figure 5 shows 
several bar-plots of the group means of metabolites that were also (putatively) identifi ed in 
the previous section. Hypoxanthine and carnitine (metabolites which were discarded using 
our data cleanup steps (Supporting Figure 1)) showed a down-regulation trend during em-
bryogenesis).
Th e charts confi rm the same developmental trends as observed earlier. Because of the limited 
number of replicates that was measured (3 times) the statistical power is limited but ANOVA 
calculations showed that no signifi cant diff erence between the zygote part and the whole egg 
could be detected. Th is could indicate that most of the metabolites and most of the metabolic 
conversions take place in the zygote part. 

Figure 5: Bar-plots showing the mean of the diff erent embryonic location at the age of 3 hpf and 20 hpf. W=whole 
embryo; C=chorion membrane; Z=zygote part; NF=dechorionated non-fertilized embryo (=yolk). Th e y-axis repre-
sents the ratio of the analyte/ optimal internal standard.
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CONCLUDING REMARKS
Using our rapid metabolic fingerprinting method we were able to distinguish metabolic pro-
files of early developmental stages of zebrafish embryos. Interestingly, the onset of gene ex-
pression and the increase in energy requirement is reflected by the measured metabolome 
confirming that from a systems biology point of view metabolomics complements transcrip-
tomics. After data cleanup, only those features were selected that showed consistent behavior 
within each developmental stage resulting in 102 features. PCA revealed that periods of 1 
hour time shifts post fertilization could be differentiated from each other. In total 27 out of 
the 102 features were (putatively) identified. Although unambiguous identification is beyond 
the scope of our approach, identification on 6 of these 27 extracted features was pursued using 
standards and tandem MS. Several trends of the putatively identified metabolites are included 
and almost all of these findings are supported by previous publications. Moreover our me-
thod exclusively found several new features. By deyolking and dechorionating we showed the 
potential of this method to enable more in-depth studies on localization of metabolism. We 
conclude that HR-DI-MS is suitable for rapid metabolic profiling on zebrafish embryos. Ho-
wever, to improve robustness and obtain more high-quality features fast sample preparation 
methods are required.
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Supporting Figure 1: Boxplots of some of the discarded features due to our data cleanup steps.
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