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Temperature is a key environmental factor inducing phenotypic plasticity in a wide range of 

behavioral, morphological, and life history traits in ectotherms. The strength of temperature-

induced responses in fitness-related traits may be determined by plasticity of the underlying 

physiological or biochemical traits. Lipid composition may be an important trait underlying 

fitness response to temperature, because it affects membrane fluidity as well as availability of 

stored energy reserves. Here, we investigate the effect of temperature on lipid composition of 

the springtail Orchesella cincta by measuring thermal reaction norms across five different 

temperatures after four weeks of cold or warm acclimation. Fatty acid composition in storage 

and membrane lipids showed a highly plastic response to temperature, but the responses of 

single fatty acids revealed deviations from the expectations based on HVA theory. We found 

an accumulation of C18:2n6 and C18:3n3 at higher temperatures and the preservation of C20:4n6 

across temperatures, which is contrary to the expectation of decreased unsaturation decreases 

at higher temperatures. The thermal response of these fatty acids in O. cincta differed from 

the findings in other species, and therefore shows there is interspecific variation in how single 

fatty acids contribute to HVA. Future research should determine the consequences of such 

variation in terms of costs and benefits for the thermal performance of species.  
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Introduction 

Ambient temperature is a key environmental factor influencing a variety of aspects of animal 

ecology and evolution, especially for ectotherms (Huey and Stevenson, 1979; Kingsolver and 

Huey, 1989; Angilletta et al., 2003). To cope with different ambient temperatures within a 

lifetime, ectotherms can express different phenotypes (i.e., phenotypic plasticity; Bradshaw, 

1965). For example, temperature can induce morphological modifications in ectotherms, such 

as changes in wing size (Liefting et al., 2009) or egg size (Fischer et al., 2003), as well as a 

range of biochemical and physiological responses (Huey and Stevenson, 1979; Hochachka 

and Somero, 2002). Particularly well known is the effect of extreme temperature on cellular 

responses, such as the expression of protective heat shock proteins at high temperatures, 

which reduces mortality due to heat shock (Feder and Hofmann, 1999, Bahrndorff et al., 

2009a). Phenotypic plasticity can be measured as a reaction norm (De Jong, 1990), which 

reflects the response of a trait over a range of abiotic values. Thermal reaction norms have 

been particularly well characterized for many morphological and life history traits (Nylin and 

Gotthard, 1998; Scharf et al., 2008), as well as for several physiological and biochemical 

traits (Nylin and Gotthard, 1998; Stillwell et al., 2010). Thermal reaction norms allow us to 

compare temperature responses among species and conditions, which is important in 

understanding costs and benefits of thermal acclimation.  

Homeoviscous adaptation (HVA) involves changes in the membrane lipid 

composition of ectotherms in response to temperature to maintain membrane fluidity (Hazel 

and Williams, 1990; Hochachka and Somero, 2002). One of the predicted ways to achieve 

HVA is that membrane fatty acids become more unsaturated during a cold response to 

compensate the negative effect of membrane solidification (Hochachka and Somero, 2002). 

An increase in the degree of unsaturation is mainly achieved by incorporating a higher 

proportion of mono- or poly-unsaturated fatty acids (MUFAs and PUFAs) in the 

phospholipids that constitute the membrane. These MUFAs and PUFAs can be synthesized 

from other fatty acids or acquired via the food. Other avenues of membrane modifications that 

can assist in HVA are phospholipid head group modifications, changes in the amount of 

sterols incorporated in the membrane bilayer, or the placement of the fatty acids on the sn1 or 

sn2 position of the glycerol backbone (Hochachka and Somero, 2002).  

Many studies show a thermal response in membrane lipid composition that is 

consistent with HVA (Sinensky, 1974; Cossins et al., 1977; Bly et al., 1986; Hazel and 

Landrey, 1988b; Brodte et al., 2008; Kostal and Simek, 1998). On the other hand, there is 

much variation in the nature of temperature-induced changes in lipid composition, for 

example, in which fatty acids are responsible for the change in saturation, or in the rate of 

change. It has been suggested that a variety of factors may contribute to variation in lipid 

response, including previous exposure to thermal fluctuations (Williams and Somero, 1996, 
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Pernet et al., 2007), the preservation of certain fatty acids for reproduction (Stanley, 2006; 

2009), diet (Haubert et al., 2004), and age (van Dooremalen and Ellers, 2010). Here, we study 

the influence of two factors on the thermal response of lipid composition, i.e. the magnitude 

of temperature change and the direction of temperature change. 

In addition, we address the fact that although HVA theory was formulated based on 

the thermal response of membrane lipids, evidence is accumulating that it also applies to 

storage lipids. At lower temperatures, storage lipids (triacylglycerol fatty acids) solidify and 

become unsuitable substrates for lipases so that they are no longer available as energy source 

(Kostal and Simek, 1998). Maintenance of lipid fluidity, therefore, is expected to be adaptive 

in storage lipids as well. The few studies that have considered the thermal response of storage 

lipids have indeed shown that under cold conditions ectotherms show increased unsaturation 

of storage lipids (Kostal and Simek, 1998; Brodte et al., 2008; Haubert et al., 2008; Van 

Dooremalen et al., 2009; van Dooremalen and Ellers, 2010), suggesting the extension of HVA 

theory to body lipids in general. Therefore, we will compare the response to temperature for 

membrane and storage lipid composition.  

Our model organism to investigate these questions is the springtail Orchesella cincta 

(Collembola). O. cincta is a soil arthropod that lives in the top litter layer of a wide variety of 

seasonal habitats (Timmermans et al., 2005), where it shows local adaptation to temperature 

regimes (Bahrndorff et al., 2006; Liefting and Ellers, 2008), and variation in thermal 

responses of life history traits (Bahrndorff et al., 2007; Driessen et al., 2007; Ellers et al., 

2008). From previous experiments we know that O. cincta is metabolically active over a large 

thermal range, for example, it has a linear growth rate between 10°C and 24°C (G. Driessen, 

unpublished data), it continues to molt even down to temperatures of 3.1°C (Joosse and 

Veltkamp, 1970), and lays eggs at temperatures as low as 5°C (Van Straalen and Joosse, 

1985). To test the plasticity of the lipid composition in response to temperature, we analyzed 

the composition of both membrane and storage lipids at five different temperatures after four 

weeks of cold and warm acclimation. Our aims are twofold: 1) investigate the effect of 

magnitude and direction of temperature change on the lipid composition, as these variables 

have often been neglected (but see Cossins et al., 1977; Hazel and Landrey, 1988a, b), and 2) 

investigate the effect of temperature on the lipid composition of membrane and storage lipids 

to gain additional support for HVA in storage lipids and more insight in the responses of the 

single lipid fatty acids.  
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Method  

Animal collection and rearing 

O. cincta (Collembola: Entomobryidae) was collected in April 2008 from the nature reserve 

Bussumerheide [52º 15’ 44”N, 05º 11’ 07”E]. In the laboratory, 300 animals (both sexes) 

were divided over six plastic containers (Ø 16cm) with a bottom of plaster of Paris and they 

were kept at a constant temperature of 15°C, humidity (water saturated) and photoperiod 

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

source and were always kept in excess. All animals were kept in the laboratory for two weeks 

until the experiment started. Only adult females of comparable body size were selected for the 

experiments, to reduce possible variation caused by sex. 

 

Experimental set-up 

At the start of the experiment the animals were divided over two pre-acclimation 

temperatures: 5°C and 25°C. After four weeks, the animals of each pre-treatment were 

redistributed over 30 vials (60 vials in total, 5 animals per vial) and transferred to 5 

acclimation temperatures: 5°C, 10°C, 15°C, 20°C, or 25°C. After another four weeks, six 

samples of four pooled females (each sample was composed from one vial) were collected 

from each acclimation temperature and each pre-acclimation temperature, yielding a total of 

60 samples. Samples were freeze-dried and kept dry until lipid extraction. In addition, six sets 

with pieces of bark overgrown with green algae (Desmococcus sp.) were acclimatized at two 

temperatures (3 sets to 5°C and 3 sets to 25°C) for two weeks and then each set was also 

pooled for lipid extraction. 

 

Lipid characterization 

Lipids were extracted as described in Van Dooremalen and Ellers (2010). Lipids of freeze-

dried samples (O. cincta females and algae) were extracted with dichloromethane/methanol 

(2:1 v/v, 3×2ml). Animal lipids were separated into neutral and phospholipids using a pre-

packed silica column, 5ml of dichloromethane (storage lipids), and 5ml of methanol 

(membrane lipids). Algae lipids were used as a total extract. Lipids were saponified with a 

methanolized sodium hydroxide solution (45g NaOH, 150ml CH3OH, 150ml Milli-Q H2O) at 

70°C for 90min with nitrogen in the headspace (to reduce oxidation, Van Dooremalen et al., 

2009). Saponification was followed by acid methanolysis in methanolized HCl (325ml 6.0N 

HCl, 275ml CH3OH) at 80±1°C for 10±1min. The methylated fatty acids were extracted into 

hexane/methyl tertiary butyl ether (1:1 v/v; 3× 1.25ml). Dry methylated fatty acids were 

solved in hexane (200µl) and stored at -80ºC until analysis. Fatty acid analysis was carried out 

on a GC-FID (Agilent technologies 6890, Santa Clara, CA, USA) equipped with a BPX70 

column (SGE international, 60m x 0,25mm i.d. df 0,25µm). A 1 µL-aliquot was injected in the 
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pulsed splitless mode. The temperature-programmed oven was set to 70°C for 2 min, and then 

increased by 20 °C/min to 150°C, continuing with a gradient of 15°C/min to 250°C, which 

was held for 10 min. 

 

Data analysis 

GC-FID data handling was carried out using associated software (G1701DA, Agilent 

Technologies). Fatty acids were identified on the basis of their retention time and compared to 

a 37 Component standard (Supelco 37 Component FAME Mix, Sigma-Aldrich Inc.). In the 

animal lipids, not all fatty acids were present in all samples due to concentrations below 

detection limits. Fatty acids with >5% missing values were excluded from further data 

analysis. Three samples that had extremely low values and/or missing peaks for most of the 

peaks were excluded from the dataset (one 25°C/20°C sample and two 25°C/25°C samples). 

For the membrane lipids, we found traces of C16:0 and C18:0 in the blanks. We corrected, 

therefore, the membrane peak areas of C16:0 and C18:0 for the C16:0 and C18:0 found in the 

blanks. The (corrected) proportions of the single fatty acids were used in further analysis. We 

calculated the unsaturation to saturation ratio (U/S ratio) as the ratio between the total 

proportion of all unsaturated fatty acids and the total proportion for all saturated fatty acids, 

separately for membrane and storage lipids. We calculated the unsaturation index (UI) as the 

average number of double bonds per fatty acid, separately for membrane and storage lipids. 

To test for differences between the two acclimation-temperatures of the algal lipids, 

we used a t-test. For the statistical analysis of animal lipids, a General Linear Regression 

(GLM) was used to assess the effect of pre-acclimation temperature (fixed factor, TP), 

acclimation temperature (covariable, TA), and their interaction (TINT) on the proportion of 

separate single fatty acids, the U/S ratio, and the UI in the animal samples. A Bonferroni 

correction (α/n) was applied, where α was 0.05 and n was the number of tests performed 

separately for the algae, the membrane and the storage lipids. Assumptions for normality and 

homogeneity of variances were met for all tests.  

 

Results 

Total lipids in algae 

Algal lipids of Desmococcus sp., acclimatized to 5°C and 25°C for two weeks, contained 

thirteen fatty acids ranging in carbon length between 10 and 24 C-atoms. For both 

temperatures palmitic acid (C16:0) was the major saturated fatty acid, oleic acid (C18:1n9) was 

the most abundant MUFA, and linoleic (C18:2n6) was the most abundant PUFA. The remaining 

fatty acids ranged between 0.1% and 6% in abundance. Acclimation temperature affected 

none of the fatty acids (Table 1).  
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Membrane lipids in O. cincta 

Membrane lipids in O. cincta, acclimatized to 5°C, 10°C, 15°C, 20°C, and 25°C for four 

weeks, contained eight fatty acids ranging in carbon length between 16 and 20 C-atoms. 

Palmitic acid (C16:0) was the major saturated fatty acid, oleic acid (C18:1n9) was the most 

abundant MUFA, and linoleic (C18:2n6) was the most abundant PUFA, although C20:4n6 and 

C20:5n3 were also present in high proportions.  

Acclimation temperature significantly affected the proportions of the membrane fatty 

acids (Figure 1). The proportions of C18:2n6, C18:3n3 and the U/S ratio increased with 

temperature, while the proportions of C16:0, C18:0, C18:1n7, and C20:5n3 decreased with 

temperature. Pre-acclimation temperature significantly modified the response of membrane 

fatty acids to acclimation temperature. When transferred to the higher temperature, overall 

proportions of C18:0, (C18:2n6), C18:3n3, and C20:5n3 showed a much stronger thermal response to 

temperature than when females experienced a temperature decrease.  

 

Storage lipids in O. cincta  

Storage lipids in O. cincta comprised ten fatty acids ranging in carbon length between 14 and 

20 C-atoms. Palmitic acid (C16:0) was the major saturated fatty acid, oleic acid (C18:1n9) was 

the most abundant MUFA, and both C18 PUFAs, linoleic (C18:2n6) and α-linolenic acid 

(C18:3n3), were the most abundant PUFAs.  

Acclimation temperature significantly affected the proportions of the storage fatty 

acids (Figure 2). The proportions of C16:0, C16:1, C18:2n6 and C18:3n3 increased with temperature, 

while the proportions of C18:1n9, C18:1n7, C20:5n3, and the U/S ration decreased with temperature. 

Pre-acclimation temperature significantly modified the response of storage fatty acids to 

acclimation temperature. When pre-acclimatized to a low temperature, overall proportions of 

C18:3n3 showed a much stronger thermal response to temperature than when females had 

experienced a higher temperature before acclimation. Additionally, females pre-acclimatized 

to a low temperature, showed higher overall proportions of C18:1n9 and lower overall 

proportions of C18:2n6, than when females had experienced a higher temperature before 

acclimation. 
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Table 1. Fatty acid composition of the green algae (Desmococcus sp.) after two weeks of 

acclimation to 5°C and 25°C. The table shows the mean proportion ±s.e.m., the tdf values and the 

P-values. 

 5°C 25°C  

Fatty acid Mean s.e.m. Mean s.e.m. t4 

C10:0 0.006 0.001 0.004 0.000 1.03 0.363 

C12:0 0.049 0.007 0.039 0.003 1.28 0.270 

C14:0 0.040 0.004 0.024 0.001 3.54 0.024 

C15:0 0.009 0.000 0.006 0.000 6.05 0.004 

C16:0 0.295 0.018 0.234 0.016 2.56 0.063 

C16:1 0.018 0.001 0.013 0.001 2.40 0.074 

C17:0 0.006 0.001 0.007 0.000 -1.35 0.247 

C18:0 0.044 0.003 0.054 0.006 -1.55 0.197 

C18:1n9 0.154 0.005 0.173 0.006 -2.26 0.087 

C18:2n6 0.214 0.004 0.236 0.006 -3.05 0.038 

C18:3n3 0.049 0.004 0.047 0.003 0.40 0.708 

C20:0 0.018 0.001 0.028 0.004 -2.25 0.088 

C20:3n6 0.001 0.001 0.001 0.001 -0.45 0.677 

C20:4n6 0.002 0.000 0.002 0.000 -0.86 0.437 

C20:5n3 0.008 0.003 0.002 0.001 1.84 0.139 

C21:0 0.005 0.000 0.005 0.001 -1.55 0.196 

C22:0 0.051 0.009 0.074 0.012 -1.49 0.210 

C23:0 0.005 0.000 0.006 0.002 -0.88 0.428 

C24:0 0.029 0.008 0.044 0.006 -1.41 0.232 

Denotation significant effects at P<0.0026 (=0.05/19) 
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Figure 1. Effect of 

acclimation temperature, 

and pre-acclimation tem-

perature (5°C black sym-

bols, 25°C grey symbols) 

on the fatty acid com-

position of membrane 

lipids of O. cincta. The 

different graphs show the 

proportions of the mem-

brane fatty acids after 

eight weeks of accli-

mation (4 weeks of pre-

acclimation (TP: 5 or 

25°C) and 4 weeks of 

acclimation to 5 different 

temperatures (TA: 5, 10, 

15, 20, and 25°C)). U/S 

ratio is the unsaturation 

to saturation ratio and UI 

is the unsaturation index. 

The graphs additionally 

show level of significance 

for the GLMs, where the 

Fdf factor,df error values for 

TP, TA and Tinteraction P*A 

(TINT) are all F1,56, and 

(Bonferroni corrected 

P<0.05/10) significant 

effects are depicted as 
*
P 

< 0.005, 
**
P < 0.001. 
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Figure 2. Effect of 

acclimation temperature, 

and pre-acclimation 

tempe-rature (5°C black 

symbols, 25°C grey sym-

bols) on the fatty acid 

composition of storage 

lipids of O. cincta. The 

different graphs show the 

proportions of the storage 

fatty acids after eight 

weeks of acclimation (4 

weeks of pre-acclimation 

(TP: 5 or 25°C) and 4 

weeks of acclimation to 5 

different temperatures 

(TA: 5, 10, 15, 20, and 

25°C)). U/S ratio is the 

unsaturation to saturation 

ratio and UI is the 

unsaturation index. The 

graphs additionally show 

level of significance for 

the GLMs, where the Fdf 

factor,df error values for TP, 

TA and Tinteraction P*A (TINT) 

are all F1,53, and 

(Bonferroni corrected 

P<0.05/12) significant ef-

fects are depicted as 
*
P<0.004, 

**
P < 0.001. 
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Discussion  

In this study we investigated the thermal reaction norms of lipid composition in the 

Collembolan O. cincta. We found that the relative abundance of different fatty acids in O. 

cincta was highly plastic in response to temperature and often proportional to the magnitude 

of temperature change. However, there were substantial differences between the thermal 

response of storage and membrane lipids, as well as between the directions of temperature 

change based on the thermal history. Moreover, we found that the direction of the plastic 

response was not always consistent with the prediction from theory or the findings in other 

species (Bly et al., 1985; Suutari and Laakso, 1993; Hochachka and Somero, 2002; Brodte et 

al., 2008; Van Dooremalen and Ellers, 2010). HVA is hypothesized to help ensure 

homeostasis over a range of temperatures (Hochachka and Somero, 2002), among others 

through an increase in unsaturation of lipids at lower temperatures. Many studies have indeed 

shown an increase in MUFA’s and/or PUFA’s when organisms are acclimatized to low 

temperature (Bly et al., 1986; Suutari and Laakso, 1993; Brodte et al., 2008). Although the 

proportion of some unsaturated fatty acids in O. cincta showed the expected increase at lower 

temperature, for example, the membrane lipids, the MUFA C18:1n7 and PUFA C20:5n3, others 

did not. The saturated fatty acids C16:0 and C18:0 showed a decrease in proportion with 

increasing temperature, which is opposite to the expected response because of its solidifying 

effects on membrane fluidity. Similarly, in our study, the proportion of both C18 PUFAs 

(C18:2n6 and C18:3n3) increased with temperature instead of the expected decrease. Comparable 

unexpected changes were observed in the single storage fatty acids, with the increased 

proportion of both C18 PUFAs (C18:2n6 and C18:3n3) at higher temperature being the most 

notable. 

The unexpected responses in these single fatty acids resulted in an increasing U/S ratio 

for membrane lipids, a decreasing U/S ration for storage lipids, and an overall lack response 

in the UI with an increase in acclimatization temperature. The U/S ratio and the UI are 

commonly used as a correlate of the lipid viscosity (Hazel and Williams, 1990; Hochachka 

and Somero, 2002); however, the current study showed no response in UI with temperature, 

while the single fatty acids used to calculate the UI were not stable. The inconsistency 

between the different physiological responses highlights the importance of measuring 

mechanical membrane properties to determine actual membrane viscosity.  

A possible explanation for the accumulation of C18 PUFAs at higher temperature is 

that omega 3 and omega 6 fatty acids can only be acquired through dietary intake and are 

therefore essential in most insects (De Renobales et al., 1987). For example, out of 32 insect 

species representing 13 orders, only eight species showed de novo linoleic acid (C18:2n6) 

synthesis using radioactively labeled acetate (De Renobales et al., 1987). Thus, while the 

ability to synthesize linoleic acid is not a rare occurrence limited to a few species, it is by no 
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means universal among insects (De Renobales et al., 1987). The lack of ∆12 and ∆15 front-

end desaturases prevents biosynthesis of C18 PUFAs from C18:1n9 because without the front-

end desaturases it is not possible to place a double bond at position 3 and 6 of the fatty acid 

tail (Pereira et al., 2003). Hence, transformation of C18 PUFAs into C18 MUFAs in response to 

rising temperatures is a one-way process that cannot be reversed if temperature decreases 

again. The increase of C18:2n6 and C18:3n3 at high temperature may therefore possibly reflect a 

compromise between HVA and the preservation of essential fatty acids for future use. In other 

words, C18 PUFAs have the highest level of saturation, without comprising the quantity of 

essential fatty acids.  

There was a large difference in thermal plasticity between the two pre-acclimation 

temperatures. In a previous experiment, we found no differences between temperatures in the 

rate of change in lipid composition (Van Dooremalen and Ellers., 2010). In contrast, Cossins 

et al. (1977) showed there was actually a membrane polarization response twice as fast for 

warm acclimation than for cold acclimation. Their results showed, however, that after 4 

weeks of acclimation the polarization response was at equilibrium, which means that after 4 

weeks of acclimation the effects of potential differences in the rate of response should be 

effectively reduced to zero. Perhaps the large difference in "heating" and "cooling" plasticity 

observed in the current study was due to a difference in target phenotype. The transition from 

heat to cold might be associated with a transition to a different (dormant) phenotype rather 

than preservation of the "warm" phenotype. Although, the physiological processes underlying 

the specific progression through dormancy phases in species, populations (genotypes), or 

even individuals, are thus far largely unknown (Kostal, 2006), a relatively large body of 

literature exists on differences in fatty acid composition between seasons or dormancy phases 

(Graham and Patterson, 1982; Johnston and Dunn, 1987; Pruitt, 1990; Hagen and Auel, 2001; 

Kostal et al 2003; Seebacher, 2005). Another explanation for the the higher plasticity of some 

fatty acids in response to increased temperatures observed in the current study could involve 

indirect effects of metabolism, For example, the increase in C18 PUFAs at higher temperatures 

was more pronounced in animals pre-acclimated to 5°C than in animals pre-acclimated to 

25°C. Although speculative, pre-acclimation temperature may have caused differences in 

feeding activity, which may have influenced the dietary acquisition of essential fatty acids. 

Animals at the lower pre-acclimation temperature will have had lower feeding rates, leading 

to a limited uptake of essential fatty acids C18:3n3 and C18:2n6 , which are present in the food of 

the springtails (Table 1). Additional experiments are needed to substantiate these hypotheses.  

HVA relates to biochemical (Sinensky et al., 1979; Cossins et al. 1981), physiological 

(Hazel, 1995; Hochachka and Somero, 2002) and behavioral (Cossins et al., 1977) functions 

of the whole organism. The consequences of the unexpected increase in C18 PUFAs found in 

this study are currently unknown but may potentially be constraining thermal plasticity 

leading to disturbed lipid fluidity. There are, however, also other physiological avenues of 
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membrane modifications that can assist in HVA, such as phospholipid head group 

modifications, changes in the amount of sterols incorporated in the membrane bilayer, or the 

placement of the fatty acids on the sn1 or sn2 position of the glycerol backbone (Hochachka 

and Somero, 2002). Cold acclimation, for example, frequently leads to an increase in 

phosphatidylethanolamine (PE) and a decrease in phosphatidylcholine (PC) (Hazel and 

Carpenter, 1985; Hazel and Landrey, 1988a). We expect that these additional HVA 

mechanisms will be more plastic in their response during cold than during warm acclimation, 

to compensate for the difference in plasticity of fatty acids we found in the current study. 

Hazel and Landrey (1988a) indeed found a faster response for the thermal response of the 

phospholipid PE/PC ratio during cold acclimatization, although they did not find a difference 

in the rate of change in the total membrane HVA response between cold and warm 

acclimatization (Hazel and Landrey, 1988b).  

Storage lipids have fewer avenues available to show homeoviscous adaptation. For 

example, they lack the ability to influence membrane fluidity by changing the headgroup 

composition. Our finding that the differences between the directions of temperature change 

were smaller for storage fatty acids (1 fatty acid) compared to membrane fatty acids (3 fatty 

acids) supports the idea of compensatory HVA. Although there is no causal evidence yet as to 

why storage lipids should homeoviscously adapt to temperature, it has been suggested that the 

need for HVA is caused by lipid-protein interaction, where lipids become worse substrates for 

lipases at low temperatures (Kostal and Simek, 1998). Our data showed clearly that the single 

storage fatty acids responded to temperature similarly as single membrane fatty acids, 

including similar deviations from the HVA theory. The next step is to understand the 

consequences or limitations of such atypical lipid composition patterns by measuring its 

fitness effects. It will be rather difficult though, to exclude effects of alternative mechanisms 

to change membrane fluidity. To focus on storage lipids may offer better opportunities for 

such research, because fewer alternative mechanisms exist for this type of lipids.  

This study documents high plasticity of the lipid composition in membranes and 

storage lipids in response to temperature changes in the collembolan, O. cincta. Evaluating 

the plasticity of physiological or biochemical traits is important to understand the mechanisms 

that underlie the evolution of plasticity. Potential future directions could involve 

measurements of membrane and storage lipid viscosity in relation to lipid composition, in 

combination with an assessment of potential limitations of different combinations of fatty acid 

adjustment in achieving optimal viscosity. Including lipid-protein interactions in the 

mechanism could potentially help to explain particular limitations for HVA. Equally 

important will be to determine the consequences in terms of costs and benefits of thermal lipid 

plasticity for the performance and subsequent evolution of species.  
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