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Maximized PUFA measurements improve 

insight in changes in fatty acid composition 

in response to temperature 
Coby van Dooremalen, Roel Pel, Jacintha Ellers 
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A general mechanism underlying the response of ectotherms to environmental changes often 

involves changes in fatty acid composition. Theory predicts that a decrease in temperature 

causes an increase in unsaturation of fatty acids, with an important role for long chain poly-

unsaturated fatty acids (PUFAs). However, PUFA's are particularly unstable and susceptible 

to peroxidation, hence subtle differences in fatty acid composition can be challenging to 

detect. We determined the fatty acid composition in springtail (Collembola) in response to 

two temperatures (5°C and 25°C). First, we tested different sample preparation methods to 

maximize PUFAs. Treatments consisted of different solvents for primary lipid extraction, 

mixing with antioxidant, flushing with inert gas, and using different temperature exposures 

during saponification. Especially slow saponification at low temperature (90 min at 70°C) in 

combination with replacement of headspace air with nitrogen during saponification and 

methylation maximized PUFAs for GC analysis. Applying these methods to measure thermal 

responses in fatty acid composition, the data showed that the (maximized) proportion of C20 

PUFAs increased at low acclimation temperature. However, C18 PUFAs increased at high 

acclimation temperature, which is contrary to expectations. Our study illustrates that PUFA 

levels in lipids may often be underestimated and this may hamper a correct interpretation of 

differential responses of fatty acid composition.  
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Introduction 

A universal feature of living organisms is that they are highly variable in their fatty acid 

composition. The different fatty acid compositions determine the functioning of an organism. 

The fatty acid composition in biomaterial has been used to investigate a wide variety of 

topics, varying from obesity in humans (Aguilera et al., 2008) to production of biofuels from 

plant material (Durrett et al., 2008). In ecological research, a general mechanism underlying 

the response of organisms to environmental changes often involves changes in fatty acid 

composition. The fatty acid composition of membrane and/or storage lipids is thought to be 

an adaptation of ectotherms to, for example, temperature (Hochachka and Somero, 2002), 

drought (Bahrndorff et al., 2007), diet (Haubert et al., 2004), age (Correia et al., 2003). In 

addition, long chain poly-unsaturated fatty acids are important precursors for eicosanoids, 

which are crucial in most areas of invertebrate biology, including reproduction, ion transport 

physiology, and cellular development (Stanley 2006). However, subtle differences in fatty 

acid composition can be challenging to detect, especially if little biomaterial is available. 

Lipid extracts predominantly consist of acylglycerols (storage lipids) and phospholipids 

(membrane lipids) consisting of saturated (SFAs), monounsaturated (MUFAs) and poly-

unsaturated (PUFAs) fatty acids. Among these fatty acid components, long chain PUFAs 

(such as C20 PUFAs) are particularly unstable and susceptible to oxidation by initiators such 

as oxygen in combination with heat, free radicals, light and/or metal ions (Christie, 1989; 

Ohman, 1996; Laguerre et al., 2007; Kaniuga, 2008), which makes measuring them difficult. 

Prior to analysis, biomaterials are generally preserved by freezing, flushing with inert gas 

and/or mixing with antioxidant to prevent degradation of PUFAs (Ohman, 1996; Hirao et al., 

2003; Laguerre et al., 2007).  

Unfortunately, it is unknown how the different methods of sample preparation for gas 

chromatography (GC) affect these unstable long chain PUFAs. Often, different sample 

preparation methods are used across studies, which may result in unexplained variation 

among studies in the proportion of PUFAs found. For example, in various Collembola 

species, unusual high proportions of C20 PUFAs have been found (Holmstrup et al., 2002; 

Chamberlain and Black, 2005), while other studies failed to find high proportions of C20 

PUFAs in Collembola (Haubert et al., 2004). The sample preparation methods of each of 

these studies differ substantially and the disagreement in results could well have been caused 

by degradation of unstable PUFAs in the biomaterial during sample preparation. This means 

that it is important to investigate the effect of different sample preparation methods for GC 

analysis on unstable PUFAs in (any) biomaterial.  

In this study we test how different methods of sample preparation for GC analysis 

(with off-line saponification and methylation) affect the resulting proportion of C20 PUFAs 

(maximization of C20 PUFAs). The treatments consist of different solvents for primary lipid 
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extraction, mixing with antioxidant, flushing with inert gas, and using different temperature 

exposures during saponification. We compare the proportions of C20 PUFAs obtained in these 

different treatments with an independent fatty acid methyl ester (FAME) analysis on a 

pyrolysis-gas chromatograph enabling an in situ and at-line thermally assisted hydrolysis and 

methylation (THM) of crude/whole biological samples (Pel et al., 2004). At-line THM lipid 

analysis by means of alkaline transesterification reagents such as trimethylsulfonium 

hydroxide (Blokker et al., 2002; Akoto et al., 2008), hardly needs sample preparation, thus 

reducing potentially deteriorating exposures prior to the actual FAME measurement, and is 

therefore expected to have close to maximal proportions of C20 PUFAs. Within this THM-GC 

analysis, treatments consisted of different heating regimes for the THM and mixing with 

antioxidant.  

We apply this method to measure changes in fatty acid composition in Collembola in 

response to temperature. When environmental temperature decreases, fatty acids in 

membranes of ectotherms become more unsaturated to be able to maintain homeoviscosity 

(Cossins et al., 1977; Hazel and Landrey, 1988a,b; Hazel and Williams, 1990; Hazel, 1995; 

Hochachka and Somero, 2002; Upchurch, 2008). Unsaturation of fatty acids is possibly also 

expected for storage lipids, but this has hardly been tested so far (Kostal and Simek, 1998). 

Desaturation of saturated fatty acids into monounsaturated fatty acids is the most efficient 

change in terms of energy and effect on the homeostatic phase (Hochachka and Somero, 

2002), and this is indeed the predominant transformation observed in previous studies 

(Cossins et al., 1977; Hazel and Landrey, 1988b). However, optimizing the methodology for 

detection of PUFAs may reveal additional, more subtle, changes in PUFAs in response to 

temperature than found so far.  

Both experiments are carried out using the Collembolan Orchesella cincta. O. cincta 

is a surface-dwelling soil arthropod that occurs in a wide variety of seasonal habitats. It is 

adapted to local conditions including temperature (Timmermans et al., 2005; Bahrndorff et 

al., 2006; Liefting and Ellers, 2008), and shows significant variation in thermal 

responsiveness of juvenile growth rate (Driessen et al., 2007; Ellers et al., 2008). We 

acclimatized female O. cincta to two temperatures, 5°C and 25°C. We expect that after 4 

weeks of acclimation, the storage lipids and the membrane lipids will have a higher 

proportion of C20 PUFAs for the group of O. cincta acclimatized to 5°C (Hazel and Williams, 

1990; Hazel, 1995; Hochachka and Somero, 2002). 

 

Method 

Maximization of C20 PUFAs  

Animal collection and rearing. For the PUFA maximization experiment, O. cincta was taken 

from the laboratory culture at the department of Animal Ecology, Vrije Universiteit, 



 22

Amsterdam. These animals originated from a pine forest at Roggebotzand [52º 32’ 60”N, 05º 

50’ 60”E] and the population has been kept in the laboratory for two decades, regularly 

supplemented with newly collected individuals from the same site. Animals were kept at 15ºC 

in plastic vials with a bottom of plaster of Paris and at 75% humidity, and a photoperiod of 

12:12 (L:D). Small pieces of bark overgrown with green algae (Desmococcus sp.) served as a 

food source. Food was regularly checked and always kept in excess. Adult O. cincta were 

collected randomly with regard to sex and body size; they were freeze dried, and pooled for 

lipid extraction. 

 

Experimental set-up. The experimental set-up consisted of a GC analysis with off-line 

saponification and methylation, where several modifications of the sample preparation 

method were tested in relation to the proportion of C20 PUFAs. These results were compared 

to an independent GC analysis with at-line THM. During the THM-GC analysis, the crude 

animal lipid extract is kept intact until sample introduction at the GC, where only then at-line 

the fatty acids are released and volatized. 

Sample preparation methods for the GC analysis consisted of the standard protocol 

(described below) with four modifications (Table 1): 1. The extraction solvent for the primary 

lipid extraction consisted of dichloromethane/methanol (2:1 v/v) or chloroform/methanol (2:3 

v/v). 2. A subset of samples from each solvent mixture received an addition of the antioxidant 

butylated hydroxytoluene (BHT, 0.01% w/v) (Hulbert et al., 2002). 3. In a subset of samples, 

the headspace was flushed with nitrogen gas to replace air (oxygen) in the vial before 

saponification and methylation. 4. Saponification of lipids was conducted either at 100°C for 

30min (Haubert et al., 2004) or at 70°C for 90min (Chamberlain et al., 2004). For the THM-

GC analysis, the optimal temperature in THM with respect to FAME yield was shown to be 

dependent on the sample matrix (Blokker et al., 2002). Therefore, THM in our study is 

conducted at 265 and 375 °C, close to the two optima in reaction temperature as observed by 

Blokker and co-workers. In addition to the different temperature regimes in THM, we also 

test for the potential protective action of an antioxidant (BHT, 0.01% w/v) when included in 

the primary (‘crude’) lipid extraction. The THM-GC analysis was set up as a 2×2 block 

design. 

Animals were pooled and divided between different extraction solvents. The final 

concentration of biomaterial was standardized to 4 animals/ml, where we used 0.5ml per 

sample: As the different preparation methods required different groups of pooled animals 

(with or without BHT, dichloromethane or chloroform as solvent, see Table 1), we added 

these differences as a random factor in the analysis (see Data analysis). Each treatment was 

repeated at least 3 times and included 2 blanks. 
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Table 1. Overview of treatments of the C20 PUFA maximization experiment* 

Treatment DCM or CM N2 S BHT THM Animal pool 

Off-line work-up       

A DCM - High -  1 

B DCM N2 High -  1 

C DCM - Low -  1 

D DCM - High BHT  2, 3* 

E DCM N2 Low -  1 

F DCM N2 Low BHT  3 

G CM - High -  4 

H CM N2 Low -  4 

I CM N2 Low BHT  5 

       

At-line THM       

J DCM   - 265 1 

K DCM   - 375 1 

L DCM   BHT 265 2 

M DCM   BHT 375 2 
*
Type of reagent used (DCM: dichloromethane/methanol 2:1 v/v, or CM: chloroform/methanol 2:3 

v/v), headspace air was replaced with nitrogen (N2) or not (-), samples were saponified at 70C for 

90 min (Low) or at 100°C for 30 min (High), antioxidant (BHT 0.01% w/v) was added to the primary 

solvent (BHT) or not (-), samples had a THM-375 or THM-265 temperature regime. The last column 

gives the animal pool used in the treatment. 
a
Adding an additional pool of animals because of preparation failure. 

 

 

GC analysis (off-line saponification and methylation). For the GC analysis, primary lipid 

extraction of biomaterial was with one of the extraction solvent mixtures (3×2ml), either 

containing antioxidant or not. Solvent was removed from extracts with a gentle stream of 

nitrogen gas in a down-flow-facilitator (<40°C). Then, when necessary for the treatment, the 

air in the headspace of the vial was flushed with nitrogen gas before saponification and 

methylation. Total lipid extract was saponified and methylated according to the procedures as 

described for the Sherlock Microbial Identification System (MIDI, Newark, DE, USA). 

Saponification of lipids was conducted in a sodium hydroxide/methanol solution (45g NaOH, 

150ml CH3OH, 150ml Milli-Q H2O) for either 30 or 90min. Saponification was followed by 

acid methanolysis in HCl/methanol (325ml 6.0N HCl, 275ml CH3OH) at 80±1°C for 

10±1min. The FAMEs were extracted into hexane/tertiary methylbutylether (1:1 v/v; 3× 

1.25ml). After removing the solvent with a gentle stream of nitrogen gas in a down-flow-

facilitator, FAMEs were transferred to 1ml vials using hexane (3×50µl) and stored at -80ºC 

until analysis. 
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The analysis of FAMEs was carried out on a GC-MS (HP 6890 Series, Hewlett-

Packard, Palo Alto, CA, USA, MSD, HP 5973). The injector was an Optic 2-200 (Cambridge, 

Cambridge, UK). FAME samples were injected in the cold splitless mode (splitless time was 

1.0min, initial temperature 80°C, increased at 16°C/s to 280°C, pressure increased from 50-

150kPa) on a VF5MS column (Varian, Inc., 30m x 0.25mm I.D., df 0.25µm). A two-step 

temperature program was used from 50°C (3.0min hold), then at 30°C/min to 120°C, and 

finally to 300°C at 6°C/min. Helium was used as carrier gas using a pressure program from 

0.71 to 1.47bar. The mass spectrometer was operated in the electron ionization mode (EI, 

70eV); the temperature of the transfer line was 280°C. Analysis was carried out using 

associated software (G1701AA). FAMEs were identified on the basis of their retention time 

and a standard FAME mix (Supelco 37 Component FAME Mix). 

 

THM-GC analysis (at-line saponification and methylation). For the THM-GC analysis, the 

solvent mixture for the primary lipid extraction was dichloromethane/methanol (2:1 v/v) with 

or without antioxidant (BHT, 0.01% w/v). Hence we used the same primary lipid extracts in 

THM as applied in the off-line saponification/methylation protocol (see above). Additionally, 

two different temperature regimes in THM of the lipid extracts were employed: rapid 

inductive heating until Curie-point temperature of 375°C (THM-375), and passive heating by 

the pyrolyzer head until 265°C (THM-265). Each sample was deposited on the tip of the 

ferromagnetic wire, together with 1.5µl drop of 0.25M trimethylsulfonium hydroxide in 

methanol as derivatisation reagent (Pel et al., 2004). After drying at room temperature for 

30min under reduced pressure (±16kPa) and continuous rotation, the wire was drawn into a 

Pyrex glass tube and inserted into the Curie-point pyrolyzer head. For the THM-375, release 

of the fatty acid fraction from the sample by in situ methylation was achieved by applying a 

1.5sec pyrolysis time (rise-time of c. 0.5sec included). For the THM-265, the heating of the 

pyrolyzer head until 265°C (reached in c. 30sec) was sufficient to initiate and sustain THM of 

the sample by the reagent.  

Upon THM of the sample, the volatized FAMEs were swept splitless into a capillary 

gas chromatograph coupled to a Finnigan Delta-S isotope ratio monitoring mass spectrometer 

(Pel et al. 2004) via a Finnigan Type II combustion interface (pyrolysis GC-IRMS). FAME 

mixtures were separated on a fused silica apolar Zebron column (ZB-5MS, 30m x 0.25mm 

I.D., df 0.25µm; Phenomenex, U.S.A., with chromatographic properties similar to the VF5MS 

column used in the conventional GC analysis) with helium as carrier gas at a flow of 

1.8ml/min, and subsequently oxidized on-line to carbon dioxide in the combustion interface 

before entering the IRMS. Column temperature was programmed from 30°C to 130°C at a 

rate of 35°C/min, and then to 300°C at 6°C/min. FAMEs were identified on the basis of the 

retention time and a standard FAME mix (Supelco 37 Component FAME Mix). 

 



 25

Fatty acid composition in response to temperature 

Animal collection and rearing. For the temperature experiment, O. cincta were collected in 

April 2008 from the nature reserve Bussumerheide [52º 15’ 44”N, 05º 11’ 07”E]. In the 

laboratory, 18 animals were acclimatized to 15°C for two weeks before the experiment and 

subsequently transferred to either 5°C or 25°C for four weeks before fatty acid analysis. 

Animal rearing was identical to the PUFA maximization experiment. Three freeze-dried 

females were pooled for lipid extraction. For each experimental group two blanks were taken 

along in the sample preparation.  

 

Sample preparation. Lipids were extracted using dichloromethane/methanol (2:1 v/v; 3x2ml). 

Solvent was removed from extracts with a gentle stream of nitrogen gas in a down-flow-

facilitator. Instead of using the total lipid extract, the extract was fractionated using a pre-

packed silica column (Bond Elute SI 40µm, Varian Inc., 1ml/min.), 5ml of dichloromethane 

to collect the acylglycerol fatty acid (NLFA) fraction, and 5ml of methanol to collect the 

phospholipid fatty acids (PLFA) fraction. Free fatty acids were not collected, as O. cincta did 

not show detectable free fatty acids (C. van Dooremalen, unreported data). After fractionation 

0.3µg of internal standard (nonodecanoic acid, C19:0, Fluka) was added to each sample to 

correct for fatty acids in the blanks. Both PLFAs as NLFAs were flushed, saponificated, 

methylated, and hexane-extracted as in treatment E from the PUFA maximization experiment 

(Table 1). FAMEs of the NLFA and PLFA samples were transferred to 1ml vials and stored at 

–80°C until analysis.  

To quantify the temperature-induced changes in MUFAs and PUFAs separately, 

samples were analyzed on a polar BPX70 column (SGE International, 60m x 0.25mm I.D., df 

0.25µm). A two-step temperature program was used from 70°C (2.0min), then at 20°C/min to 

150°C, and finally, at 15°C/min to 250°C with helium as the carrier gas at a constant flow of 

1.2ml/min. FAME analysis was carried out on a GC-MS equipped with a standard 

split/splitless injector (Agilent 6890 GC with 5973 inert MSD, Santa Clara CA, US). Samples 

were injected in the pulsed splitless mode (275°C, pressure pulse of 150kPa). The MS was 

operated in the electron ionization mode (EI, 70eV), and the transfer line temperature at 

280°C. Peak and data handling was carried out using associated software (G1701DA, Agilent 

Technologies). FAMEs were identified on the basis of their retention time and compared to a 

Supelco standard (Supelco 37 Component FAME Mix). 

 

Data analysis 

To be able to compare the FAME profiles obtained in the GC and THM-GC analysis for C20 

PUFA maximization, it was decided to take along only those FAMEs that were detected in 

both the analyses: C16:0, C18:0, C18:1n9t, C18:2n6c, C20:4n6, C20:5n3, and an incomplete resolved 

FAME complex consisting of C18:1n9c, C18:2n6t, and C18:3n3. Each specific FAME was 
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calculated as proportion of the total amount of FAMEs. Additionally, we calculated the 

proportion of PUFAs with a C20 chain (proportion of C20 PUFAs = sum of the proportion of 

C20:4n6 and the proportion of C20:5n3). Blanks only contained very small traces (<1ppm) of C16:0 

and C18:0. Therefore, no correction for background values of C16:0 and C18:0 was needed. 

Assumptions for normality and homogeneity were met for all factors. For the data of 

the GC analysis from the PUFA maximization experiment, we used a mixed model with 

treatment as fixed factor and the group of pooled animals as random factor. Differences 

between main effects were compared by means of a Bonferroni test. For the THM-GC 

analysis, a mixed model was used with a 2×2 block design for the two antioxidant treatments, 

and the two different THM heating regimes. To illustrate the effect of treatment on the 

proportions of C20:4n6 and C20:5n3 within the proportion of C20 PUFAs, we tested whether the 

mean proportions of C20:4n6 and C20:5n3 for the treatments differed with an increase in the 

proportion of C20 PUFAs. To evaluate the relative FAME yields in the off-line and the in situ 

methylation techniques, the treatment(s) with highest proportions of C20 PUFAs were 

compared by means of an independent sample t-test for the proportion of C20 PUFAs. 

For the temperature experiment, all detected FAMEs were calculated as proportion of 

the total amount of FAMEs. Additionally, we calculated the sum of proportions for SFAs, 

MUFAs, PUFAs, and for C20 PUFAs. We also calculated the ratio between unsaturated 

(MUFAs + PUFAs) and SFAs (U/S ratio), and the unsaturation index (UI, the mean number 

of double bonds per fatty acid). Blanks did contain C16:0 and C18:0 and samples were, 

therefore, prior to statistics corrected for blank values of C16:0 and C18:0. For both NLFAs and 

PLFAs, the two temperature groups (5°C and 25°C) were compared by means of an 

independent sample t-test for each fatty acid and the above-explained variables. The test 

results for the Levene’s test for equality of variances are not shown, but when the T-test 

shows 4 degrees of freedom, this means that equal variances were assumed. When the T-test 

shows <4 degrees of freedom, this means that unequal variances were assumed.  

 

Results 

Maximization of C20 PUFAs 

The data of the GC analysis showed that the different groups of pooled animals per treatment 

were of no influence on the proportion of C20 PUFAs (Wald Z8,2=0.89, P=0.372). Based on 

the Wald test and a likelihood ratio test, it was decided to drop this random term from the 

model. The reduced model showed three distinct groups among our treatments (F8,26=261.65, 

P<0.001). Relatively low proportions of C20 PUFAs were found for treatment A, B and D, 

intermediate proportions of C20 PUFAs for treatment C, G and I, and high proportions of C20 

PUFAs for treatment E, F and H. These groups differed significantly from each other (Figure 
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1). Specifically, the treatments with slow saponification at 70 °C (Low + N2 in Table 1) and 

N2 flushing yielded high proportions of C20 PUFAs. 

In the THM-GC application the treatment with antioxidant (L and M) resulted in 

higher proportions of C20 PUFAs than in the treatments without antioxidant (J and K) 

(Fantioxidant 1,12=15.77, P=0.002). Different groups of pooled animals were used for treatments 

with and without antioxidant, and were confounding the effect of antioxidant. However, 

because the different groups of pooled animals were not a significant term in the model for 

off-line saponified/methylated samples, we assumed that differences in C20 PUFAs were 

mainly due to treatment rather than the pooling of different animals. THM-265 (J and L) 

resulted in a higher proportion of C20 PUFAs than THM-375 (K and M) (FTHM 1,12=10.74, 

P=0.007). There was no significant interaction between both main factors (Finteraction 1,11=1.87, 

P=0.199).  

 

 

 

Figure 1. Proportions of the summed C20 PUFAs in total cellular fatty acids measured in off-line (A-I), 

and at-line sample treatments (J-M). Bars show means ± s.e.m., where different characters/symbols 

indicate significant differences between treatments, The number in each of the bars gives the mean 

C20:5n3 over C20:4n6 ratio observed for the respective treatment. For description of the treatments, see 

Table 1. 
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We also found that the ratio of C20:5n3 over C20:4n6 steadily increased with the mean 

proportion of total C20 PUFAs (Figure 2). The slopes of C20:5n3 (B=0.684, F1,11=1606.08, 

P<0.001) and C20:4n6 (B=0.341, F1,11=330.56, P<0.001) in Figure 2 (Finteraction 1,22=183.26, 

P<0.001) clearly indicate the higher responsiveness of C20:5n3 to improved conditions in our 

FAME preparations. This illustrates the effect of treatment on the relative separate shares of 

these two C20 PUFAs. 

To compare the proportions of C20 PUFAs between off-line and at-line sample 

methylation, the off-line treatments with the highest proportions of C20 PUFAs (E, F and H, 

mean±s.e.m: 0.183±0.002) were grouped, and compared to the at-line THM measurement 

with the highest proportion of C20 PUFAs (THM-265 and antioxidant: L, mean±s.e.m: 

0.281±0.022). The data showed that, although the proportion of C20 PUFAs of the (at-line) 

THM-GC analysis treatment was higher (t2=-4.45, P=0.046), there was more variation in the 

proportion of C20 PUFAs (Levene’s test: F=32.29, P<0.001) compared to the off-line sample 

treatments.  

 

 

 

Figure 2. Relationship between the mean proportion of total C20 PUFAs, and the mean. individual 

proportions of C20:4n6 (open circles) and C20:5n3 (closed circles) separately, for all treatments (A-M). 
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Fatty acid composition in response to temperature 

In the temperature experiment, O. cincta acclimatized to 5°C and 25°C contained 17 NLFAs 

with carbon length ranging from 14 to 20 (Table 2). For both acclimation temperatures, 

palmitic acid (C16:0) was the major SFA, oleic acid (C18:1n9c) was the most abundant MUFA 

and linoleic acid (C18:2n6c) was the most abundant PUFA. The remaining NLFAs at 5°C and 

25°C constituted 35% and 31% of the total amount of NLFAs. 

Acclimation temperature affected the three most abundant NLFAs: the proportion of 

C16:0 (t4=-5.31, P=0.006) and C18:2n6c (t4=-16.99, P<0.001) was lower for animals acclimatized 

at 5°C than for animals acclimatized at 25°C, while C18:1n9c increased (t4=25.28, P<0.001) 

(Table 2). As a consequence, the total proportion of SFAs (t4=-4.97, P=0.008) and PUFAs 

(t4=-32.39, P<0.001) was reduced at lower acclimation temperatures, in contrast to the 

proportion of MUFAs (t4=25.60, P<0.001). The PUFA reduction at low temperatures was 

largely due to changes in the proportion of C18:2n6c, because the proportion of C20 PUFAs was 

higher (t4=6.57, P=0.003) at low temperature. Overall, the U/S ratio was higher (t4-5.09, 

P=0.007) for animals acclimatized to 5°C. The UI did not differ between temperatures (t4=-

1.02, P=0.364). 

Besides NLFAs, we also measured PLFAs. O. cincta acclimatized to 5°C and 25°C 

contained 10 PLFAs with carbon length ranging from 14 to 20 (Table 3). For both acclimation 

temperatures, palmitic acid (C16:0) and stearic acid (C18:0) were the major SFAs. Oleic acid 

(C18:1n9c) was the most abundant MUFA and linoleic acid (C18:2n6c) and eicosapentaenoic acid 

(C20:5n3) were the most abundant PUFAs. Out of these five most abundant PLFAs only two 

PUFAs were affected by acclimation for four weeks: C18:2n6c decreased (t4=-14.78, P<0.001), 

and C20:5n3 increased (t4=10.67, P<0.001) at low acclimation temperature (Table 3). Other less 

frequent PLFAs were also affected by temperature acclimation (C18:1n7 t4=3.15, P=0.034, and 

C18:3n3 t4=-4.46, P=0.011). The total proportions of SFAs (t4=0.64, P=0.559) and PUFAs (t4=-

2.74, P=0.052) were not affected by temperature. For the total MUFAs, however, the 

proportion was higher (t4=4.00, P=0.016) for animals acclimatized to 5°C than for animals 

acclimatized at 25°C. The proportion of C20 PUFAs was higher (t4=6.90, P=0.002) for 

animals acclimatized to 5°C than for animals acclimatized at 25°C. Additionally, the UI was 

higher (t4=3.08, P=0.037) for animals acclimatized to 5°C than for animals acclimatized at 

25°C, but the U/S ratio did not differ between temperatures (t4=-0.50, P=0.641).  
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Table 2. Differences in Acylglycerol Fatty Acid (NLFA) Composition of Orchesella cincta 

Acclimatized to 5°C and 25°C
†
 

 Temperature   

Fatty acids 5°C 25°C P-Value Hypothesis 

14:0 2.30 (0.26) 1.95 (0.10) N.S.  

15:0 0.73 (0.04) 1.19 (0.15) * + 

16:0 12.74 (0.53) 16.23 (0.38) ** + 

17:0 0.56 (0.05) 0.57 (0.01) N.S.  

18:0 6.40 (0.44) 6.17 (0.32) N.S.  

20:0 0.42 (0.08) 0.52 (0.30) N.S.  

16:1 1.05 (0.12) 1.03 (0.02) N.S.  

18:1n7 5.47 (0.02) 3.29 (0.17) *** + 

18:1n9c 34.75 (0.34) 23.44 (0.29)  *** + 

20:1n9c 1.03 (0.17) 0.00 (0.00) ** + 

18:2n6c 17.94 (0.18) 29.44 (0.65)  *** - 

18:3n3 7.49 (0.36) 9.73 (0.40) * - 

18:3n6 0.43 (0.04) 0.50 (0.25) N.S.  

20:2 0.52 (0.02) 0.67 (0.03) * - 

20:3n3 and 20:4n6 4.87 (0.17) 3.12 (0.19) ** + 

20:3n6 0.10 (0.10) 0.76 (0.09) ** - 

20:5n3 3.20 (0.05) 1.40 (0.13)  *** + 

     

SFAs 23.15 (0.45) 26.63 (0.53) ** + 

MUFAs 42.29 (0.33) 27.77 (0.46)  *** + 

PUFAs 34.55 (0.27) 45.62 (0.20)  *** - 

C20 PUFAs 8.68 (0.24) 5.95 (0.69) ** + 

U/S ratio 3.23 (0.08) 2.76 (0.07) ** + 

UI 1.39 (0.01) 1.40 (0.01) N.S.  
†
Values are proportions of fatty acid fraction, all values are mean (s.e.m.) and n=3, where each 

sample was a pool of 3 animals. Hypothesis column shows whether the significant difference 

between the two temperature groups was (+) or was not (-) according to our hypothesis. SFAs, 

saturated fatty acids; MUFAs, mono-unsaturated fatty acids; PUFAs, poly-unsaturated fatty acids; 

U/S ratio, ratio between unsaturated fatty acids (MUFAs and PUFAs) and SFAs; UI, unsaturation 

index: the mean number of double bonds per fatty acid; N.S., P value was not significant. *P <0.05; 

**P<0.01; ***P<0.001.  
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Table 3. Differences in phospholipid fatty acid (PLFA) composition of Orchesella cincta acclimatized 

to 5°C and to 25°C
†
 

 Temperature   

Fatty acids 5°C 25°C P-Value Hypothesis 

14:0 0.29 (0.29) 0.00 (0.00) N.S.  

16:0 10.20 (0.59) 9.90 (0.86) N.S.  

18:0 9.47 (1.19) 8.66 (0.67) N.S.  

18:1n7 4.62 (0.47) 2.92 (0.27) * + 

18:1n9c 15.05 (0.66) 15.08 (0.20) N.S.  

20:1n9c 1.11 (0.57) 0.00 (0.00) N.S.  

18:2n6c 13.10 (0.70) 24.04 (0.25)  *** - 

18:3n3 3.69 (0.38) 6.71 (0.56) * - 

20:3n3 and 20:4n6 19.98 (0.27) 19.55 (0.67) N.S.  

20:5n3 22.51 (0.51) 13.15 (0.71)  *** + 

     

SFAs 19.96 (1.89) 18.55 (1.12) N.S.  

MUFAs 20.77 (0.56) 17.99 (0.41) * + 

PUFAs  59.28 (1.33) 63.46 (0.74) N.S.  

C20 PUFAs  42.49 (0.62) 32.70 (2.38) ** + 

U/S ratio  4.11 (0.54) 4.34 (0.34) N.S.  

UI 2.51 (0.05) 2.30 (0.05) * + 
†
Values are proportions of fatty acid fraction, all values are mean (s.e.m.) and n=3, where each 

sample was a pool of 3 animals. Hypothesis column shows whether the significant difference 

between the two temperature groups was (+) or was not (-) according to our hypothesis. SFAs, 

saturated fatty acids; MUFAs, mono-unsaturated fatty acids; PUFAs, poly-unsaturated fatty acids; 

U/S ratio, ratio between unsaturated fatty acids (MUFAs and PUFAs) and SFAs; UI, unsaturation 

index: the mean number of double bonds per fatty acid; N.S., P value was not significant. *P <0.05; 

**P<0.01; ***P<0.001. 

 

 

Discussion 

Maximization of C20 PUFAs 

Our results showed a significant effect of sample preparation on the proportion of C20 PUFAs. 

The data of the GC analysis showed that the method for sample preparation resulting in the 

highest proportion of C20 PUFAs was extraction with either dichloromethane or chloroform, 

in combination with air replacement (nitrogen gas instead of air) in the headspace and 

saponification for 90 min at 70°C. The off-line sample preparation for GC analysis was 

preferred over the THM-GC analysis, as the data of the GC analysis showed less variation in 

proportion of C20 PUFAs. Another crucial aspect is that the THM-GC analysis only measured 

the total cellular fatty acids and not the separated phospholipids (PLFAs) and/or acylglycerols 

(NLFAs), as can be done with the off-line sample preparation for GC analysis. There is a 
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THM-reagent available (i.e. tetramethylammonium acetate, Hardell and Nilvebrant, 1999) to 

methylate solely the free fatty acid fraction present in biomaterials. Unfortunately, no such 

reagents are available for a specific hydrolysis and methylation of either phospholipids and/or 

acylglycerols. The exact effects of our treatments will be discussed below.  

The negative effect of heat during sample preparation on long chain PUFAs (by 

peroxidation) has been described before (Ohman, 1996; Hirao et al., 2003; Laguerre et al., 

2007). Indeed, we found a higher proportion of C20 PUFAs when fast saponification at high 

temperature was replaced by slow saponification at low temperatures. The strong effect of 

saponification temperature can explain contradictory results from previous studies on the 

proportion of C20 PUFAs in Collembola. The highest proportions of PUFAs were found in 

Chamberlain and Black (2005) who saponificated their samples at 70°C, and in studies that 

used mild alkaline methanolysis (Dowling et al. 1986) at a temperature of 37°C (Bayley et al., 

2001; Holmstrup et al., 2002). On the other hand, relatively low proportions of C20 PUFAs 

were found by Haubert et al. (2004) and Ruess et al. (2007), who used a saponification 

temperature of 100°C. Hence, for a more accurate estimation of changes in C20 PUFAs, a low 

saponification temperature is necessary. 

Long chain PUFAs can also be degraded due to lipid peroxidation during sample 

preparation because oxygen is present in the sample headspace (Hirao et al., 2003). However, 

replacing air with N2 gas during saponification and methanolysis only increased the 

proportion of C20 PUFAs when combined with slow saponification. A similar interaction 

between treatments was seen when adding antioxidant (BHT), which can prevent PUFAs 

from peroxidation (Ohman, 1996; Hiroa et al., 2003). Between treatments only differing in 

antioxidant addition, we found no effect when dichloromethane plus fast saponification was 

applied, nor when dichloromethane, slow saponification and air replacement had been 

combined in the protocol. The antioxidant had a negative effect when chloroform, slow 

saponification and air replacement were applied concerted, but a positive effect in the at-line 

THM-GC analyses. So, whether the antioxidant BHT affected the proportion of C20 PUFAs 

really depended on the extraction solvent and method used for sample preparation.  

Chloroform was expected to be a stronger extraction solvent than dichloromethane, as 

it was the conventional solvent used. Most studies apply either the Bligh-Dyer method (as in 

Kates, 1972; Bligh and Dyer, 1959, cited in the literature more than 25000 times) using 

chloroform/methanol/water (1:2:0.8 v/v/v) or the Folch et al. method (1957, cited in the 

literature more than 37000 times) using chloroform/methanol (2:1 v/v). However, currently 

there are many restrictions for the use of chloroform in laboratory practice (i.e. “standard 

laboratory procedures”). Dichloromethane is a less hazardous and less toxic alternative. 

Cequier-Sanchez et al. (2008) compared the traditional method using chloroform/methanol 

(2:1 v/v) with the method using dichloromethane/methanol (2:1 v/v) as an extraction solvent. 

They found only small differences in the proportions of PUFAs, which were all in favor of 
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dichloromethane. In this study, we compared a different ratio chloroform/methanol (2:3 v/v) 

to dichloromethane/methanol (2:1 v/v). Although primary extraction with chloroform resulted 

in a higher proportion of C20 PUFAs than primary extraction with dichloromethane, however, 

this difference disappeared when air was replaced with N2 gas and samples were saponificated 

for 90min at 70°C. At first sight the comparable C20 PUFA-yields in off-line sample 

preparation for treatments E, F and H (all combining N2-flushing with saponification at 70°C) 

suggest that these yields had reached a plateau value close to the theoretical maximum. 

However, such a conclusion is conflicting with the yields observed for treatments A and G: 

Assuming the theoretical maximum had indeed been reached in E, F and H, this would imply 

that the extracted amounts PLFA + NLFA should be similar in all the treatments (A through 

I), irrespective of the solvent mixture used. Then, after removing these solvents by N2-

flushing, the starting conditions for the subsequent saponification/methylation step in 

treatments A and G would have become equal. Apparently, judged by their very different 

yields, this has not been the case. We argue therefore, that in the off-line procedure maximum 

C20 PUFA-yields have not yet been reached. This is also supported by the higher C20 PUFA 

proportions observed in the at-line treatment L, and the concurrent increase of the C20:5n3 over 

C20:4n6 ratio (see Fig. 1 and 2) with increasing C20 PUFA proportions. Since C20:5n3 is a twice 

as vulnerable PUFA than C20:4n6 because of its extra double bond (Christie, 1987, p73), the 

ratio of these two PUFAs in our samples can be taken as a diagnostic tool in our judgment for 

the overall performance of each treatment with respect to the preservation of (C20) PUFAs. In 

this respect the THM at-line analysis L was performing best.  

The data of the at-line GC analyses showed that addition of an antioxidant indeed 

could increase the proportion of C20 PUFAs. The apparently more protective action of BHT in 

THM than in off-line conditions, may relate to the presence of some remaining, and possibly 

also variable amount of oxygen in the Curie-point pyrolyzer head prior to the initiation of 

THM (i.e. He-flushing may not be 100% effective in removing all oxygen from the pyrolyzer 

head after filament introduction because of its relatively large dead volume). This notion is 

also supported by the lowest, and also quite variable C20 PUFA proportion observed in 

treatment K (with also the “poorest” C20:5n3/C20:4n6 ratio) at high THM temperature (375°C). 

Although there was a large variation in proportion of C20 PUFAs in treatment L, this variation 

in itself does strongly suggest that more PUFAs were still to be gained as already argued 

above.  

There seems to be a parallel between the off-line slow saponification at 70°C (90min) 

and the THM regime with a slow heating until the (lower) reaction temperature of 265°C: 

under both conditions we found the highest proportions of C20 PUFAs. This suggests that the 

integrity of C20 PUFAs was better preserved under conditions with a sensitive reactant for 

PUFAs due to these lower temperatures applied. Of course the imposed reagent reaction 

temperatures in THM were much higher than in the off-line protocols, but their deteriorating 
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impact on the C20 PUFAs must have been largely offset by the much shorter duration of all 

potentially disruptive exposures. 

As far as we know, the fatty acid composition of O. cincta was not determined before. 

Chamberlain and Black (2005) determined the fatty acid composition of several other 

Collembola species and found unusually high proportions of C20 PUFAs. Our study showed 

that the proportions of C20 PUFAs in O. cincta (19%) fall within the upper range (8.8-19.4%) 

of C20 PUFAs found by Chamberlain and Black (2005), when prepared in a similar way 

(saponificated at 70°C for 90min). Our THM analysis, however, strongly suggests that all 

fatty acid analyses conducted on Collembola in the past may have systematically 

underestimated the presence or the proportion of all fatty acids possessing four or more 

double bond positions. This may have consequences for other biological samples as well. 

Stanley-Samuelson and Dadd (1983) were the first to attempt a generalization on C20 PUFAs 

in insects in the context of arachidonic acid as a precursor for biosynthesis of prostaglandins 

and other eicosanoids (Stanley-Samuelson et al., 1988). If they would have used our protocol, 

they probably would have detected higher levels of C20:4n6. 

 

Fatty acid composition in response to temperature 

Temperature acclimation to 5°C in O. cincta increased the U/S ratio of the NLFAs, meaning 

that the proportion of unsaturated fatty acids increased with a decrease in temperature. For 

fatty acids in the PLFAs, we found that the UI was higher at 5°C than at 25°C, meaning that 

the mean number of double bonds per fatty acid was higher at 5°C than at 25°C. Hence, our 

data support the common notion that to maintain homeoviscosity, PLFAs (membrane lipids) 

become more unsaturated when environmental temperature decreases (Hazel and Williams, 

1990; Hazel, 1995; Hochachka and Somero, 2002). We found this unsaturation to be 

explained by increasing UI and increasing proportion of C20 PUFAs in response to 

temperature for PLFAs. So far, the majority of studies looking at fatty acid composition in 

response to temperature mainly focused on PLFAs/membrane lipids (Hazel and Williams, 

1990; Hazel, 1995; Hochachka and Somero, 2002). For NLFAs, we found the unsaturation to 

be explained by increasing U/S ratio and increasing proportion of C20 PUFAs in response to 

decreasing temperature. This increasing U/S ratio for NLFAs (acylglycerols) was in 

accordance with Kostal and Simek (1998). They found for triacylglycerols from aestivating 

Cymbolaphora pudica prepupae that U/S ratio increased after cold-acclimation for body wall, 

fat body, and silk gland tissue. For these tissues PLFAs did not show an increase in U/S ratio. 

This also was in accordance to our data for PLFAs. 

As expected from literature (Kostal and Simek, 1998; Hochachka and Somero, 2002), 

the proportion of C20 PUFAs increased at low temperature in both NLFAs and PLFAs. 

However, the total proportion of PUFAs did not change (for NLFAs) or changed in the 

opposite direction (for PLFAs) from what was expected because the C18 PUFAs decreased at 
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low temperature. The lower proportion of C18:3n3 at 5°C was not expected, but can possibly be 

explained by the physical properties of this fatty acid. Substitution of C18:1 for C18:2 reduces 

the gel/fluid transition temperature (Hazel, 1995) by 22°C. A third double bond (C18:3), 

however, increases the melting point by 3°C (Hazel and Williams, 1990). This, however, still 

does not explain the large reduction in C18:2 at the lower temperature of 5°C. One distinction 

between the C20 PUFAs (which accumulate in the cold) and C18 PUFAs is that only the 

former possess double bonds in the C1-C9 region of the bilayer, suggesting that the apparent 

unique role of long chain PUFAs in adaptation to low temperatures may be related to the 

position of the double bonds in these fatty acids (Hazel and Williams, 1990).  

The data of our temperature experiment showed that it is of crucial importance to 

accurately measure the composition of the storage and membrane lipids in detail and 

especially the composition of the PUFAs to understand what happened during homeoviscous 

adaptation in response to temperature. However, our results also have a broader significance. 

All experiments investigating C20 PUFAs could benefit from a method optimizing the C20 

PUFA yield. For example, in invertebrate signal transduction systems, C20 PUFAs are 

precursors of eicosanoids, which act in several cellular defense functions (Stanley, 2000; 

Stanley et al., 2009). Our first experiment suggested the best method to do so. However, our 

results on fatty acid preparation procedures also indicate the difficulty, and the related 

uncertainty, to arrive at a proper estimate of the contribution of PUFAs in the lipid 

composition of biological materials, since the combined effects of (potentially) deteriorating 

exposures could not straightforwardly be interpreted. This warrants a more detailed study, for 

instance by tracking the fate during different work-up stages under different conditions of 

model (esterified) PUFAs such as (tri)arachidonin (C20:4) or (tri)eicosapentaenoin (C20:5) that 

can be added in known quantities to biological samples. 

 

Conclusion 

The results of this study support our hypothesis that long chain C20 PUFAs are particularly 

unstable during sample preparation. We suggest using a sample preparation method, which 

maximizes the proportion of long chain PUFAs, and also taking into account the ratio of the 

most vulnerable one (often a fatty acid with the highest number of double bonds) over a 

PUFA with one double bond less. This study showed that especially slow saponification at a 

low temperature (90 min at 70°C) in combination with replacing the air in the headspace of 

the samples with nitrogen gas during saponification and methylation really helped in 

maximizing the proportion of C20 PUFAs. 

The data of our temperature experiment showed that maximum proportion of C20 

PUFAs gave results in agreement with results from previous studies. However, the results for 

some C18 PUFAs and even some C20 PUFAs (in NLFAs) were in contradiction with our 

expectations. So, it is of crucial importance to measure the maximum attainable PUFAs levels 
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and the detailed composition of the storage (NLFAs) and membrane lipids (PLFAs). It is, 

therefore, suggested to use the sample preparation method with the maximum proportion of 

C20 PUFAs and separate SFAs, MUFAs and PUFAs into single or small groups of fatty acids 

in future studies focusing on fatty acid composition of membrane and/or storage lipids, or 

measuring compositions of fatty acids in general. 
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