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PLFA composition varied significantly between popula-
tions and molar percentage of several of the PLFAs (par-
ticularly C18:2) correlated with the lower lethal temperature 
(LT50) of the seven populations. Unsaturation ratio (UFA/
SFA) and average PLFA chain length also correlated signifi-
cantly with LT50, such that cold sensitive populations had 
a shorter chain length and a lower UFA/SFA compared to 
cold tolerant populations. Reconstituted membranes of the 
least and most cold tolerant populations were used to com-
pare membranes’ physical properties by fluorescence anisot-
ropy and bending rigidity. Measurements of anisotropy did 
not show any overall difference between populations with 
different cold tolerance. This could be interpreted as if E. 
albidus populations have achieved a similar “optimal” fluid-
ity of the membrane with a somewhat different PLFA com-
position. Our study suggests that membrane lipid composi-
tion could be important for the cold tolerance of E. albidus; 
however, these differences are not easily differentiated in 
the measurements of the membranes’ physical properties. 
Other parameters such as accumulation of glucose for cryo-
protection and energy supply may also be important compo-
nents of enchytraeid freeze tolerance.

Keywords Membrane fluidity · Fluorescence anisotropy · 
Bending rigidity · Freeze tolerance · Invertebrates

Introduction

The cell membrane functions as a selective barrier between 
the intra- and extra-cellular compartments. In fully func-
tioning cells, membranes are in a liquid–crystalline phase 
(Hazel 1995; Hazel and Williams 1990). When biological 
membranes are cooled sufficiently they gradually undergo 
a transition from the liquid–crystalline phase to gel phase 

Abstract Ectothermic animals adapted to different envi-
ronmental temperatures are hypothesized to have biological 
membranes with different chemical and physical properties 
such that membrane properties are optimized for their par-
ticular thermal environments. To test this hypothesis we ana-
lyzed the composition of phospholipid fatty acids (PLFAs) 
in seven different populations of Enchytraeus albidus origi-
nating from different thermal environments. The seven pop-
ulations differ markedly in origin (polar-temperate) and are 
also characterized by marked difference in cold tolerance. 
The dominant PLFAs of E. albidus were C20:5, C20:4 and 
C20:2 (53–61 % of total PLFA) followed by C18:0, C20:1 
and C22:2 (17–20 % of total PLFA). As hypothesized the 
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Czech Republic

M. Holmstrup 
Arctic Research Centre, Aarhus University, C.F. Møllers Allé 8, 
8000 Aarhus C, Denmark

http://crossmark.crossref.org/dialog/?doi=10.1007/s00360-015-0895-7&domain=pdf


390 J Comp Physiol B (2015) 185:389–400

1 3

whereby the membrane may lose some of its selective 
properties (Hazel 1995; Hazel and Williams 1990). Such 
a phase transition may, for example, induce the cluster-
ing of integral membrane proteins (James and Branton 
1973) or lead to dissipation of transmembrane ion gradi-
ents (Singer 1981). The composition of membrane phos-
pholipids is highly important for the temperature at which 
the phase transition occurs, and it is often found that cold 
adaptation or cold acclimation is associated with changes 
in the membrane phospholipid composition (Hazel 1989; 
Kostal 2010). This phenomenon is known as “homeovis-
cous adaptation” (HVA), and in ectothermic organisms it 
helps to preserve the appropriate physico-chemical proper-
ties of the membrane during temperature changes (Cossins 
1977a, b; Hazel and Williams 1990; Kostal 2010; Sinensky 
1974). HVA is efficient mainly due to biochemical changes 
of the membrane including phospholipid head-groups, cho-
lesterol content and the composition of the phospholipid 
fatty acyl side-chains (PLFAs) (Cossins and Bowler 1987; 
Hazel 1995; Hazel and Williams 1990; Murray et al. 2007). 
Although HVA should ensure optimal membrane proper-
ties at the temperature at which the organism is acclimated, 
there are some studies suggesting adaptive differences in 
membrane composition that could be related to population 
differences in tolerance to acute cold exposures (Holmstrup 
et al. 2007; Ohtsu et al. 1998). Cold adapted populations 
may have a different membrane composition than warm 
adapted populations even if they are maintained at the same 
temperature. In this context HVA can be seen as a dynamic 
response that ensures both optimal conditions at the tem-
perature that the animal is acclimated, but also affects the 
reaction norm if the animal is exposed acutely to a different 
temperature.

It is well-known that alterations of membrane lipids 
occur during cold acclimation in ectothermic organisms 
(Cossins and Bowler 1987; Hayward et al. 2007). The 
responses to low temperatures typically include changes 
in membrane lipid composition that are associated with a 
desaturation (increase of unsaturated fatty acids), short-
ening of the average fatty acid chain length, head group 
restructuring and changes of the cholesterol-to-phospho-
lipid ratio (reviewed by: Hazel 1989; Kostal 2010). These 
changes contribute differently to the preservation of the 
fluid membrane and also to the reduction in phase transi-
tion temperature (Hazel 1995; Hazel and Williams 1990; 
Kostal 2010). More unsaturated PLFAs increase membrane 
fluidity, which partly is due to the lower melting tempera-
ture of unsaturated PLFAs compared to saturated PLFAs; 
and similarly short PLFAs will have a lower melting tem-
perature compared to longer PLFAs (Huang et al. 1997; 
Kostal 2010). Moreover, phospholipids with phosphatidyle-
thanolamine (PE) as head group have a higher phase transi-
tion temperature and thereby create a less fluid membrane 

compared to membranes with high proportions of phos-
phatidylcholine phospholipids (PC) (Huang et al. 1996, 
1997). Finally, cholesterol changes the physiological and 
functional properties of the membrane, however, its impact 
depends on the phase state of the membrane (Hazel 1989; 
Kostal 2010). Overall, the behavior of mixtures is relatively 
complex, and sometimes it is difficult to predict fluidity 
based on simple assumptions.

Earlier studies of membrane adaptation in relation to 
cold tolerance of terrestrial invertebrates are most often 
based on correlating the lipid composition with the cold 
tolerance using HVA as explanatory paradigm, but without 
directly measuring the HVA parameters (Bahrndorff et al. 
2007; Bennett et al. 1997; Holmstrup et al. 2007; Kostal 
and Simek 1998; Ohtsu et al. 1998; Overgaard et al. 2009; 
van Dooremalen and Ellers 2010). Historically only few 
studies linked membrane composition and thermal adap-
tations to physical properties of biological membranes of 
fish (see for example: Cossins 1977a; Cossins et al. 1977; 
Hazel 1989), however, during the last years a number of 
papers have also measured the physical properties of mem-
branes (including membrane fluidity) and linked these to 
composition and thermal adaptation in terrestrial inverte-
brates (Bouvrais et al. 2013; Kostal 2010; Los and Murata 
2004; Rais et al. 2010; Rozsypal et al. 2014; Waagner et al. 
2013a). Most studies considering the physical properties 
have used fluorescence anisotropy (polarization) to charac-
terize membrane physical properties in ectothermic animals 
(Lentz 1989; Litman and Barenholz 1982; Rozsypal et al. 
2014). Simply put, fluorescence anisotropy is a measure of 
the orientation freedom experienced by a fluorescent mol-
ecule embedded in the membrane with more “fluid” mem-
branes having a lower degree of anisotropy. An alterna-
tive measure of the membrane’s physical properties is, the 
“bending rigidity” of membranes, which can be obtained 
using the technique of Giant Vesicle Fluctuation Analysis. 
This is a parameter describing the stiffness of the mem-
brane bilayer (Bouvrais 2012; Henriksen et al. 2004), and 
different levels of stiffness have been linked to variance in 
low temperature tolerance of springtails and enchytraeids 
(Holmstrup et al. 2014; Waagner et al. 2013a). The concept 
of HVA was developed to explain the compensatory behav-
ior of functional membranes in hydrated cells. For freeze-
tolerant organisms the situation might be slightly different 
due to the extensive freezing-induced dehydration of cells. 
However, a few studies show that HVA is also applicable to 
freeze-tolerant species (Holmstrup et al. 2014; Kostal et al. 
2003).

The terrestrial oligochaete Enchytraeus albidus is a 
freeze-tolerant species (i.e. it tolerates internal ice forma-
tion) and it has a broad geographical distribution. Popula-
tions originating from different environmental conditions 
(from temperate to arctic environments) are all freeze 
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tolerant, but have markedly different cold tolerance when 
examined in common garden experiments (Fisker et al. 
2014a, b; Patrício Silva et al. 2013; Slotsbo et al. 2008). As 
other freeze-tolerant oligochaete species, E. albidus mobi-
lize high concentrations of glucose during freezing, which 
acts as a cryoprotectant and as a fuel for metabolism dur-
ing overwintering (Fisker et al. 2014b; Slotsbo et al. 2008). 
However, other physiological adaptations to low tempera-
ture, including for example, adaptive adjustments of mem-
brane lipid composition, are possibly also important for 
freeze tolerance. In the present study we therefore employed 
a common garden approach (populations originating from 
different environments were transplanted in a common 
laboratory environment) to test the hypotheses that (a) dif-
ferences in cold tolerance is related to differences in PLFA 
composition (as a molar percentage of individual PLFAs, 
chain length and unsaturation, respectively, at a given tem-
perature), and (b) the more cold tolerant worms have the 
same membrane fluidity when cold acclimated at 5 °C as 
less cold tolerant worms even though there are observed 
differences in PLFA composition. To evaluate if membrane 
PLFA composition was related to cold tolerance we investi-
gated seven geographically distinct populations that differed 
considerably in their cold tolerance. Further, the two popu-
lations that differed most with respect to cold tolerance were 
used to relate the cold tolerance and PLFA composition to 
differences in membrane fluidity parameters.

Materials and methods

Phospholipid fatty acid extraction

PLFAs were extracted from enchytraeids that originated 
from seven different populations (Table 1). All populations 

had been maintained in a laboratory culture for at least two 
generations at 5 °C before they were sampled. Upon sam-
pling, worms were placed in 2 mL Eppendorf vials and 
snap frozen in liquid nitrogen. Samples were freeze dried 
for 24 h and stored at −80 °C before extraction of phospho-
lipids (PL) used to evaluate membrane PLFA composition 
or measurements of fluorescence anisotropy and bending 
rigidity of reconstituted membranes. To extract phospho-
lipids a phosphate buffer (0.75 mL, 50 mM, pH 7.4) and 
a steel ball were added to the vials and the worms were 
crushed with a TissueLyser II (Qiagen, Copenhagen, Den-
mark) at 30 Hz for 30 s after which another 0.75 mL phos-
phate buffer was added. The samples were then transferred 
to 12 mL glass centrifuge tubes and crude lipids were 
extracted by adding 3 mL methanol and 1.5 mL chloroform. 
The tubes were mixed for 1 min and incubated at room 
temperature for 3 h after which another 1.5 mL chloroform 
and 1.5 mL phosphate buffer was added. Samples were 
mixed again and then left overnight at room temperature 
after which samples were centrifuged at 1,600g for 10 min 
ensuring separation in water (hydrophilic) and organic 
(hydrophobic) phases. The water phase was discarded, and 
the organic phase was transferred to clean glass tubes. One-
third was transferred to a tube and kept at −80 °C for later 
analysis of cholesterol. The remaining organic phase was 
evaporated under a stream of N2. Phospholipids were sepa-
rated from other lipids using solid-phase silica columns 
(100 mg; Bond Elute, Agilent Technologies, Santa Clara, 
CA, USA). The columns were conditioned with 1.5 mL 
chloroform and the samples were added by re-dissolving 
them in 3 × 300 µL chloroform. Using vacuum, the sam-
ples were slowly filtered through the columns. A volume 
of 1.5 mL chloroform was pulled through the columns 
to elute neutral lipids (mainly triglycerides) followed by 
6 mL acetone to elute lipids of intermediate polarity. These 

Table 1  Selected climatic 
characteristics of the locations 
from where the enchytraeids 
were collected

a Data from Danish 
Meteorological Institute
b Data from www.worldclimate.
com
c Lower lethal temperature 
causing 50 % mortality 
(mean ± SE) (Data from: Fisker 
et al. 2014b)

Location/ID Country Coordinates Average temperature (°C) Cold tolerance—LT50 (°C)c

Germany Germany 53° 32.992′N 9.5b −8.9 ± 0.5

8° 34.983′E
Kullen Sweden 56° 18.000′N 8.1b −12.1 ± 1.7

12° 28.000′E
Bergen Norway 60° 23.476′N 7.3b −9.1 ± 0.7

5° 19.323′E
Hólar Iceland 65° 48.318′N 3.3b −15.3 ± 1.0

19° 39.760′W
Mosfellsbær Iceland 64° 10.525′N 4.6b −15.2 ± 0.9

21° 43.393′W
Nuuk Greenland 64° 11.017′N 1.4a −18.0 ± 3.8

51° 43.285′W

Svalbard Svalbard 78° 13.115′N −6.4b −17.0 ± 1.6

15° 38.925′E

http://www.worldclimate.com
http://www.worldclimate.com
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samples were discarded and not considered in the present 
study. Polar lipids (mainly phospholipids) were then eluted 
into glass vials by washing the silica columns with 1.5 mL 
methanol. Samples used for measurements of fluorescence 
anisotropy and bending rigidity were not extracted further 
than this step. Samples used for PLFA analysis were evapo-
rated under N2 after which phospholipids were trans-ester-
ified by a mild alkaline methanolysis (Dowling et al. 1986; 
Waagner et al. 2013b) and dried again under N2. Finally the 
fatty acid methyl esters (FAME) were re-dissolved in hep-
tane for further analysis.

Membrane composition and cholesterol analysis

The FAME composition was analyzed by gas chroma-
tography mass spectrometry (Shimadzu GCMS-QP2010 
Plus) equipped with an autosampler (Columbia, MD, 
USA) using the same procedure as described in Waagner 
et al. (2013b). The mol % distributions were calculated for 
each PLFA together with a number of generalized indexes 
such as average number of C atoms in the fatty acid chains 
(length), UFA/SFA ratio (Σ unsaturated fatty acids/Σ 
saturated fatty acids), mol % poly unsaturated fatty acids 
(PUFA), and the degree of unsaturation (calculated as Σ(% 
monoenes + 2 × % dienes + 3 × % trienes…)/100) (Kates 
1986).

As mentioned above one-third of the organic phase of 
the crude lipid extract was used for cholesterol analysis. 
The organic phase was evaporated under a stream of nitro-
gen and then silylated by adding 900 µL pyridine, 90 µL 
hexamethyldisilizane, and 10 µL chlorotrimethylsilane (all 
Sigma Aldrich, Brøndby, Denmark). Silylation took place 
under 2 h of incubation period while the samples were held 
in darkness at room temperature. After this the samples 
were centrifuged and the supernatant transferred to autosa-
mpling vials for GCMS analysis. A Shimadzu GCMS-
QP2010 (Shimadzu, Kyoto, Japan) with autosampler and 
a factorFourTM capillary column VF-5 ms (length 30 m, 
inner diameter 0.25 mm, film thickness of 0.25 µm; Varian, 
Netherlands) was used to perform the cholesterol analysis. 
The autosampler was operating in split mode with a split 
ratio of 5 and the injection volume was 2.0 µL. Helium was 
used as carrier gas with a total flow of 7.2 mL min−1 and 
a column flow at 0.70 mL min−1. Injection temperature 
was 250 °C and the oven was programed as follows: initial 
temperature of 50 °C was held for 2 min, then increased 
to 230.0 °C with a rate of 20.0 °C min−1, finally it was 
increased to 280 °C with a rate of 8.0 °C min−1 where it 
was held for 5 min. Electron ionization mode at 70 eV was 
used for the mass spectrometer. The ion source tempera-
ture was 210.0 °C and the interface temperature 250.0 °C. 
Identification of cholesterol was based on external stand-
ards (Avanti lipids). GCMS Solution software (Shimadzu, 

Kyoto, Japan) was used for identification of peaks and cal-
culation of concentration was based on specific standard 
curves.

Bending rigidity

Giant Unilamellar Vesicles (GUVs) were produced using 
whole body membrane E. albidus phospholipids (PL) 
extracts obtained as described above. Samples of ~100 mg 
dry tissue produced about 1 mg dry mass phospholip-
ids. Since cholesterol was removed from the phospho-
lipid fraction during the extraction procedure, a quantity 
of cholesterol was introduced as a chloroform cholesterol 
solution (Avanti lipids). Cholesterol was added to get 
cholesterol:PL molar ratio of ~20 % (see Bouvrais et al. 
(2013) for further details). The solvent (methanol/chloro-
form) of cholesterol:PL solution was removed using rotary 
evaporator ensuring that the dried lipid sample formed a 
film on the glass surface. The dried lipid film was subse-
quently hydrated using MilliQ water (Millipore, Bedford 
MA, USA) to obtain multilamellar vesicles (MLVs) after 
gentle agitation. Small unilamellar vesicles (SUVs) were 
produced using sonication (Misonix sonicator 3000), which 
lasted 30 min with the power fixed at 3 W successively on 
for 10 s and off for 5 s to prevent heating of the sample. 
The sonicated dispersion was then centrifuged and filtered 
using a 0.2 mm filter (sterile cellulose acetate membrane) to 
remove metal particles released by the tip of the sonicator. 
Finally, Giant Unilamellar Vesicles were prepared using the 
electroformation method following the protocol described 
by Pott et al. (2008). SUVs deposits at a lipid concentration 
of about 0.1 mg mL−1 were made on the electrodes. The 
water from the deposits was partially evaporated during 
3–4 h under reduced pressure by introducing the electrodes 
in a desiccator and during this step the electrodes were 
protected from light to prevent lipid damages. Then, the 
electrodes were immersed in pure water previously intro-
duced in a glass cell. An electric field was applied to the 
electrodes using a waveform generator (Agilent 33120A 
15 MHz function). Vesicles with a diameter between 10 
and 50 µm were visible on the electrodes after a few hours.

After having been detached from the electrodes at 
the end of the electroformation protocol, vesicles were 
observed directly in the electroformation cuvette, which 
was placed in a custom-made temperature-controlled cham-
ber set at 20 °C. Vesicles were visualized using a phase 
contrast microscope (Axiovert S100 Zeiss, Göttingen, Ger-
many), equipped with an x40/0.60 objective (440865 LD 
Achroplan), so that the vesicle two-dimensional contour 
could be seen in the focal plane of the objective. A CCD 
Camera (SONY SSCDC50AP) was used to record a series 
of 15,000 pictures at a rate of 25 frames s−1 with a video 
integration time of 4 ms. The video image sequences of the 
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GUV thermal fluctuations were analyzed as described pre-
viously by Mitov et al. (1992). Information regarding cus-
tom-made software to perform contour extraction, contour 
cleaning and fluctuations analysis procedures are found in 
Mitov et al. (1992). The bending rigidity was determined 
by a precise analysis of the statistical distribution of vesi-
cle contours based on a simple Fourier decomposition of 
the angular correlation function as described previously 
(Meleard et al. 2011). The bending elastic modulus, κ, rep-
resented an average of measurements amongst a population 
of 13 and 17 vesicles made using E. albidus lipid extracts 
coming from Germany and Svalbard, respectively.

Fluorescence anisotropy

Approximately 15 mg enchytraeid dry mass (expected to 
contain 0.15 mg of phospholipids) were used per sample 
of which one-third was used for the final measurements. 
Small unilamellar vesicles (SUVs) were made in several 
steps. First, the methanol was evaporated and then 750 µL 
of chloroform was added. Cholesterol was added with the 
chloroform to an approximate final cholesterol:PL molar 
ratio of ~20 %. The chloroform was evaporated under 
nitrogen flow while slowly rolling the glass vial (to distrib-
ute the lipids in an even coating on the glass wall). Sam-
ples were placed in a 40 °C water bath for 20 min under 
constant nitrogen flow and subsequently placed in a desic-
cator under vacuum for 1 h at room temperature to further 
evaporate all solvents. Volumes of 7.5 mL milliQ water 
were added to 0.15 mg PL to have a final concentration of 
0.05 mg PL in 2.5 mL milliQ water. After the addition of 
water, the vials were flushed with nitrogen and vortexed, 
wrapped in tin foil and placed in a shaking 40 °C water 
bath for 1 h to redissolve the phospholipids. Every 15 min 
the samples were vortexed for approximately 20 s leading 
to formation of large multilamellar vesicles. To finally form 
the SUVs, the samples were sonicated in a bath-type soni-
cator for 1 h (45 kHz 80 W VWR sonicator, temperature 
did not exceed 45 °C). One-third of each sample were used 
for measurements (containing 2.5 mL milliQ and ~0.05 mg 
PL), and 0.125 µL of DPH fluorescence dye [5 mM DPH 
(1,6-Diphenyl-1,3,5-hexatriene dissolved in N,N-Dimethyl-
formamide)]. All samples were wrapped in tin foil, flushed 
with nitrogen and gently mixed where after they were left 
over night in the dark at room temperature. Fluorescence 
anisotropy was measured using a Perkin-Elmer MPF-44A 
fluorescence spectrophotometer with 5 nm spectral band 
widths (slit widths). Excitation was done at 360 nm and 
emission was measured at 430 nm. Fluorescence measure-
ments were carried out over the temperature range: 4–10–
15–20–25 ± 0.3 °C. Vesicle preparations were allowed to 
equilibrate for 15 min at each temperature before meas-
urement and each preparation was measured in triplicate 

at each temperature with a 20 s interval. Anisotropy val-
ues were calculated as described by Litman and Baren-
holz (1982). Pure milliQ water was used as a blank and all 
measurements were corrected for this measurement. Fur-
ther, the measurements of the samples were corrected with 
a calculated G-factor (Litman and Barenholz 1982).

Statistical analyses

Population differences of fatty acid composition were ana-
lyzed using Principal Component Analysis (PCA) of the 
molar percentage distributions of individual PLFAs. We 
used the covariance matrix that is based on mean-centered 
variables since it is an appropriate matrix when variables 
are measured in the same units and differences in vari-
ance between variables make an important contribution to 
interpretation. Differences in the first and second Princi-
pal Component (PC1 and PC2) between populations were 
tested using Pearson product-moment correlations to find 
relations between PCs and cold tolerance of populations 
[LT50: lower lethal temperature causing 50 % mortality 
was used (Fisker et al. 2014b)]. Spearman Rank Order Cor-
relation was used for testing relations between LT50 and 
calculated PLFA variables: chain length of FAs, unsatura-
tion ratio, PUFA and degree of unsaturation. Further we 
also tested the correlation (Spearman Rank Order Corre-
lation) between LT50 and PLFAs or LT50 and mol % of 
PLFAs divided into number of double bonds to discover 
which PLFAs that are abundant in high proportions and 
thereby vary in relation to the cold tolerance of populations.

Fluorescence anisotropy data were analyzed by a two-
way ANOVA testing the effect of temperature and popula-
tion. Further, one-way ANOVA was used for testing effect 
of population on bending rigidity data. Post hoc Tukey’s 
test was used for pairwise comparisons.

Results

Membrane composition

Twenty different fatty acids were identified in the PLFA 
fractions of the seven populations (Table 2). The PLFAs 
C18:0, C20:1, C20:2, C20:4 and C20:5 were dominating 
and amounted to about 70 % of the total PLFAs. Especially 
PLFAs that contained 4 and 5 double bonds were abun-
dant, whereas FAs with few double bonds were less abun-
dant. The cholesterol proportion did not vary significantly 
between populations.

The first two principal components (PC1 and PC2) 
found by PCA accounted for a large part of the total vari-
ation in the molar percentage of PLFAs (74 %) among 
populations (Fig. 1a) and subsequent PCs were therefore 
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not considered further. The less cold tolerant populations 
(Germany, Bergen and Kullen) are grouped in the lower 
right quadrat (shown in gray circle), meaning that they had 
a high PC1 score and a low PC2 score, while more cold 
tolerant populations (Hólar, Mosfellsbær, Nuuk and Sval-
bard) had a high PC2 and a low PC1 score, grouping them 
above the plot diagonal line (dashed in Fig. 1a). The load-
ing values (Fig. 1b) showed that PLFAs such as C20:3 and 
C20:5 were more abundant in the less cold tolerant popu-
lations (high PC1 and low PC2 values), whereas C18:2, 
C20:4, C22:2 and C22:3 were found in higher percentages 
in cold tolerant populations (low PC1 and high PC2 val-
ues). Further, both PC1 and PC2 were found to correlate 
significantly to LT50 values of the respective populations 
(Fig. 2a, b). There was a positive correlation between PC1 
and LT50 whereas the correlation between PC2 and LT50 
was negative.

The molar percentages of seven PLFAs (includ-
ing C15:0, C20:5 and C22:5) correlated positively with 
LT50 values, meaning that populations with high molar 

percentages of these specific PLFAs have a low cold tol-
erance (Table 3, top part). Further, the molar percentages 
of PLFAs with zero and five double bonds correlated posi-
tively with LT50. However, there was a negative correlation 
between PLFAs with two and four double bonds and LT50, 
thus molar percentages of PLFAs with this number of dou-
ble bonds are high in populations with a high cold tolerance 
(Table 3, middle part). Five PLFAs (including C18:2, C20:4 
and C22:2) correlated negatively with LT50. Cold tolerance 
(LT50) correlated significantly with PLFA chain length and 
unsaturation ratio (UFA/SFA) (Fig. 3a, b; Table 3, bottom 
part), such that populations with a high cold tolerance had 
long PLFA chain lengths and a high unsaturation ratio. No 
correlation was, however, found between LT50 and degree 
of unsaturation or LT50 and PUFA (Table 3, bottom part).

Membrane fluidity

Fluorescence anisotropy revealed a significant effect of tem-
perature as expected, but no difference between populations 

Table 2  Molar percentage distribution (mean ± SE, N = 5–6) of phospholipid fatty acids, cholesterol (calculated as molar percentage of PLFA: 
cholesterol/PL ratio) and calculated PLFA variables in Enchytraeus albidus from seven geographic locations held constantly at 5 °C

Length average length of PLFA, UFA/SFA proportion of unsaturated fatty acids in relation to saturated fatty acids, UI degree of unsaturation, and 
PUFA poly unsaturated fatty acids

Germany Kullen Bergen Hólar Mosfellsbær Nuuk Svalbard

C13:0 0.34 ± 0.08 0.60 ± 0.12 0.64 ± 0.13 0.32 ± 0.02 0.27 ± 0.05 0.10 ± 0.03 0.38 ± 0.09

C14:0 1.24 ± 0.26 1.28 ± 0.20 1.57 ± 0.19 2.08 ± 0.20 1.33 ± 0.19 0.67 ± 0.10 1.16 ± 0.14

C14:1 0.89 ± 0.22 0.87 ± 0.28 1.26 ± 0.27 1.12 ± 0.11 0.60 ± 0.11 0.24 ± 0.08 0.73 ± 0.18

C15:0 0.91 ± 0.11 1.59 ± 0.22 1.44 ± 0.15 0.83 ± 0.04 0.62 ± 0.06 0.35 ± 0.06 0.97 ± 0.13

C16:0 0.81 ± 0.04 0.77 ± 0.05 0.75 ± 0.01 0.99 ± 0.03 0.73 ± 0.03 0.79 ± 0.08 0.84 ± 0.02

C16:1 2.25 ± 0.12 2.79 ± 0.31 2.65 ± 0.09 2.67 ± 0.11 2.09 ± 0.09 1.58 ± 0.18 2.38 ± 0.21

C17:0 0.46 ± 0.02 0.53 ± 0.04 0.46 ± 0.01 0.35 ± 0.01 0.37 ± 0.01 0.45 ± 0.05 0.51 ± 0.03

C18:0 6.71 ± 0.21 6.35 ± 0.36 5.53 ± 0.09 5.44 ± 0.15 6.06 ± 0.15 6.55 ± 0.09 6.08 ± 0.15

C18:1 3.08 ± 0.31 4.11 ± 0.24 4.54 ± 0.15 4.32 ± 0.18 3.09 ± 0.11 3.38 ± 0.09 5.54 ± 0.31

C18:2 1.75 ± 0.14 1.67 ± 0.20 1.22 ± 0.03 2.29 ± 0.18 3.22 ± 0.23 3.03 ± 0.22 1.97 ± 0.06

C18:3 1.00 ± 0.03 0.75 ± 0.04 0.85 ± 0.02 1.09 ± 0.06 0.92 ± 0.02 0.91 ± 0.05 0.99 ± 0.03

C20:1 5.94 ± 0.15 5.92 ± 0.15 6.66 ± 0.08 6.52 ± 0.08 6.35 ± 0.05 6.20 ± 0.09 7.89 ± 0.16

C20:2 13.06 ± 0.17 12.49 ± 0.33 11.93 ± 0.24 11.87 ± 0.52 14.36 ± 0.23 14.83 ± 0.27 11.12 ± 0.31

C20:3 4.08 ± 0.14 2.70 ± 0.12 3.14 ± 0.04 3.31 ± 0.16 2.73 ± 0.16 2.57 ± 0.11 3.16 ± 0.13

C20:4 22.55 ± 0.44 22.58 ± 0.44 21.24 ± 0.32 23.36 ± 0.42 22.45 ± 0.23 24.59 ± 0.38 22.23 ± 0.35

C20:5 23.85 ± 0.91 22.25 ± 1.20 22.81 ± 0.33 19.77 ± 0.38 22.01 ± 0.26 21.32 ± 0.44 20.11 ± 0.64

C22:2 4.36 ± 0.18 4.50 ± 0.33 5.23 ± 0.15 5.65 ± 0.09 4.92 ± 0.12 5.66 ± 0.18 6.24 ± 0.18

C22:3 1.35 ± 0.11 2.02 ± 0.10 1.63 ± 0.08 1.86 ± 0.19 2.43 ± 0.11 2.21 ± 0.11 1.62 ± 0.05

C22:4 4.01 ± 0.26 4.78 ± 0.23 4.86 ± 0.21 4.78 ± 0.10 4.07 ± 0.14 3.43 ± 0.10 4.81 ± 0.15

C22:5 1.35 ± 0.12 1.45 ± 0.05 1.60 ± 0.07 1.38 ± 0.06 1.37 ± 0.03 1.14 ± 0.03 1.27 ± 0.04

Cholesterol 2.72 ± 0.46 4.48 ± 0.75 5.69 ± 0.72 4.87 ± 0.63 4.60 ± 0.19 3.12 ± 0.31 3.52 ± 0.54

Length 19.64 ± 0.05 19.59 ± 0.05 19.59 ± 0.05 19.60 ± 0.02 19.70 ± 0.03 19.78 ± 0.02 19.65 ± 0.04

UFA/SFA 8.61 ± 0.40 8.09 ± 0.42 8.72 ± 0.42 9.03 ± 0.29 9.74 ± 0.43 10.27 ± 0.32 9.10 ± 0.29

UI 2.78 ± 0.03 2.73 ± 0.03 2.72 ± 0.02 2.72 ± 0.01 2.76 ± 0.01 2.79 ± 0.02 2.68 ± 0.02

PUFA 77.36 ± 0.95 75.19 ± 0.88 74.50 ± 0.73 75.37 ± 0.57 78.49 ± 0.48 79.69 ± 0.44 73.53 ± 0.85



395J Comp Physiol B (2015) 185:389–400 

1 3

(Fig. 4; two-way ANOVA; temperature: F4,39 = 376.8, 
P < 0.001; population: NS) and further no interaction 
was found between temperature and population. These 
results therefore merely show that the membrane becomes 
more fluid with increasing temperature since anisotropy 
of the membrane decreased with increasing temperature. 
The bending rigidity of GUVs formed from phospholip-
ids extracted from E. albidus originating from Germany 
and Svalbard revealed a significant difference between the 
two populations (Fig. 5; one-way ANOVA; F 1,21 = 17.2, 

P < 0.001). This indicated that the population from Germany 
had a more fluid membrane than the Svalbard population.

Discussion

Variance in membrane composition between populations

The ability to survive freezing is likely to be of impor-
tance for E. albidus. Although all populations of E. albi-
dus are freeze tolerant, the ability to tolerate freezing may 
be particularly important for populations in arctic areas 
that encounter winter temperatures low enough to cause 
freezing of body fluids over long periods. A suite of physi-
ological traits is important for survival of freezing includ-
ing accumulation of cryoprotectants (in E. albidus glucose 
is accumulated) protecting against freeze-induced cellu-
lar dehydration, alterations in cellular metabolism due to 
freezing, and rapid regulation of cell-volume by transport 
of water and solutes across the cell membrane (Calderon 
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et al. 2009; Fisker et al. 2014b; Philip et al. 2008; Tanghe 
et al. 2005). Appropriate membrane fluidity is also likely 
important for survival at low temperature because a stiff-
ened membrane may not allow proper functionality of inte-
gral proteins responsible for transport of water, ions and 
solutes across the membrane (Los and Murata 2004; Stubbs 
and Smith 1984). “Homeoviscous adaptation” (HVA) is 
thought to preserve appropriate fluidity by altering the 
chemical composition of membranes, and this is prob-
ably also an integrated part of adaptation to freeze toler-
ance. Thus, we hypothesized that differences in PLFAs of 

the seven populations (as molar percentage of individual 
PLFAs, length and unsaturation) would be related to cold 
tolerance of the individual populations.

Previous studies on Drosophila species and cold accli-
mation of the springtail Megaphorura arctica have shown 
that the length of PLFAs and degree of unsaturation 
decreased in species/populations with higher cold tolerance 
or during cold acclimation (Bahrndorff et al. 2007; Ohtsu 
et al. 1998). However, other studies show different and con-
tradicting results in relation to phospholipid composition 
and cold tolerance (Bennett et al. 1997; Kostal et al. 2003; 
Michaud and Denlinger 2006; Ohtsu et al. 1999; Pruitt and 
Lu 2008; Reynolds et al. 2014). For example, Ohtsu et al. 
(1999) did not find any relationship between unsaturated 
proportion of PLFAs and cold acclimation in Drosophila 
flies, and Kostal et al. (2003) found an increased PLFA 
chain length with cold acclimation in Chymomyza costata. 
Thus, correlative evidence suggests that short unsaturated 
fatty acids are associated with cold tolerance (Kostal 2010), 
but the patterns may be more complex, particularly when 
considering that many of the studies on invertebrates are 
using whole animal homogenates and therefore may mask 
or ignore putative organ specific responses (Tomcala et al. 
2006). In the present study, E. albidus populations with 
high cold tolerance had a high UFA/SFA index and a long 
chain length compared to less cold tolerant populations 
(Table 3, bottom part). Earlier results like these have been 
suggested to be due to different adaptive responses of the 
organisms (Holmstrup et al. 2007; Kostal 2010; Reynolds 
et al. 2014), meaning that the unsaturation and chain length 
can be varied to obtain the same optimal membrane fluid-
ity. This seems to be the case for the E. albidus populations, 
whereas parameters as PUFA and degree of unsaturation 
did not correlate with cold tolerance, and might therefore 
not be as important for cold tolerance as unsaturation ratio 
and PLFA chain length.

In other species of ectothermic animals there has been a 
particular focus on linoleic acid (C18:2) in relation to cold 
adaptation. Thus, for some invertebrates C18:2 is important 
for cold tolerance in both chill-sensitive species and freeze-
tolerant species (Holmstrup et al. 2007; Kostal et al. 2003; 
Overgaard et al. 2008; Tomcala et al. 2006). In accord-
ance with these previous studies, C18:2 proved to correlate 
with cold tolerance across the seven E. albidus popula-
tions (LT50; R = −0.581, Table 3). The negative correla-
tion points to some role of this PLFA, where higher abun-
dance of C18:2 is associated with higher cold tolerance. 
However, the relative proportion of C18:2 was low and dif-
ferences in this PLFA might not be as important as other 
PLFAs which make up larger molar percentages (i.e. C20:5 
(accounts for around 20 %) R = 0.571, Table 3). General 
characteristics of PLFAs, such as presence of two double 
bonds, substantially reduce the transition temperature from 

Table 3  Spearman rank order correlations between phospholipid 
fatty acids molar percentages (N = 5–6) and LT50 (lower lethal tem-
perature causing 50 % mortality)

P values and correlation coefficients (R) are listed

P values R

PLFA

C13:0 0.001 0.485

C14:0 NS

C14:1 0.013 0.388

C15:0 <0.001 0.544

C16:0 NS

C16:1 0.017 0.373

C17:0 NS

C18:0 NS

C18:1 NS

C18:2 <0.001 −0.581

C18:3 NS

C20:1 NS

C20:2 NS

C20:3 0.011 0.394

C20:4 0.001 −0.484

C20:5 <0.001 0.571

C22:2 <0.001 −0.688

C22:3 <0.001 −0.402

C22:4 NS

C22:5 <0.001 0.596

Cholesterol NS

Double bonds

0 0.003 0.451

1 NS

2 0.001 −0.498

3 NS

4 0.016 −0.375

5 <0.001 0.624

Calculated PLFA variables

Chain length 0.02 −0.363

UFA/SFA 0.003 −0.451

Degree of unsaturation NS

PUFA NS



397J Comp Physiol B (2015) 185:389–400 

1 3

liquid crystalline to gel phase (Kostal 2010). This is con-
gruent with the significant negative correlation found in the 
present study between the sum of all PLFAs with two dou-
ble bonds and LT50 (Table 3, middle part). We also found 
a negative correlation between LT50 and PLFAs with four 
double bonds suggesting that these PLFAs might also be 
beneficial for cold tolerance, while saturated PLFAs and 
PLFAs with five double bonds were positively correlated to 
LT50 (i.e. negatively correlated to cold tolerance).

Membrane fluidity

The dynamic nature or fluidity of the phospholipid bilay-
ers is an important and fundamental property. Lipid com-
position gives an indication of physical properties of the 
membrane, however, changes in PLFA composition only 
provide indirect evidence for changes in fluidity and these 
measurements should therefore preferably be supple-
mented with physical measurements of fluidity. For exam-
ple, it is known that changes in desaturation, shortening of 
the average fatty acid chain length and head group restruc-
turing contribute differently to the preservation of the fluid 
membrane (Hazel 1995; Hazel and Williams 1990; Kostal 
2010). Physical measurements of membrane fluidity can be 
used as a check on several aspects of the membranes’ state. 
Membrane order and rates of molecular motion are in 
practice two fundamentally different kinds of information 
given by physical methods employed to estimate mem-
brane fluidity (Hazel 1989; Seelig and Seelig 1977; Stubbs 
and Smith 1984). Further, no single biophysical tech-
nique is responsive to all aspects of membrane dynamics 
(Hazel 1989). One of the most used methods to determine 
membrane fluidity is the measurement of fluorescence 
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anisotropy of the DPH probe (Hazel 1989; Shinitzky and 
Barenholz 1978; Stubbs and Smith 1984). Another method 
is Vesicle Fluctuation Analysis, which describes the bend-
ing rigidity of the membrane bilayer (Bouvrais 2012; Hen-
riksen et al. 2004). The fluorescence anisotropy describes 
how the DPH is embedded in the membrane (Jahnig 1979), 
whereas bending rigidity is based on direct observation of 
the membrane flexibility through its thermal fluctuations, 
which is related (indirectly) to membrane fluidity (Dimova 
et al. 2006).

The measurements of fluorescence anisotropy showed 
no difference between worms from a temperate and an 
arctic population, however, there was an effect of tem-
perature as expected. HVA cannot occur in fixed mem-
brane systems, therefore, an increase in temperature will 
obviously increase membrane fluidity and vice versa. In 
comparison, we found a significant difference between 
the membrane bending rigidity of the Germany and Sval-
bard populations. The difference in bending rigidity might 
originate from the significant differences found in PLFA 
composition between these two populations. An earlier 
study has shown that bending rigidity estimated by Vesi-
cle Fluctuation Analysis is highly sensitive to PUFA and 
chain length, such that higher unsaturation entails a less 
rigid membrane (Rawicz et al. 2000). This sensitivity to 
PUFA proportions is likely what we detected in the bend-
ing rigidity measurements, since the difference in pro-
portional PUFA content is relatively large between the 
Germany and Svalbard populations (Germany 77.4 %, 
Svalbard 73.5 %; t test P value = 0.015). The sensitiv-
ity of anisotropy in relation to unsaturation of PLFAs has 
been debated (Hazel 1989; Stubbs et al. 1981; Stubbs 
and Smith 1984), and this might be why no population 
difference in anisotropy was detected despite relatively 
large differences in PLFA compositions. Nevertheless, 
we found that the Svalbard population had a more rigid 
membrane compared to the Germany population, when 
measured at 20 °C by the bending rigidity method. Fur-
thermore, when using the more common method of ani-
sotropy, our hypothesis was confirmed since we found no 
difference in membrane fluidity between the two popula-
tions over a broad range of temperatures suggesting that 
the populations had adapted their membranes to have the 
most “optimal” membrane fluidity despite some differ-
ences in PLFA composition. Another interpretation could 
be that the differences in PLFA composition are somehow 
related to the membranes’ ability to cope with freezing of 
extra-cellular water as such, without any relations to the 
overall fluidity. However, the current study has no data to 
support or falsify this suggestion.

Although the present study used several independ-
ent measures of membrane properties to investigate the 
putative adaptive responses, we caution that the results 

may be biased due to the nature of the sampling proto-
col. Firstly, the small size of the enchytraeids compli-
cates selection of tissue specific samples, and secondly 
our chemical analysis did not include analysis of head-
groups. Collectively, such measures could provide a fur-
ther level of detail, which may be easier to obtain using 
larger experimental animals. Nonetheless we found clear 
correlation of some PLFAs as C18:2, C20:4, C22:2 and 
C22:3, and also unsaturation ratio (UFA/SFA) and PLFA 
chain length with cold tolerance in E. albidus populations. 
This supports other studies and also indirectly the HVA 
theory. However, physical measurements of membrane 
fluidity did not show any direct relation to cold toler-
ance. A similar finding by Thurmond et al. (1994) showed 
that the lipid composition varied in the microorganism 
Acholeplasma laidlawii when exposed to different growth 
media, however this was not manifested in a change in the 
physical measurements of membrane fluidity [measured 
as order parameters calculated from 2H nuclear magnetic 
resonance (NMR) spectra]. We suggest that this direct 
relation is absent due to the HVA where the membrane is 
optimized to function at a specific temperature. Therefore, 
different E. albidus populations are achieved at a similar 
“optimal” fluidity of the membrane with somewhat differ-
ent composition, but whether this different composition 
favors the more cold tolerant populations during freezing 
needs to be investigated further. Low temperature expo-
sure in E. albidus also involves accumulation of glucose 
to function as a cryoprotectant but also as a fuel dur-
ing prolonged freezing (Fisker et al. 2014b). Our study 
therefore suggests that E. albidus populations that differ 
in cold tolerance also differ in membrane composition; 
however, the accumulation of glucose, which functions 
as cryoprotectant and fuel, is also important during freez-
ing. The methods we have employed here may open up 
possibilities for studying the effects of glucose on the 
physico-chemical properties of reconstituted membranes 
to validate the putative role of glucose as an agent that 
might affect the fluidity of the membranes of ectothermic 
animals.

In conclusion, our studies on E. albidus originating 
from contrasting environments highlight, that differences 
in chemical composition of membranes may not necessar-
ily result in predicted physical properties of reconstituted 
membranes. Furthermore, it could be interesting to investi-
gate how the membrane composition and fluidity change in 
response to temperature acclimation.
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