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Abstract  The ciliate Tetrahymena is a valuable model organism in the studies of ecotoxicology. Changes in intracellular metabo-
lism are caused by exogenous chemicals in the environment. Intracellular metabolite changes signify toxic effects and can be moni-
tored by metabolomics analysis. In this work, a protocol for the GC-MS-based metabolomic analysis of Tetrahymena was established. 
Different extraction solvents showed divergent effects on the metabolomic analysis of Tetrahymena thermophila. The peak intensity 
of metabolites detected in the samples of extraction solvent Formula 1 (F1) was the strongest and stable, while 61 metabolites were 
identified. Formula 1 showed an excellent extraction performance for carbohydrates. In the samples of extraction solvent Formula 2 
(F2), 66 metabolites were characterized, and fatty acid metabolites were extracted. Meanwhile, 57 and 58 metabolites were charac-
terized in the extraction with Formula 3 (F3) and Formula 4 (F4), respectively. However, the peak intensity of the metabolites was 
low, and the metabolites were unstable. These results indicated that different extraction solvents substantially affected the detected 
coverage and peak intensity of intracellular metabolites. A total of 74 metabolites (19 amino acids, 11 organic acids, 2 inorganic acids, 
11 fatty acids, 11 carbohydrates, 3 glycosides, 4 alcohols, 6 amines, and 7 other compounds) were identified in all experimental 
groups. Among these metabolites, amino acids, glycerol, myoinositol, and unsaturated fatty acids may become potential biomarkers 
of metabolite set enrichment analysis for detecting the ability of T. thermophila against environmental stresses.  
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1 Introduction 
Metabolomics is an effective technique to determine 

the metabolic response of organisms to environmental 
stimuli (Bundy et al., 2009). The technology has been 
applied recently in ecotoxicology since it can evaluate the 
toxicity of pollutants by displaying detailed information 
on the changes of endogenous small molecule metabolites 
in organisms under different stresses (Gillis et al., 2017). 
Remarkable metabolic changes in organisms can be in- 
duced by environmental toxicants, and these changes 
precede traditional ecotoxicology endpoints such as death 
and decreased reproductive capacity (Heijne et al., 2005; 
Viant et al., 2006; Ekman et al., 2007; Zhao et al., 2018). 
Therefore, metabolomics can provide valid information 
for evaluating the mode of action of a compound at sub- 
lethal concentrations and complement traditional ecotoxi- 
cology endpoints (Aliferis and Jabaji, 2011).  

The ciliate Tetrahymena is a free-living ciliate group  
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that is ubiquitous in water ecosystems worldwide, and its 
structural and functional complexity is similar to that of 
metazoan cells (Collins and Gorovsky, 2005). Tetrahy- 
mena thermophila display nuclear dimorphism contain- 
ning germline micronucleus (MIC) and somatic macro- 
nucleus (MAC) (Gao et al., 2013; Xiong et al., 2016). 
The MIC is transcriptionally silent during the vegetative 
growth and is the storage of genetic information for the 
sexual progeny. The MAC is transcriptionally active in 
the vegetative cells and directly determines the phenotype 
of cell (Wang et al., 2017a; Wang et al., 2017b; Zhang  
et al., 2018). T. thermophila has been used as model or- 
ganism in the studies of genetics, cell biology, and toxi- 
cology (Xu et al., 2015; Chen et al., 2016b; Zhao et al., 
2017; Wang et al., 2017c). It is highly sensitive to toxi- 
cants. In specific, toxicants can suppress the growth of T. 
thermophila and inhibit cell mobility. The close relation- 
ship exists between individual behavior and environ- 
mental pollution (Bonnet et al., 2008; Bricheux et al., 
2013). Therefore, T. thermophila is an ideal early warning 
indicator for assessing water ecosystems (Sauvant et al., 
1999; Luo et al., 2015). Ecotoxicological studies with 
Tetrahymena as a test organism elucidated the mechanism 
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of toxicants’ functions mainly by comet assay, micro- 
scopic observation, fluorescent staining, and transcrip- 
tomics analysis (Feng et al., 2014; Li et al., 2015; Luo  
et al., 2015). However, the effect of toxicants on the in- 
tracellular metabolism of Tetrahymena remains unclear.  

In the present study, different water-methanol-chloro- 
form mixtures were used as extraction solvents for the 
global metabolite profiling of T. thermophila. We com- 
pared the extraction effects of different extracts on the 
intracellular metabolites of T. thermophila and then de- 
termined the best extract formula. Meanwhile, cell har- 
vest, extraction and analytical protocols for the gas chro- 
matography-mass spectrometry (GC-MS)-based metabo- 
lomic analysis of Tetrahymena were established, and a 
new perspective in ecotoxicology using Tetrahymena was 
provided. 

2 Materials and Methods 
2.1 Tetrahymena Strain and Culture Conditions 

CU428 (mpr1-1/mpr1-1 [VII, mp-s]) was initially ob- 
tained from Dr. Peter J. Bruns (Cornell University, Ithaca, 
NY, USA) and is available through the National Tetrahy- 
mena Stock Center (http://tetrahymena.vet.cornell.edu/ 
index.html). Cells were cultured in SPP medium (1% 
peptone, 0.2% glucose, 0.1% yeast extract, 0.003% EDTA 
iron salt (pH 7.4)) at 30℃ for 12 h, and the initial cell 
density was adjusted to (2.0–3.0)×104

 cells mL−1 (Wang  
et al., 2017).  

2.2 Metabolite Extraction and Derivatization 
The samples were divided into four groups with dif- 

ferent extraction solvents including Formula 1 (F1): ul- 
trapure water-methanol (5:5); Formula 2 (F2): ultrapure 
water-methanol-chloroform (5:12.5:5); Formula 3 (F3): 
ultrapure water-methanol-chloroform (5:16:4); Formula 4 
(F4): ultrapure water-methanol-chloroform (5:24:6). Six 
independent metabolite extractions were performed for 
each group. T. thermophila at exponential phase was har- 
vested by centrifugation (3000 r min−1 for 5 min) and 
washed twice with 10 mmol L−1 TBS buffer (pH 7.4). Then, 
metabolism quenching was accomplished by liquid nitro- 
gen, and the cells were ground into fine powder in liquid 
nitrogen. Ground cells (50 mg) were suspended in 1 mL of 
extraction buffer and then mixed thoroughly. For me- 
tabolite extraction, five cycles of snap-freezing with liq- 
uid nitrogen for 2 min in every cycle were performed with 
the mixture. After centrifugation (5000 r min−1 for 3 min at 
4℃), the supernatant was collected, and 100 μL metabolic 
extracts containing 20 μL of internal standard solution 
(succinic-d4 acid, 1.6 mg mL−1, Sigma) were vacuum- 
dried and stored at −80℃ for further derivatization. A 
two-stage chemical derivatization was performed before 
GC-MS analysis as described previously (Bo et al., 2014; 
Chen et al., 2018). 

2.3 GC-MS Analysis 
GC-MS analysis was performed by an Agilent 7890A 

gas chromatograph equipped with a 5795C mass spec- 
trometry detector with electron-impact ionization source 
in the selective ion monitoring mode. An HP-5-fused sil- 
ica capillary column (30 m length × 0.25 mm diameter × 

0.25 μm film thickness) was used for separating each 
compound. High-purity helium was set at a constant flow 
of 1 mL min−1. The electron impact ionization (70 eV) was 
set at a full scan mode (m/z 50–800). Samples (1 μL) 
were injected with a split ratio of 1:10. The temperatures 
for injection, ion source, and ion source surface were set 
to be 280℃, 250℃, and 280℃, respectively. The GC 
oven temperature was maintained at 70℃ for 2 min, fol- 
lowed by a temperature ramp at 5℃ min−1 until 290℃, 
which was held for 3 min. MSD Oroductivity ChemSta- 
tion software (version E.0201.1177, Agilent Technologies) 
was used to acquire mass spectrometric data. 

2.4 Data Mining 
Principal component analysis (PCA) and hierarchical 

clustering (HCA) were performed as previously described 
(Bo et al., 2014). The ‘Range’ and ‘Formula’ of ‘Norma- 
lization’ in step 2 (Data Transformation) for HCA in HCE  

3.5 software checked the ‘column-by-column’ and 
x m




,  

respectively. In addition, metabolome coverage among 
the four extracts and different species was compared by 
Venn diagrams (Oliveros, 2015). Matabolite set enrich- 
ment analysis (MSEA) was performed using metaboana- 
lyst (Xia et al., 2009).  

3 Results  
3.1 Metabolic Extraction Assessment 

The total ion chromatogram for the intracellular meta- 
bolites of T. thermophila obtained using the four extrac- 
tion solvents is shown in Fig.1. The four metabolite pro- 
files were remarkably different based on the peak inten- 
sity in the chromatogram. F1 extracts presented the greatest 
overall intensity (Fig.1). Through analysis and compari- 
son of the data, a total of 126 metabolite signals were 
detected, and 74 metabolites were characterized in the 
four experimental groups. 61, 66, 57, and 58 metabolites 
were identified in the groups of F1, F2, F3, and F4, re- 
spectively (Table 1). In addition, amino acids, carbohy- 
drates, glycosides, organic acids, fatty acids, inorganic 
acids, amines, alcohols, and intermediate metabolites were 
identified in the metabolites. 

A total of 47 metabolites were common in the different 
groups, accounting for 62.7% of the total metabolite spe- 
cies (Fig.2A). Compared with those of the other three 
groups, the metabolic coverage of F1 was divergent (Fig.2A 
and Table 1). Seven metabolites, namely, D-xylose, 2,3, 
4,5-tetrahydroxypentanoic acid-1, 4-lactone, β-D-manno 
pyranoside, D-(-)-fructofuranose, D-glucopyranoside, myris- 
tic acid, and inositol, were uniquely found in the samples 
of F1. A total of 54 types of metabolites were shared be- 
tween F1 and F2 (Fig.2B). Meanwhile, 12 metabolites 
including citrulline, tetradecanoic acid, palmitelaidic acid,  
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Fig.1 The typical GC-MS total ion chromatograms of the intracellular small molecule metabolites of T. thermophila. The 
metabolites of the cells were extracted with different extraction solvent. Formula 1: ultrapure water-methanol; Formula 2: 
ultrapure water-methanol-chloroform; Formula 3: ultrapure water-methanol-chloroform; Formula 4: ultrapure water- 
methanol-chloroform. 

Table 1 Comparison of metabolites in different extraction solvents 

Extraction solvents Extraction solvents 
Metabolites 

F1 F2 F3 F4
Metabolites 

F1 F2 F3 F4 

L-Valine ● ● ● ● Octadecanoic acid – ● – – 
l-Alanine ● ● ● ● 9,12-Octadecadienoic acid – ● ● ● 
Glycine ● ● ● ● 9,12,15-Octadecatrienoic acid – ● – – 
l-Leucine ● ● ● ● Oleic acid – ● ● ● 
l-Proline ● ● ● ● Hexadecanoic acid – ● – – 
l-Isoleucine ● ● ● ● Myristic acid ● – – – 
Serine ● ● ● ● D-Xylose ● – – – 
l-Methionine ● ● ● ● Arabinose ● ● ● ● 
l-Aspartic acid ● ● ● ● Arabinofuranose ● ● ● ● 
L-Cysteine ● ● ● ● D-(-)-Fructofuranose ● – – – 
L-Asparagine ● ● ● ● D-(-)-Ribofuranose ● ● – – 
Ornithine ● ● ● ● d-Galactose ● ● ● ● 
Glutamic acid ● ● ● ● D-(+)-Talose ● ● ● ● 
l-Glutamine ● ● ● ● D-Lactose ● ● ● ● 
L-Lysine ● ● ● ● D-(+)-Cellobiose ● ● ● ● 
L-threonine ● ● ● ● Maltose ● ● ● ● 
L-Tyrosine ● ● ● ● β-D-Glucopyranose ● ● ● ● 
Citrulline – ● ● – Glycoside ● ● ● ● 
Glycyl-l-glutamic acid ● ● – – D-glucopyranoside ● – – – 
Propanoic acid ● ● ● ● β-D-Mannopyranoside ● – – – 
Ethanedioic acid ● ● ● ● Glycerol ● ● ● ● 
Butanoic acid ● ● ● – Myo-Inositol ● ● ● ● 
Butanedioic acid ● ● ● ● Inositol ● – – – 
2-Butenedioic acid ● ● ● ● 1-O-hexadecylglycerol – ● ● ● 
Aminomalonic acid ● ● – – Myo-Inositol-phosphate ● ● – – 
Pentanedioic acid ● ● ● ● d-Fructose-6-phosphate ● ● ● ● 
Tetrahydroxypentanoic acid ● – – – d-Glucose-6-phosphate ● ● ● ● 
Phosphonic acid ● ● ● ● Pyrimidine ● ● ● ● 
3-Pyridinecarboxylic acid – – – ● 9H-Purine ● ● ● ● 
Cyclohexaneacetic acid – – – ● Guanosine ● ● – – 
Phosphoric acid ● ● ● ● hydroxylamine ● ● ● ● 
Acetic acid ● ● – ● Cadaverine ● ● ● ● 
Tetradecanoic acid – ● ● ● aminomethane ● ● ● ● 
Dodecanoic acid ● ● ● ● acetamide ● ● ● ● 
Palmitelaidic acid – ● ● ● 1,4-Butanediamine ● ● ● ● 
Heptadecanoic acid – ● ● ● Spermine – ● ● ● 
Linolenic acid – ● ● ● Inosine ● ● ● ● 
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Fig.2 Venn diagrams of intracellular small molecule metabolites of T. thermophila. The overlap of the intracellular small 
molecule metabolites extracted with different extraction solvents from T. thermophila. (A) Comparison of the metabolic 
coverage among Formula 1, Formula 2, Formula 3, and Formula 4; (B) Comparison of the metabolic coverage between 
Formula 1 and Formula 2; (C) Comparison of the metabolic coverage between Formula 2 and Formula 3; (D) Comparison 
of the metabolic coverage between Formula 2 and Formula 4. The experiments were conducted in six replicates, and the 
metabolites that appeared more than four times stably in six replicates were used for analysis. 

heptadecanoic acid, linolenic acid, 9,12-octadecadienoic 
acid, oleic acid, spermine, 1-O-hexadecylglycerol, octa- 
decatrienoic acid, hexadecanoic acid, and octadecanoic 
acid were distinctively found in F2. Chloroform was con- 
tained in the three extraction solvents of F2, F3, and F4. 
Among the four groups, F2 showed the highest overall 
metabolome coverage in terms of the number of identi- 
fied metabolites, and it can cover all metabolites in F3 
and all metabolites, except 3-pyridinecarboxylic acid and 
cyclohexaneacetic acid in F4 (Figs.2C and 2D).   

3.2 Metabolic Profiles of T. thermophila 

A total of 74 intracellular small molecule metabolites 
in the four extracts were analyzed by hierarchical cluster- 
ing analysis (HCA), an unsupervised pattern recognition 
method. Fig.3 visualizes the results of HCA in the heat 
map, and distinct clustering was observed among the four 
groups. Each solvent can extract small molecule metabo- 
lites in a different way. F1 was obvious different with the 
other three groups of extraction solvents containing chlo- 
roform. In the heat map, the color represents the normal- 
ized peak area (the highest values shown in red and the 
lowest in green). The normalized peak area for most of 
the metabolites detected in F1 is red, indicating that the 
concentration of these metabolites is the highest in F1 
among the four groups. However, the concentration of 
fatty acid metabolites in F2, F3, and F4 were remarkably 

higher than those in F1.  
We performed PCA to further verify the differences 

and identify the metabolites that were mainly responsible 
for the discrimination among different experimental 
groups. As shown in the PCA score plot (Fig.4A), the four 
experimental groups exhibited apparent discrepancies, 
suggesting that different formulations of extraction sol- 
vent could affect metabolomics analysis of Tetrahymena. 
PCA also further verified the predictive accuracy of HCA. 
In addition, F1 was markedly different with the other 
three groups, indicating great differences in the concen- 
tration and coverage of metabolites in F1 group compared 
with the other groups. As shown in the loading plot of 
PCA (Fig.4B), leucine, glycoside, phosphoric acid, ga- 
lactose, inosine, lactose, and cellobiose were the most 
influential metabolites responsible for the difference be- 
tween different groups. Among the solvents, F1 exerted 
the most favorable extraction effect on these metabolites 
(Fig.5). In conclusion, the strongest peak intensity of the 
metabolites was detected in F1, followed by that in F2. 
Furthermore, F1 exerted a strong effect on the extraction 
of carbohydrates, and the extraction effect of F2 on fatty 
acid was the best among the groups. On the other hand, 
the solid circles representing the six parallel samples in 
the same experimental group were close to each other, 
and some even overlapped based on the score plot of 
PCA. The results also indicated that the technology used 
in this study had excellent stability and repeatability. 
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Fig.3 Hierarchical cluster analysis of the identified metabolites in T. thermophila. The samples were extracted with dif- 
ferent extraction solvents. Heat map represents unsupervised hierarchical clustering of groups. The row displays metabo- 
lite and the column represents the samples. The colors from green to red indicate the increasing expression of metabolites. 
The brightness of each color corresponded to the magnitude of the difference when compared with the average value. The 
experiments were conducted with six replicates. 

 
Fig.4 The principal component analysis of intracellular small molecule metabolites of T. thermophila. (A) PC 1, 42.8% of 
total variance; PC 2, 21.7% of total variance. In the scores plot, the confidence interval is defined by Hotelling’s T2 el- 
lipse (95% confidence interval), and observations outside the confidence ellipse are considered outliers; (B) Loading plot 
of samples from Formula 1, Formula 2, Formula 3 and Formula 4. The experiments were conducted with six replicates. 

 
Fig.5 Comparison of the relative peak intensities of seven small molecular metabolites. The metabolites of the cells were 
extracted with different extraction solvents. Formula 1: ultrapure water-methanol; Formula 2: ultrapure water-methanol- 
chloroform; Formula 3: ultrapure water-methanol-chloroform; Formula 4: ultrapure water-methanol-chloroform. Each 
value is the mean of six replicates ± standard deviation (SD). 
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3.3 Metabolite Set Enrichment Analysis (MSEA) 

of T. thermophila 

The identified metabolites were submitted to enrich- 
ment analysis using MSEA by over representation ana- 
lysis to determine the more represented metabolic path- 
way in a defined set of metabolites. As shown in Fig.6,  

 

the metabolic pathway involved in protein synthesis con- 
tained the greatest number of metabolites detected (14 out 
of 19 metabolites in the pathway). Moreover, ‘ammonia 
recycling’, ‘urea cycle’, ‘methionine metabolism’, ‘ga- 
lactose metabolism’, ‘glutathione metabolism’, ‘arginine 
and proline metabolism’, and ‘aspartate metabolism’ were 
the metabolic pathways in which a high number of the 
metabolites were related.   

 
Fig.6 Summary plot for metabolite set enrichment analysis of T. thermophila. MSEA was implemented using the hyper- 
geometric test to evaluate whether a particular metabolite set is represented more than expected by chance within the 
given compound list. One-tailed p values are provided after adjusting for multiple testing. 

4 Discussion 
4.1 Comparison of Extraction Performance of 

Different Extraction Solvents 
The most common solvents for metabolite extraction 

include an organic solvent or a mixture of organic sol- 
vents such as methanol, water-methanol (1:3) or water- 
methanol-chloroform (10:27:3) (García-Cañaveras et al., 
2016). Intracellular metabolites have been extracted from 
yeast, bacteria, or mammalian cells by a water-methanol- 
chloroform mixture (Cao et al., 2011). In Tetrahymena, 
on the basis of the TIC and the heat map of HCA (Figs.1 
and 3) of the four groups, the strongest peak intensity of 
the metabolites was detected in F1 possibly due to the 
higher proportion of water in F1 than the other extraction 
solvents. The result is consistent with the findings of 
Ibáñez et al. (2017), who compared the effects of acetoni- 
trile, acetonitrile-isopropanol-water (3:3:1), water, and 
5% formic acid solution on the extraction of intracellular 
metabolites of human colon cancer cells. They found that 
the detected metabolite signal is stronger in the two 
aqueous-based extractions, namely, water and acidified 
water (5% formic acid solution) (Ibáñez et al., 2017). In 
the present study, we found a difference in the coverage 

of metabolites from the different solvents mainly because 
of the polarity of the solvent. As a typical polar solvent 
consisting of water and methanol, F1 can extract more 
polar metabolites such as carbohydrates and glycosides 
than the other solvents. By contrast, more fatty acid me- 
tabolites were extracted by F2, F3, and F4 due to their 
chloroform content. Chloroform is a nonpolar solvent that 
is often used to extract fatty acids (Evans et al., 1998).  

In order to evaluate the validity of the protocol for me- 
tabolomic fingerprint analysis of Tetrahymena, the identi- 
fied metabolites of Tetrahymena were compared with 
Saccaromyces cerevisiae, Zingiberaceae plants, and hu- 
man colon cancer cells (Bo et al., 2014; Barbosa et al., 
2017; Ibáñez et al., 2017). There were 74, 71, 87 and 150 
metabolites identified from the above four species respec- 
tively, and 12 common metabolites were found, including 
11 amino acids and myoinositol. In particular, 24 types of 
metabolites existed only in Tetrahymena cells, accounting 
for 9.2% of the total metabolites (Fig.7A), and these me- 
tabolites were mainly involved in organic acids and fatty 
acid. Comparison with S. cerevisiae, Zingiberaceae plants, 
and human colon cancer cells revealed that 38, 56, and 44 
metabolites were unique to Tetrahymena, respectively 
(Figs.7B, 7C, and 7D). Compared with other studies, the 
metabolites of Tetrahymena were identified, including 
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common amino acids and carbohydrates, while metabo- 
lites unique to Tetrahymena were also identified. The re- 
sults indicated that the protocol of metabolomic finger- 
print analysis of Tetrahymena established in this study 
was effective. But remarkable differences in the number 
of metabolites identified by GC-MS were observed in the 
different samples. One of the main reasons for the differ- 
ences may be due to the difference of species being ana- 
lyzed. For example, in the same case of using methanol as 
the main component of the extraction solvent and analyz- 
ing with GC-Q MS, 79 intracellular metabolites in Glu- 
conacetobacter xylinus were detected (Liu et al., 2015); 
76 and 64 metabolites were identified respectively in the 
leaves and rhizomes of selected Zingiberaceae plants 
(Barbosa et al., 2017); 38 metabolites were qualitatively 

analyzed in human plasma (Zhou et al., 2016). The dif- 
ferences are caused not only by different types of samples, 
but also by the different GC-MS platform. For instance, 
the metabolomic fingerprint of S. cerevisiae was analyzed 
with the same extraction method, and 72 metabolites were 
identified using GC-Q MS in S. cerevisiae (Bo et al., 
2014), while the number could be increased to 89 by us- 
ing GC-TOF MS (Ding et al., 2011). Compared with GC- 
Q MS, the type of compound that can be detected is in- 
creased by GC-TOF MS due to its higher resolution and 
sensitivity, as well as the capability to detect high-mo- 
lecular-weight compounds. Thus, solvents F1 and F2 were 
favorable in extracting intracellular metabolites of T. ther- 
mophila compared with these metabolomics study on dif- 
ferent species based on GC-MS. 

 

 
Fig.7 Venn diagrams of overlap of the intracellular small molecule metabolites from different species. The metabolites 
were compared among Tetrahymena thermophila, Saccaromyces cerevisiae, Zingiberaceae plants, and human colon can-
cer cells. A) Comparison of the metabolic coverage between Tetrahymena, S. cerevisiae, Zingiberaceae plants, and human 
colon cancer cells; (B) comparison of the metabolic coverage between Tetrahymena and S. cerevisiae; (C) comparison of 
the metabolic coverage between Tetrahymena and Zingiberaceae plants; (D) comparison of the metabolic coverage be-
tween Tetrahymena and human colon cancer cells. 

4.2 Analysis of Potential Biomarkers of T. thermophila  
As shown in Fig.6, the protein biosynthesis pathway 

was the metabolic pathway that contained a high number 
of metabolites, including glutamate, tyrosine, alanine, 
proline, threonine, asparagine, isoleucine, lysine, aspartic 
acid, cysteine, glutamine, leucine, methionine and valine. 
Amino acids are extremely important for protein synthesis 
and energy production. The concentrations of valine, leu- 
cine and isoleucine (branched chain amino acid), and 
phenylalanine, tyrosine and tryptophan (aromatic amino 
acids) plummeted remarkably in the earthworms treated 
by Pb. This was because that a burst of reactive oxygen 
species (ROS) induced by Pb could directly damage the 
structure of the proteins and even lead to disintegration. 

The decrease in the concentrations of amino acids pro- 
posed an increase in the synthesis of proteins for com- 
pensation (Chen et al., 2016a). Amino acids are important 
primary metabolites as well as the protective substances 
and biomarkers of cells responding to multiple external 
stresses (Jozefczuk et al., 2010; Chen et al., 2016a). For 
instance, aspartic acid is the biomarker and the only 
down-regulated metabolite of Diporeia responding to the 
stress of atrazine (Ralston-Hooper et al., 2008). Thus, 
amino acids may serve as potential biomarkers of Tetra- 
hymena against environmental stresses.  

Heavy metals can induce oxidative stress characterized 
by excessive ROS generation. ROS injures an organism 
by acting on biological macromolecules that cause protein 
oxidation, lipid peroxidation, and DNA damage. A primary 
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defense against oxidative damage is the glutathione redox 
system, which is important for maintaining cellular redox 
balance (Chen et al., 2016a). In the present study, the 
identified metabolites involved in the glutathione meta- 
bolic pathway included cysteine, glutamic acid, and gly- 
cine. Therefore, these three amino acids could serve as 
biomarkers of T. thermophila in response to oxidative 
stress. Glycerol, myoinositol, and unsaturated fatty acids, 
which can protect the cells from external stress, may also 
serve as biomarkers for T. thermophila to cope with envi- 
ronmental stress. 

5 Conclusions 
The coverage and signal intensity of intracellular me- 

tabolites were affected by different extraction solvents. 
Solvents F1 and F2 showed higher coverage and signal 
intensity of metabolites. Carbohydrates, glycoside and some 
amino acids could be extracted more efficiently with F1, 
while F2 was more effective in extracting fatty acids than 
the other solvents. Among these identified metabolites, 
amino acids, glycerol, myoinositol, and unsaturated fatty 
acids may become potential biomarkers for detecting the 
ability of T. thermophila against environmental stress. To 
the best of our knowledge, this study is the first one to 
analyze the cellular metabolome of T. thermophila. Mean- 
while, a protocol for the GC-MS-based metabolomic ana- 
lysis of T. thermophila was established, and a new obser- 
vation endpoint was added for ecotoxicological evalua- 
tion using Tetrahymena. 
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