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A novel application of metabolomics in vertebrate development
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a b s t r a c t

Many studies have demonstrated the functions of individual genes associated with embryogenesis and
have determined the genome sequences of several organisms. Despite the availability of enormous
amount of genetic information, dynamic changes that occur during embryogenesis have not yet been
completely understood. In order to understand the dynamic processes involved in embryogenesis, we
employed the metabolomic approach. The results of our study indicated that there is a close correlation
between metabolomes and developmental stages. Our method enables the identification of embryonic
stages using metabolomes as ‘‘fingerprints.” In this manner, we could successfully predict embryonic
development on the basis of metabolomic fingerprints. This is the first report describing a model for pre-
dicting vertebrate development by using metabolomics.

� 2009 Elsevier Inc. All rights reserved.
Introduction

The genomes of several organisms have been sequenced and
published in an attempt to understand mechanisms underlying
biological activities such as evolution and early embryogenesis.
Although the amount of genomic information has been increasing
rapidly, the mechanism of biological activities has not yet been
completely understood. It is difficult to determine the time and site
of activation of individual genes involved in vertebrate develop-
ment and to understand cell behavior associated with gene func-
tion solely on the basis of genomic information. In order to
understand the transmission of information encoded in the gen-
ome, systematic approaches such as transcriptome analysis using
microarray and proteome analysis using mass spectrometry have
been developed [1,2]. Both the approaches are important for exam-
ining the spatiotemporal pattern of transfer of genetic information
via mRNAs and proteins. However, both methods are inadequate
for elucidating the dynamic changes occurring during embryogen-
esis because they offer low resolution and are not robust enough.

Metabolomics is one of the latest ‘‘-omic” sciences, which is
based on the metabolome—an exhaustive profile of metabolites
[3,4]. Thus far, metabolomics was typically applied for the determi-
ll rights reserved.
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nation of unknown gene functions, in association with genomics,
transcriptomics, and/or proteomics. The most important indepen-
dent application of metabolomics is the identification of biomark-
ers in specific cell types or tissues [5,6]. The identified biomarkers
can be indirectly used for elucidating disease mechanisms, diag-
nostic targets, etc. [4,6,7]. In principle, the metabolome, particu-
larly the unbiased metabolome, would be more diverse and
dynamic in terms of chemical and physical properties of metabo-
lites than the transcriptome and proteome. Therefore, the analysis
of the metabolome would be suitable for describing the dynamic
changes that occur during embryogenesis. However, there have
been no reports on the practical application of metabolomics for
determining the mechanisms underlying specific biological pro-
cesses in higher organisms.

In the present study, we attempted to use metabolomics instead
of transcriptomics and proteomics for understanding the mecha-
nisms underlying complicated biological processes occurring dur-
ing embryogenesis in zebrafish. Metabolites are known to play
an important role during early development. For instance, retinoic
acid is a key metabolite involved in many developmental processes
such as neural differentiation and patterning [8]. In addition, sev-
eral studies on glucose and lipid metabolism have revealed that
alterations in the levels or types of metabolites affect embryonic
development and/or cell fate determination [9,10]. Therefore, early
embryogenesis was a suitable period for determining whether
metabolomics can be used to understand complex biological

mailto:shingo@i.kyoto-u.ac.jp
mailto:fukusaki@bio.eng.   osaka-u.ac.jp
mailto:fukusaki@bio.eng.   osaka-u.ac.jp
http://www.sciencedirect.com/science/journal/0006291X
http://www.elsevier.com/locate/ybbrc


S. Hayashi et al. / Biochemical and Biophysical Research Communications 386 (2009) 268–272 269
processes. We first identified and profiled 63 types of metabolites
from 24 developmental stages, i.e., from 1-cell stage to 48 h post-
fertilization (hpf), of zebrafish embryos by using gas chromatogra-
phy/mass spectrometry (GC/MS) method [11]. Analysis of the GC/
MS data with partial least square (PLS) regression clearly indicated
a good correlation between metabolomes and developmental
stages. Next, we developed a model for predicting embryonic
stages on the basis of the metabolome. Our novel model is a prac-
tical tool to analyze the biological processes in early development.

Materials and methods

Maintenance of zebrafish. Danio rerio adults were obtained from
a local pet shop and maintained under the following conditions: at
28.0 ± 0.5 �C and a 14-h/10-h light/dark cycle. They were fed a
commercially available artificial diet (TetraMinTM flakes) twice
daily.

Embryo collection. Fertilized eggs were collected immediately
after spawning, and the embryos were washed several times in
system water, maintained at 28.5 �C in the same water, and staged
by hpf according to the standard morphological criteria. Embryos
were collected at 24 time points (1, 2, 3, 4, 6, 8, 10, 12, 14, 16,
18, 20, 22, 24, 26, 28, 30, 32, 34, 36, 39, 42, 45, and 48 hpf), imme-
diately frozen using liquid nitrogen, and stored at �80 �C. The 24
time points were classified into the following developmental
stages: cleavage period (1 and 2 hpf), blastula period (3 and
Fig. 1. Paradigm of our novel method developed to understand the dynamic changes inv
alterations in the quality and/or quantity of metabolites reflect the dynamic changes in
metabolomes for each developmental stage by using GC/TOF-MS, as described in the te
reflected progress in embryonic development, suggesting that biological processes can b
4 hpf), gastrula period (6–10 hpf), segmentation period
(12–24 hpf), and pharyngula period (26–48 hpf).

Sample preparation. For GC analysis, we collected 50 embryos at
each time point. We mixed 1000 ll of 80% methanol diluted in
water with 30 ll of 0.2 mg/ml solution of ribitol and used it as
an internal standard. The embryos were homogenized with MM
301 mixer mills (Retsch GmbH & Co., KG, Haan, Germany). The
homogenate was shaken for 30 min at 37 �C and centrifuged at
16,000 g for 3 min at 4 �C. An 800-ll aliquot of the supernatant
was transferred to an Eppendorf tube with a pierced cap. The
samples were dried in a vacuum centrifuge dryer. For derivatiza-
tion, 50 ll of methoxylamine hydrochloride in pyridine (10 mg/
ml)—the first derivatizing agent—was added to the samples. The
mixture was incubated at 30 �C for 90 min. The second derivatizing
agent, i.e., 50 ll N-methyl-N-(trimethylsilyl)trifluoroacetamide
(MSTFA), was added, and the mixture was incubated at 37 �C for
30 min. A 1-ll sample was injected in the split mode (10:1, v/v).

GC/MS analysis. Chromatography was performed on the 6890 N
system (Agilent Co., Palo Alto, CA) equipped with a fused-silica
capillary column (internal diameter (i.d.), 30 m � 0.25 mm) coated
with a CP-SIL 8 CB low bleed film (thickness, 0.25 lm; Varian Inc.,
Palo Alto, CA) and was connected to a Pegasus III TOF mass spec-
trometer (LECO, St. Joseph, MI) equipped with an autosampler
7683B series injector (Agilent Co., Palo Alto, CA). The injection
temperature was 230 �C. The helium gas flow rate through the
column was 1 ml/min. The column temperature was isothermally
olved in early vertebrate development by using metabolic profiling. We believe that
cell fate and pattern in an embryo during early development. Here, we profiled the
xt. Multivariate analysis of the metabolome data indicated that metabolic changes
e analyzed and predicted.



270 S. Hayashi et al. / Biochemical and Biophysical Research Communications 386 (2009) 268–272
maintained at 80 �C for 2 min and then raised to 330 �C at the rate
of 15 �C/min; the temperature was isothermally maintained at
330 �C for 6 min. The temperatures of the transfer line and the
ion source were 250 �C and 200 �C, respectively. Ions were gener-
ated at an electron impact (EI) energy of 70 kV, and 20 scans/s were
recorded over the mass range of 85–500 m/z. The acceleration volt-
age was applied after a 245 s solvent delay.

Data processing and multivariate analysis. For processing GC data,
raw chromatographic data (Pegasus file, *.peg) were converted into
ANDI files (Analytical Data Interchange Protocol, *.cdf). The ANDI
formatted data could be converted and transferred between differ-
ent mass spectral equipments. The spectral intensity of each com-
pound was determined after detecting the peaks by using the
MZmine software program [13]. The software had an in-built Cen-
troid peak detector tool and the parameter settings for the same
were as follows: the m/z bin size was set to 1.0; the chromato-
graphic threshold level, to 0%; the noise level, to 5; the minimum
peak height, to 50; the minimum peak duration, to 0.5; the toler-
ance for m/z variation, to 0.5; and the tolerance for intensity vari-
ation, to 10%. The distinctive m/z peak for each compound was
normalized on the basis of the ribitol peak intensity. Each metab-
olite was identified on the basis of an in-house chemical library,
and then each intensity of same compound was multiplied by
100. Those m/z peaks were selected as distinctive m/z peaks in
the mass spectrogram whose intensities were not affected by
neighboring peaks (Supplementary Table 1). PCA was initially
applied to understand the relationships among the various groups
of multivariate data in terms of similarities or differences. The
commercially available Pirouette software (Informetrix, Inc.) was
used for this purpose. The projections to latent structures by
means of partial least square (PLS) (SIMCA-P version 11.0; Umet-
rics, Umeå, Sweden) were used to validate the data and create a
prediction model. PLS determines the association between two sets
of variables: observations and responses.

Results

The metabolome analysis reflects dynamic changes in zebrafish
embryogenesis

Zebrafish was chosen as the model animal because it has several
advantages [12]. First, we separated the metabolites from 24 differ-
Fig. 2. Cluster of each metabolome during development. (A) Principle component analysi
stage. The score plot was created using PCA. The number of spots at each point represent
score plot. The loading plot indicates the impact of each metabolite on the results of th
ent developmental stages of zebrafish by using the GC/MS system
(Fig. 1). Data thus obtained were preprocessed using the MZmine
software [13]. The data were normalized using an internal standard,
and each metabolite was identified on the basis of an in-house chem-
ical library. The integral amount of each metabolite was set to 100
(see Supplementary Table 1). The results of the GC/MS analysis
revealed that the quantity and type of metabolites were consider-
ably altered during early development (Supplementary Table 1). In
order to identify the entire spectrum of metabolic changes occurring
during early development, the abovementioned data were exam-
ined by principle component analysis (PCA) (Fig. 1). Currently, PCA
is one of the most useful methods for exploratory multivariate anal-
ysis and enables the analysis of the internal structure of the data by
decreasing the dimensions of the data matrix (Supplementary Figure
1). Because of its advantages, PCA was used to process the metabolo-
me data obtained from each developmental stage. The PCA score plot
of factor 1 (eigenvector), which showed the highest contribution
(69.4%), clearly revealed a positive separation among metabolite
groups corresponding to each developmental stage (Fig. 2A). The
data for the majority of the metabolites showed positive values in
loading plot 1, suggesting that the amount of most of the metabolites
increased as embryogenesis proceeded (Fig. 2B). The analysis of
factor 2, which showed a high contribution (5.8%) in the second com-
ponent, revealed three clusters; this indicated different patterns of
alterations in the metabolite composition during development
(Fig. 2A). In fact, the three clusters corresponded to three develop-
mental stages (i.e., from 1 to 8 hpf, from 10 to approximately
24 hpf, and from approximately 30 to 48 hpf); this suggested that
the composition of metabolites was considerably altered during zeb-
rafish embryogenesis. Therefore, we concluded that a composition
of the metabolome is a ‘‘fingerprint” of each developmental stage,
indicating that dynamic alterations in metabolites coincide with
developmental processes.

Our model based on the metabolome obtained from each
developmental stage

Next, we attempted to study the relationship between the
metabolome and the developmental stage. Since we observed dis-
tinct metabolic profiles corresponding to each developmental
stage, we hypothesized that we could develop a model for predict-
ing the developmental stage by using metabolomics. To validate
s (PCA) revealed distinct metabolome clusters corresponding to each developmental
s the hours after fertilization. (B) The loading plot was calculated on the basis of the
e cluster analysis.



Fig. 3. A model constructed using partial least square (PLS) regression reveals a good correlation between the composition of the metabolome at a particular time and actual
embryogenesis. (A) Relationship between actual developmental stages and the metabolic fingerprints. The model was constructed by using the entire gas chromatography
(GC) data and demonstrates an obvious correlation between the developmental stages and the metabolomes. Each panel shows a photograph of an embryo at a particular
developmental stage. (B) The prediction model including the training set. This model was calculated using the data for all developmental stages except the 8-, 16-, 24-, and
32-h post-fertilization (hpf) stages. (C) Cross-validation of the model. The data for the 8-, 16-, 24-, and 32-hpf stages were fitted onto the prediction model presented in (B).
Blue circles correspond to the data for the 8-, 16-, 24-, and 32-hpf stages.
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this hypothesis, we analyzed the data by projections to latent
structures using partial least square (PLS) regression. PLS is one
of the most reliable methods for the regression of multivariate data
[14] because decreasing the dimensions of the data matrix is
analogous to determining the principal components using PCA
(Supplementary Figure 2). We could construct a regression model
with high linearity because R2 was 0.98 (Fig. 3A). In order to deter-
mine the accuracy of our model, we excluded the data from 8-, 16-,
24-, and 32-hpf stages and used the remaining data as the training
set for PLS (Fig. 3B). For cross-validation, we used the data for
8-, 16-, 24-, and 32-hpf stages as the test set. The PLS results for
the training set revealed high linearity without the test set, and
the test set perfectly fit into the predicted regression line
(Fig. 3C). Furthermore, there was no difference between the root
Table 1
Validated prediction model using partial least square (PLS) regression. RMSEE and
RMSEP are root mean square errors of the fit for observations using the training set
and of the fit of the prediction for observations using the test set, respectively.

Latent factors R2Y RMSEE RMSEP

Identified compounds
Entire data 2 0.98 2.094 —
Cross-validationa 2 0.98 2.159 1.887

a Test set were 8-, 16-, 24-, and 32-hpf samples, and the other samples were
included in the training set.
mean square error for the entire data set (RMSEE) and that for
the training data set (RMSEP) (Table 1). On the basis of these
results, we could finally conclude that our prediction model was
valid and that the linearity of our model was high enough to pre-
dict the developmental stages.

Discussion

In the present study, we attempted to use the metabolomics
approach for elucidating early developmental processes. The
results demonstrated a novel application of metabolomics in
understanding the embryogenesis in zebrafish. With the progres-
sion of embryogenesis, the metabolome exhibited dynamic
changes, indicating that the types and/or quantities of metabolites
are correlated with the biological activities occurring during
development. On the basis of the good correlation between the
metabolome and embryogenesis, we concluded that the metabolo-
me can be used as a fingerprint of a particular developmental
process.

Thus far, several studies have attempted to analyze vertebrate
embryogenesis using the transcriptomic or the proteomic ap-
proach [15,16]. Although these approaches are partially useful in
elucidating the complex developmental processes, they cannot be
used for the complete representation of dynamic changes occur-
ring during embryogenesis because of low resolution and poor
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robustness. Here, we successfully demonstrated the dynamic
changes involved in early vertebrate development with sufficient
accuracy and precision by using the metabolomic approach. More-
over, our results clearly indicated that the metabolomic approach
has sufficient resolution and robustness to describe dynamic bio-
logical events and is a powerful tool to analyze early embryogene-
sis as well as other complicated biological processes. In the
previous studies conducted on zebrafish as well as other verte-
brates, morphology and gene expression patterns have been used
as phenotypic parameters to analyze developmental events and
mutants [17]. In addition to these traditional phenotypic parame-
ters, metabolomics offers a new class of phenotypic parameters
for analyzing early developmental processes. Metabolomics ap-
proach will enable identification of mutants exhibiting no visible
defects and clarification of novel aspects of known mutants. The
new phenotypic parameter—the metabolome—may reveal un-
known genetic networks involved in early development.
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