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Abstract. 

Homeoviscous adaptation theory (HVA) proposes that biological membranes 

adjust to different temperature regimes by modulation of lipid and fatty acid (FA) 

types in order to maintain their functional state.  Here, we compare the intestinal 

enterocytes of the cold-acclimatised Atlantic cod and the warm-blooded rat in terms 

of lipids.  In the brush-border membrane part (BBM), saturated FA (SFA) and 

polyunsaturated fatty acids (PUFA) were more abundant in the rat, particularly in the 

phospholipids (PL) and the mono-sialylated gangliosides.  In the basolateral 

membrane part (BLM), SFA and PUFA were in a similar proportion in PL of rat and 

cod.  The main PUFA was 18:2 in both rat and cod in the BLM.  Notably, mono-

unsaturated fatty acids (MUFA) were generally very prominent in cod, in particular 

nervonic acid (24:1).  Cholesterol content was higher in cod BBM in comparison 

with rat, but similar in the BLM for both animals. For cod BBM, the unsaturation 

indices and PUFA/SFA ratios were greater for PL and non-sialylated glycolipids 

compared to rat, but reversed for mono- and poly-sialylated gangliosides. No 

significant difference was found for unsaturation indices the BLM fraction, but the 

P/S showed higher value for the phospholipid in the cod BLM while the other lipid 

classes showed a decreased value.  Thus, the expected signs of HVA in the cod, 

namely higher proportion of PUFA and reversed phosphatidylethanolamine/ 

phosphatidylcholine ratio, were not found.  However, all lipid classes showed 

increased FA chain lengths in the cod BBM compared with rat, but with no 

significant difference in the BLM.  Thus, it appears that a very high proportion of 

MUFA and longer acyl chain lengths are the means by which the outmost membrane 

maintains fluidity in the cod intestinal lining. 
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1 Introduction.  

Biological membranes act as a physical barrier to solute diffusion, and therefore, 

regulate the transport of metabolites as well as the utilisation of energy stored in 

transmembrane ion gradients by providing an organising matrix for the assembly of 

protein complexes.  Membranes are highly dependent on temperature to be able to 

perform their biological roles [1].  At physiological temperature, the membrane 

bilayer is in a fluid-liquid state whereas below its physiological temperature, the 

bilayer components loose their mobility, producing a progressive stiffness that can 

cause the rate of biochemical processes to decrease dramatically [2].  Conversely, 

above its physiological temperature, the bilayer looses its integrity and can dissolve.  

A proper degree of fluidity is, therefore, essential for the functionality of all 

biochemical membranes [3, 4]. 

The theory of homeoviscous adaptation (HVA) states that the viscosity of the 

lipid bilayer is adjusted to offset changes imposed by the environmental factors.  

This theory was first described by Sinesky (1974) for Escherichia coli cells grown at 

43¡C and 15¡C that displayed similar physiological properties [5].  Since then, many 

studies on poikilotherms and eurytherms have shown that adaptation to changes in 

the environmental temperature have effects on the lipid bilayer composition such as 

choice of the acyl chains length, lipid classes head groups, and cholesterol, as 

thoroughly reviewed in [3] and [6]. 

It has been shown for polarised cells, that the lipid composition and fatty acid 

content vary significantly between the brush border and the basolateral membrane 

parts.  This could be linked to their differential role in cellular processes [2, 4].  HVA 

studies have previously been performed on the brush border and basolateral 

membrane parts of polarised intestinal enterocytes from both rainbow trout 

(Oncorhynchus mykiss) and common carp (Cyprinus carpio).  These studies have 

shown large changes in the phospholipid head-groups and the attached fatty acids, 

both in trout acclimated at 5¡C and 20¡C, and carp acclimated at 10¡C and 30¡C [4, 

7].  At the same time, there have also been reports where no direct correlation could 

be made to the theory of HVA as regards the lipid and fatty acid content of the 

plasma membrane of a cells from a cold-adapted species [8]. 

We have performed a thorough lipid analysis of the basolateral and brush border 
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membrane parts of the intestinal enterocytes from the ectothermic Atlantic cod 

(Gadus morhua), a cold temperature species, and the stenothermic rat (Rattus 

norvegicus), a moderate temperature species.  By comparison of the data, we looked 

to see if support could be found for the HVA theory by comparing thermal 

adaptation between species permanently adapted to moderate temperature or to cold 

temperature as previously reported [3].  In particular, the aim was to find if different 

lipid classes and fatty acid composition could be related to evolutionary cold-

adaptation.  Some previous report can be found for lipid analysis from rat intestinal 

enterocytes [9, 10], but not for the Atlantic cod.  To avoid bias in methodology, the 

work presented here was performed in parallel.  
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2 Material and methods. 

2.1 Materials. 

Chromatography supplies were as follows: Sephadex G-25 fine, cholesterol, 

cholesteryl palmitate, glyceryl tri-palmitate, lyso-phosphatidylcholine, 

phosphatidylcholine, sphingomyelin, and galacto-cerebroside were from Sigma-

Aldrich (Steinheim, Germany).  Silica gel (Kieselgel 60, 230-400 mesh) and silica 

gel 60 thin layer chromatography glass plates (20 x 20) came from Merck (Darmstad, 

Germany). All other chemicals and solvents were of analytical grade from Sigma-

Aldrich (Steinheim, Germany). 

2.2 Sample collecting and membrane fractionation. 

Six months old Spraque-Dawley rats (Rattus norvegicus) were obtained from the 

Institute for Experimental Pathology, Keldur, University of Iceland, Reykjav’k, 

Iceland.  Daily feeding consisted of pelleted low fat regular diet from a special diet 

service, Witham, Essex, UK.  Two year old Atlantic cod (Gadus morhua) cultured at 

4¡C in seawater tanks, were obtained from the Marine Research Institute at Stadur, 

Grindavik, Iceland.  Daily feeding consisted of pelleted regular diet from Lax‡, 

Akureyri, Iceland.  The individual intestinal tubes, collected from newly sacrificed 

animals, were cut longitudinally and rinsed with buffer containing 25 mM Hepes, 

150 mM NaCl, pH 7.1.  The mucosal layer was gently scraped off and the basolateral 

and brush border membrane fractions isolated using the method previously described 

[11]. 

2.3 Total lipid extraction and fractionation of lipid classes. 

Lipids, including gangliosides, were extracted from isolated membrane fractions 

using the previously described method of Dreyfus et al. (1997) [12].  Lipid samples 

were separated into the neutral lipids (NL), combined fraction of non-sialylated 

glycolipids and phospholipids, mono-sialylated gangliosides (MG), and poly-

sialylated gangliosides (PG) using silica gel (Kieselgel 60, 230-400 mesh) as 

described earlier by Dreyfus et al. [12].   As the gangliosides were isolated by four 

different elution solvents we kept MG seperate collecting the first elution and then 
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combined elution tree and four as PG.  Then, the non-sialylated glycolipid and 

phospholipid fractions were separated by applying these fractions again to a silica gel 

column as described by Pernet et al. (2007) [13].  Each lipid class fraction was then 

dried under nitrogen and redissolved in 1:1 chloroform:methanol containing 

butylated hydroxytoluene (BHT) at 50 µg/mL and stored at -20¡C until further 

analysis. 

2.4 Biochemical assays. 

Protein concentrations of the membrane fractions were determined by use of a 

dye-binding assay with Coomassie Blue G-250 using a commercial human serum 

albumin/globulin mixture (Sigma-Aldrich, Steinheim, Germany) as standard [14].   

Cholesterol concentrations were determined with a conjugated enzyme assay from 

Randox Laboratories Ltd. (Crumlin, UK), CHOD-PAP regent kit.  Briefly, a sample, 

previously dried down under nitrogen, was dissolved in 15 "L of 20% (w/v) Triton 

X-100, 75 "L ethanol and 700 "L of CHOD-PAP reagent, and incubated at 37¡C for 

30 min before the absorbance at 500 nm was read.  Phospholipid concentrations in 

membrane fractions were determined as total inorganic phosphate (from HClO4 

hydrolysis of phospholipids) using the colorimetric method of [15].  Glycolipid 

concentrations were determined by a colorimetric assay according to the procedure 

described by Kushwaha et al. (1981) [16], using galactose as standard.  For purposes 

of calculation, it was assumed that the molar ratio of hexose to glycolipid was 1:1. 

2.5 Thin layer chromatography. 

Thin layer chromatography (TLC) was performed on Merck TLC silica gel 60 

glass plates, cut to suitable size.  Extracted lipids (~15 nmol) were spotted on the 

plates from each fraction.  For phospholipids, the silica plates were developed with 

chloroform:methanol:acetic acid:H2O (60:50:1:4), for non-sialylated glycolipids with 

chloroform:methanol:acetone:acetic acid:H2O (52:8:8:18:4), and for neutral lipids 

with hexane:diethyl ether:acetic acid (60:40:2).  After development, the plates were 

dried and charred by emerging them in a solution of 10% (w/v) copper sulphate in 

8% (v/v) aqueous phosphoric acid for 20 s and then dried for 10 min and placed in an 

oven at 130¡C for 10 min.  Plates containing phospholipids were frequently stained 

with iodine vapour, but this proved insensitive to visualise minor lipids. Amine 

containing lipids (serine, ethanolamine) were stained with ninhydrin spraying and 
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baking.  Proportional analysis from each lane of the TLC plates was performed by 

densitometry of digital photographs with the ImageJ software (v. 1.42q, 

http://rsb.info.nih.gov/ij/, USA).  

2.6 Preparation of fatty acid methyl esters and gas chromatography. 

Fatty acid methyl esters (FAME) were prepared from each lipid class using a 

14% boron trifluoride in methanol (BTM) from Sigma-Aldrich (Steinheim, 

Germany), following the manufactures procedure.  FAME were separated using a 

Hewlett-Packard 6890 GC system (Waldbronn, Germany) fitted with a Megabore 

DB-225 column (30 m x 0.25 mm i.d. x 0.25 "m film) (J & W Scientific, California, 

USA) with a helium carrier gas linear flow rate of 0.6 mL min-1.  The injector and 

detector manifold were at 250¡C and 180¡C, respectively.  The oven temperature was 

then increased at a rate of 3¡C min-1 from 150¡C to 220¡C and held at this 

temperature for 10 min for a total runtime of 33.3 min.  The separated FAME were 

detected using a Hewlett-Packard 5973 mass selective detector (Waldbronn, 

Germany) with a mass range between 50 and 550 m/z.  FAME were identified by 

retention time compared against authentic standards (FAME 37 mix #47885U, 

Pennsylvania, USA) and a fragmentation pattern library (Whiley 275 K, 1996) in a 

mass spectral search program, (National Institute of Standards and Technology, 

Gaithersburg, MD 20899, USA).  Quantification was by peak integration and 

expressed for individual FAME as percentages of the total in each run. 

2.7 Statistics. 

For the fatty acids (FA), percent composition data analysed by GC-MS as area 

under the curve of detected FA.  Results are expressed as the mean from three 

different extraction experiments performed in triplicate and +/- standard deviation 

calculated with Microsoft Excel.  Pairwise comparisons were analyzed using a two-

tailed StudentÕs t-test.  The FA unsaturation index (UI) was calculated as the number 

of double bonds per 100 FA (percentage of each FA times number of double bonds, 

summed for all FA).  
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3 Results. 

3.1 Lipid composition. 

Lipids were extracted in parallel from the plasma membrane fractions of rat and 

cod intestinal enterocytes as described in Materials and methods, All major lipid 

types, including gangliosides were extracted.  From there, quantitive analyses using 

colorimetric methods were performed for inorganic phosphate, hexose, and 

cholesterol.  Each lipid class was then analysed using thin layer chromatography 

(TLC) to estimate the ratio between each lipid type within these fractions. 

3.2 Ratios of the most abundant lipids in the plasma membrane fractions. 

In figure 1A, each class of the major lipids is shown as percentage mole fraction 

of the total lipid for both the brush border (BBM) and the basolateral membrane 

(BLM).  Comparison of the BBM from rat and cod showed that cholesterol was 

higher in the cod membrane fraction, at 30.3% compared to 21.2% in rat.  On the 

other hand, the glycolipids were less abundant in the cod membrane fraction than the 

rat fraction, at 59.2% and 67.5%, respectively.  The content of phospholipids in these 

two membrane fractions did not show any significant difference, both around 11% of 

the total lipids analysed.  For the BLM fraction, the molar ratios proved not to be 

significantly different. However, figure 1A shows, the tendency of glycolipids to be 

higher in cod (~4%), and at the same time the cholesterol to be higher in rat (~3%).  

In both cases, the contrary trend was observed in the BBM part. 

In figure 1B, the cholesterol versus phospholipids ratio (Ch/PL) and the ratio of 

cholesterol versus total polar lipids combining phospholipids and glycolipids 

(Ch/TP) are plotted.  The Ch/PL molar ratio for the BBM was higher in cod 

compared to the rat membrane fraction, 2.9 and 1.9 respectively, but in the BLM this 

ratios was not significantly different at ~1.9.  The same pattern was evidenced for the 

Ch/TP ratio, where molar ratio in the cod BBM was higher compared to rat, 0.44 and 

0.27, respectively.  In the BLM fractions, the Ch/TP ratio showed a tendency to be 

lower in the cod compared to rat, being 0.28 and 0.34, respectively. 
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Figure 1.  Lipid composition of the intestinal brush border (BBM) and basolateral 
membrane (BLM) fractions from rat (black columns) and Atlantic cod (white 
columns).  (A) Comparison of BBM and BLM lipid classes, cholesterol (Ch), 
phospholipids (PL), glycolipids (GL).  (B) Molar ratios from BBM and BLM 
cholesterol/phospholipids (Ch/PL), cholesterol/total polar lipids (Ch/TP), 
phosphatidylethanolamine/phosphatidylcholine (PE/PC), and sphingomyelin/ 
phosphatidylcholine.  Data are presented as means ± standard deviation from 
different experiments (n=3). 

3.3 Thin layer chromatography of the lipid main classes. 

Thin layer chromatography (TLC) was performed on the phospholipids, neutral 

lipids, and non-sialylated glycolipids to visualise their pattern (figures 2A, 2C, and 

2E), and the relative abundances of each component determined as described in 

Material and methods (figures 2B, 2D, and 2F).  The TLC plates show the separation 

of the BBM and BLM lipids from both species, as well as references.  The TLC 

plates include lanes showing separation of total lipids before silica-60 column 

fractionations into various lipid types from both the BBM and BLM fractions.  Each 

lipid class was further analysed as described in the following sections.  

3.3.1 Phospholipids.   

In the brush border membrane (BBM), the proportion of individual 

phospholipids (PL) was clearly different in rat compared to cod as shown in figures 

2A and 2B.  The comparison showed a much higher ratio of sphingomyelin (SM) a 

surprisingly dominant lipid in cod, at ~66% compared to ~26% in rat.  The ratio of 
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Figure 2.  Thin layer chromatography 
(TLC) of sample from the three main 
lipid classes extracted from brush border 
(BBM) and basolateral membrane 
(BLM) parts of rat and Atlantic cod 
intestinal enterocytes.  All the TLC 
plates shown here were visualised by 
charring as described in Materials and 
methods.  Proportional analysis was 
performed with ImageJ software (v. 
1.42q, http://rsb.info.nih.gov/ij/, USA) 
on digital photographs.  St, standards; 
TL unfractionated total lipid extracted 
from BBM and BLM; PL  phospholipid 
fraction from both BBM and BLM;  NL, 
neutral lipid fraction from both BBM 
and BLM; NSL, non-sialylated 
glycolipid fraction from both BBM and 
BLM. 
(A) Separation of phospholipids.  The 
TLC plates were developed with 
chloroform:methanol:acetic acid:H2O 
(60:50:1:4).  PE, phosphatidylethanol-
amine; PI, phosphatidylinositol; PC, 
phosphatidylcholine; SM, 
sphingomyelin; LPC lyso-
phosphatidylcholine. 
(B) Proportion of each phospholipid 
class from rat (black columns) and 
Atlantic cod (white columns). 
(C) Separation of neutral lipids. The 
TLC plates were developed with 
hexane:diethyl ether:acetic acid 
(60:40:2).  TG, tri-glycerides; CE, 
cholesterol ester; DG, di-glyceride; FFA, 
free fatty acids; Ch, cholesterol. 
(D) Proportion of each neutral lipid from 
rat (black columns) and Atlantic cod 
(white columns). 
(E) Separation of non-sialylated 
glycolipids.  The TLC plates were 
developed with chloroform:methanol: 
acetone:acetic acid:H2O (52:8:8:18:4). 
HMC, mono-hexosyl ceramide; SPH, 
sphingosine; CTH, tri-hexosyl ceramide; 
GLOB, globoside.  (F) Proportion of 
each non-sialylated glycolipid from rat 
(black columns) and Atlantic cod (white 
columns). 
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phosphatidylcholine (PC) in the BBM from both species was ~25% but 

phosphatidylserine (PS) and phosphatidylethanolamine (PE) showed large 

differences. PS was ~6% in the cod and ~17% in rat, whereas PE was only ~2% in the 

cod but ~20% in rat.  Phosphatidylinositol (PI) proved to be lower in the cod fraction 

compared to rat, at ~1% and ~9%, respectively.  For the basolateral membranes 

(BLM), SM and PC were both higher in the cod fraction compared to the rat (SM, at 

~35% vs. 20% and PC ~49% vs. ~24%).  But for the other PL, the proportions were 

higher in the rat in comparison to the cod (PS, ~26% vs. ~8%, PI ~8% vs. ~3%, and 

PE, ~22% vs. ~4%). 

As the homeoviscous adaptation theory states, the PE/PC ratio should increase 

and SM/PC ratio decrease as the membrane adapts to lower temperature [3].  We 

calculated these ratios and plotted them in figure 1B.  The PE/PC ratio proved to be 

over five-fold higher for the BBM and almost twelve-fold higher in the BLM from the 

rat than in the cod sample, at 0.76 vs. 0.14 and 0.92 vs. 0.08, respectively.  For the 

SM/PC, the reverse from the expected was also found, where the ratio was four-fold 

higher in cod than in rat for the BBM sample, at 3.8 and 0.9, respectively.  For BLM 

these ratios were ~0.8 in rat and ~0.7 in cod, but that was more in line with the HVA 

theory. 

3.3.2 Neutral lipids.   

The comparison of the patterns of neutral lipids on the TLC plates is shown in 

figures 2C and 2D.  The proportion of cholesterol (Ch) was higher in the cod sample, 

both for BBM and the BLM as previously mentioned, at ~17% vs. ~13% and ~16% 

vs. ~14%, respectively.  For both species, the free fatty acids (FFA) were clearly the 

dominant neutral lipid.  The proportion in the BBM, for both animals, was the same at 

~50% of the neutral lipids but for the BLM it was higher in the rat fraction than in 

cod, at ~53% and ~39%, respectively.  On the other hand, cholesterol esters (CE) 

were almost four-fold as numerous in the cod BBM (~19% vs. ~5%), and slightly 

higher in the cod rather than rat BLM fraction (9% vs. 6%).  For the other neutral 

lipids, the difference in proportions of each lipid was evidently low, with the 

exception that diacylglycerol was detected in both the BBM and BLM from the rat 

fractions, but only in the BLM fraction in cod. 



 14 

3.3.3 Non-sialylated glycolipids.  

The comparison of the different non-sialylated glycolipids is shown in figures 2E 

and 2F.  Globosides (GLOB) were the dominant lipids in both the BBM and the BLM 

fractions from the cod sample, but were in low abundance in the same fractions in rat, 

at ~63% vs. ~11% and ~73% vs. ~11%, respectively.  Monohexosyl ceramide (CMH) 

was found in all fractions in both species but proportionally more abundant in the rat, 

at ~64% vs. 36% in the BBM, and at ~57% and ~27% in the BLM fraction.  

Sphingosine (SPH) and CTH was only detected in the rat membrane fractions (BBM 

and BLM) at ~22% and ~27%, respectively.  

3.4 Fatty acid analysis of lipid classes. 

Fatty acids (FA) were isolated from phospholipids (PL), non-sialylated 

glycolipids (NSL), mono-sialylated gangliosides (MG), and poly-sialylated 

gangliosides (PG) both from Atlantic cod and rat, as described in Materials and 

methods.  By using gas chromatography connected to a mass spectrometer (GC/MS), 

the relative abundance of each FA was estimated to allow the comparison of the FA in 

these two species with a reference to the theory of homeoviscous adaptation.  The 

results from the GC/MS chromatography are tabulated in table 1 for the BBM and in 

table 2 for the BLM and will be summarised in the following sections.  Calculated 

indices from these results are plotted in figures 3A-C for both of these membrane 

fractions.  The sum of ratios of the saturated fatty acids (SFA), mono-unsaturated 

fatty acids (MUFA), and the poly-unsaturated fatty acids (PUFA) from tables 1 and 2 

are also plotted in figures 4A-C that accompanies the discussion. 

3.4.1 Fatty acid analysis of phospholipids from BBM. 

Table 1 shows that saturated fatty acids (SFA) were in much higher proportion in 

the rat BBM phospholipids fraction than in cod, 68.1% and 25.4%, respectively.  The 

difference was mainly because of the high proportion of palmitic acid (16:0) and 

stearic acids (18:0) in rat.  Both these lipids were ~20% lower in the cod membrane 

fraction.  In contrast, the mono-unsaturated fatty acids (MUFA) were more abundant 

in cod than in rat membrane fractions, 67.6% and 22.5%, respectively. 
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Table 1.  Comparison of the fatty acid content of the intestinal brush border membranes from rat and Atlantic cod.  Extracted lipids were fractionated using 
silica-60 (230-400 mesh) into four main lipid classes.  Fatty acid methyl esters were prepared using 14% boron-trifluoride methanol and analysed with GC/MS 
chromatography. Results are expressed as the mean from three different extraction experiments performed in triplicate with +/- standard deviation.  The 
percent difference of rat minus cod is also shown. 

 Brush border membrane 

 Phospholipids Non-sialylated glycolipid Mono-sialylated ganglioside Poly-sialylated ganglioside 

 Rat Cod ! % Rat Cod ! % Rat Cod ! % Rat Cod ! % 

14:0 1.0 ±0.4 6.2 ±1.1 -5.2 2.2 ±0.7 6.2 ±0.8 -4.2 - - - - - - - 4.9 ±2.1 -4.9 

16:0 26.9 ±3.5 5.7 ±1.4 21.2 28.8 ±1.1 26.9 ±2.1 1.5 23.1 ±2.4 12.6 ±0.1 10.5 28.8 ±3.1 12.5 ±2.4 16.3 

18:0 30.8 ±0.8 10.7 ±0.8 20.1 13.0 ±0.4 9.2 ±0.2 3.8 30.4 ±1.4 18.2 ±0.2 12.2 26.4 ±3.0 14.5 ±2.0 11.9 

20:0 3.1 ±0.6 1.3 ±0.4 1.8 - - 0.4 ±0.1 -0.4 6.6 ±0.8 8.4 ±0.1 -1.8 5.0 ±1.1 2.1 ±0.5 2.9 

21:0 1.4 ±0.4 0.1 ±0.02 1.3 - - 0.4 ±0.1 -0.4 - - - - - - - - - - 

22:0 1.7 ±0.5 1.0 ±0.1 0.7 - - 0.2 ±0.1 -0.2 3.0 ±0.5 7.3 ±0.1 -4.3 2.5 ±0.7 1.3 ±1.1 0.6 

23:0 1.3 ±0.4 - - 1.3 - - - - - - - - - - - - - - - 

24:0 1.9 ±0.5 0.4 ±0.01 1.5 - - 0.2 ±0.03 -0.2 5.4 ±1.4 3.5 ±0.3 1.9 3.0 ±1.0 1.3 ±0.2 1.7 

! SFA 68.1 ±2.5 25.4 ±2.4 42.6 44.0 ±1.6 42.9 ±2.6 1.1 68.4 ±2.5 50.0 ±0.2 18.4 65.6 ±1.1 36.7 ±2.8 28.9 

16:1 1.2 ±0.1 0.4 ±0.2 0.8 5.9 ±0.5 2.4 ±0.2 3.5 - - - - - - - - - - 

18:1 16.6 ±1.3 2.7 ±1.0 13.9 26.4 ±0.7 13.5 ±0.9 12.9 12.3 ±3.0 4.2 ±0.2 8.1 13.1 ±3.5 4.5 ±0.3 8.6 

20:1 1.5 ±0.1 1.9 ±0.6 -0.4 1.4 ±0.02 3.7 ±0.3 -2.3 3.9 ±0.8 - - 3.9 4.4 ±1.3 - - 4.4 

22:1 2.0 ±0.7 3.4 ±0.3 -1.4 - - 0.4 ±0.1 -0.4 - - 2.2 ±0.3 -2.2 - - 3.4 ±0.7 -2.8 

24:1 1.2 ±0.0 59.2 ±2.8 -58.0 - - 3.5 ±0.5 -3.5 - - 34.7 ±0.6 -34.7 - - 51.7 ±2.1 -51.7 

! MUFA 22.5 ±2.1 67.6 ±3.6 -47.7 33.7 ±0.3 23.6 ±0.5 10.1 16.2 ±3.1 41.1 ±0.8 28.9 17.5 ±2.3 59.6 ±2.1 -42.0 

18:2 4.4 ±0.5 1.6 ±0.4 2.8 17.0 ±0.8 3.1 ±0.3 13.9 5.1 ±0.7 - - - 5.3 ±0.7 2.4 ±0.9 2.9 

18:3 - - 0.6 ±0.1 -0.6 1.3 ±0.2 1.3 ±0.2 0.0 5.7 ±1.5 4.7 ±0.5 0.7 4.9 ±0.9 1.4 ±0.2 2.8 

20:4 5.6 ±0.6 0.9 ±0.3 4.6 4.1 ±0.2 2.4 ±0.2 1.7 - - 2.9 ±0.3 -2.9 5.1 ±1.4 - - 5.1 

20:5 - - 1.1 ±0.1 -1.1 - - 9.5 ±0.2 -9.5 - - 1.4 ±0.01 -1.4 - - - - - 

22:2 - - 0.1 ±0.05 -0.1 - - - - - - - - - - 2.3 ±0.1 - - 2.3 

22:6 1.3 ±0.2 2.7 ±0.5 -1.4 - - 16.7 ±2.6 -16.7 7.7 ±2.0 - - 7.7 - - - - - 

! PUFA 11.3 ±0.4 7.0 ±1.4 5.9 22.3 ±1.2 33.0 ±2.5 11.0 18.5 ±1.2 8.9 ±0.9 9.6 17.6 ±1.5 3.7 ±0.9 13.9 

-: Not detected 
! %:  Indicates the difference between the cod and rat; - indicating higher proportion in cod and, + indicating higher proportion in rat. 
!  SFA:  Sum of saturated fatty acids. 
!  MUFA:  Sum of mono-unsaturated fatty acids. 
!  PUFA:  Sum of poly-unsaturated fatty acids. 
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The main MUFA in the cod was nervonic acid (24:1), contributing  ~60% to the 

total FA of phospholipids in the BBM cod fraction.  In the rat BBM, the main MUFA 

was oleic acid (18:1) giving 16.6% of the total phospholipids.  The poly-unsaturated 

fatty acids (PUFA) proved to be twice as prevalent in the rat than in the cod BBM 

fraction, 11.3% and 7.0%, respectively.  The main species of PUFA in rat was 

arachidonic acid (20:4) 5.6% whereas it was mainly docosahexaenoic acid (22:6) 

2.7% in the cod. 

3.4.2 Fatty acid analysis of non-sialylated glycolipids from BBM. 

The proportion of SFA in the non-sialylated glycolipids (NSL) was close to 

equal in these species, 44.0% in rat and 42.9% in cod, and the main FA in both of 

these membrane fractions was 16:0 (~29%).  For MUFA, the rat showed a higher 

proportion than the cod sample, 33.7% and 23.6%, respectively.  The main FA was 

the same (18:1) at 26.4% in rat and 13.5% in the cod BBM sample.  The PUFA 

proportion proved to be higher in the cod at 33.0% compared to 22.3% in rat BBM 

fraction.  The most common PUFA was linoleic acid (18:2), at ~17% in the BBM of 

the rat and 22:6 for the cod sample (~17%).  The second most abundant PUFA was 

eicosahexaenoic acid (20:5) in the cod at 9.5% and 20:4 in the rat BBM sample at 

4.1%. 

3.4.3 Fatty acids analysis of mono-sialylated gangliosides from BBM. 

Saturated fatty acids (SFA) were more prominent in the rat mono-sialylated 

ganglioside (MG) fraction of BBM than in the cod, 68.4% and 50.0%, respectively.  

This higher proportion was mainly due to the 16:0 and 18:0 that gave ~10% higher 

proportional amounts in rat.  In contrast, the proportions of MUFA were higher in 

cod than in rat, 41.1% and 16.2%, respectively.  Here the difference was mainly due 

to the presence of the 24:1 at the level of 34.7% in the cod sample.  Similar to the 

phospholipids and non-sialylated glycolipids, the main source of MUFA in the rat 

BBM was the 18:1 at ~12.3%.  The PUFA were in higher proportion in rat compared 

to the cod BBM fraction, 18.5% and 8.9%, respectively.  The difference was because 

of two FA in the rat sample that were not detected in the cod sample, 18:2 (5.1%) 

and 22:6 (7.7%). 
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3.4.4 Fatty acids analysis of poly-sialylated gangliosides from BBM. 

In the poly-sialylated ganglioside (PG) BBM fractions, a similar pattern was 

detected as for the MG fraction.  Higher proportion of SFA was found in rat than in 

cod, 65.6% and 36.7%, respectively.  This was mainly due to 16:0 and 18:0 that were 

~16% and ~12% more abundant in the rat fraction, respectively.  Because of the high 

proportion of 24:1 in the cod (51.7%), the MUFA proved to be very much higher in 

cod compared to the rat sample, 59.6% and 17.5%, respectively.  The main FA in the 

MUFA for rat was the 18:1 (13.1%) with about 4.5% being in the cod sample. The 

proportion PUFA in rat were at 17.6% of all PG in rat and 3.7% in the cod sample.  

This was mainly because of higher proportion of 18:2 (~5.3%) and both !  and "-

linolenic acid (18:3) (~4.9%), but also because arachidonic acid (20:4) made up 5.1% 

in the rat BBM sample but was not detected in the cod. 

3.4.5 Fatty acids analysis of phospholipids from BLM. 

The proportion of the SFA in the BLM phospholipid (PL) fractions was higher in 

rat than in cod, at 73.3% and 55.3%, respectively (table 2).  The main types were 

18:0 ~30% in both species and second most abundant FA was 16:0, at 27.9% in rat, 

and 23.5% in cod.  On the other hand, MUFA were at a ~17% higher level in cod 

than in rat BLM sample, 35.9% and 18.6% respectively.  The main FA of MUFA 

found in the two species was 18:1 ~15% in rat compared to 24:1 ~18% in the cod.  

The proportion of PUFA in phospholipids from the BLM in these two species was 

similar (10.8% in cod and 8.1% in rat).  And similar to BBM PL, it was due to the 

presence of 20:4 in rat (4.0%) and 22:6 (3.5%) in the cod BLM fraction. 

3.4.6 Fatty acids analysis of non-sialylated glycolipids from BLM. 

The proportion of SFA in the NSL fractions was 58.1% and 46.8% in cod and 

rat, respectively.  The difference was found in all the FA detected in these fractions, 

mainly from 18:0, at 13.8% in rat, compared to 28.5% in the cod sample.  MUFA 

were also notably in similar proportion in the cod and rat BLM samples, at 26.7% 

and 29.9%, respectively. Higher proportion of 18:1 was found in rat, but other FA 

detected in the MUFA fraction proved to be in a higher proportion in the cod sample. 

On the other hand, the proportion of PUFA was higher in rat than in cod, 23.3% and 

16.0%, respectively.  
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Table 2. Comparison of the fatty acid content of the intestinal basolateral membranes from rat and Atlantic cod.  Extracted lipids were fractionated using silica-60 (230-400 
mesh) into four main lipid classes.  Fatty acid methyl esters were prepared using 14% boron-trifluoride methanol and analysed with HP GC/MS chromatography. Results are 
expressed as the mean from three different extraction experiments performed in triplicate and +/- standard deviation.  The percent difference of rat minus cod is also shown. 
 Basolateral membrane 

 Phospholipids Non-sialylated glycolipid Mono-sialylated ganglioside Poly-sialylated ganglioside 

 Rat Cod ! % Rat Cod ! % Rat Cod ! % Rat Cod ! % 

14:0 - - 2.2 ±0.7 -2.2 - - - - - - - - - - - - 1.7 ±1.1 -1.7 

15:0 - - - - - - - - -  - - - - - - - 1.0 ±0.4 -1.0 

16:0 27.9 ±5.9 23.5 ±6.5 4.4 25.8 ±2.1 19.4 ±5.0 -6.4 14.5 ±2.2 18.1 ±5.2 -5.4 31.6 ±3.7 19.0 ±3.6 12.6 

17:0 - - - - - - - 1.1 ±0.1 -1.1 - - - - - - - 0.8 ±0.1 -0.8 

18:0 30.5 ±3.4 25.0 ±2.7 5.5 13.8 ±0.6 28.5 ±0.9 -14.7 35.4 ±1.3 20.2 ±1.7 15.2 26.6 ±2.5 16.2 ±0.5 10.7 

20:0 5.0 ±0.9 1.9 ±0.7 3.1 2.3 ±0.3 2.8 ±0.4 -0.5 - - 3.8 ±0.7 -3.8 7.1 ±0.6 4.2 ±0.9 3.6 

21:0 - - 1.8 ±0.4 -1.8 1.2 ±0.2 3.3 ±0.5 -2.1 - - 1.0 ±0.2 -1.0   3.1 ±0.6 -3.1 

22:0 3.9 ±0.8 0.8 ±0.1 3.1 1.8 ±0.4 1.2 ±0.1 0.6 5.1 ±1.2 - - 5.1 3.6 ±1.1 0.6 ±0.2 3.0 

23:0 1.9 ±0.3 - - 1.9 - - - - - - - - - - - - - - - 

24:0 4.1 ±1.4 - - 4.1 1.9 ±0.6 1.7 ±0.3 0.2 3.2 ±0.1 - - 3.2 5.2 ±1.2 - - 5.2 

! SFA 73.3 ±1.8 55.3 ±4.4 20.0 46.8 ±1.1 58.1 ±2.3 -11.5 58.1 ±0.1 43.1 ±5.3 13.7 74.1 ±3.2 46.4 ±5.2 27.7 

16:1 - - 2.0 ±0.9 -2.0 2.6 ±0.3 3.0 ±0.8 -2.0 - - 4.1 ±0.6 -4.1 - - 3.7 ±1.1 -3.7 

18:1 15.0 ±1.6 10.4 ±3.9 4.6 26.3 ±0.9 11.3 ±0.9 15.0 10.5 ±0.5 8.4 ±2.1 2.1 11.2 ±1.5 7.8 ±1.2 3.4 

20:1 2.0 ±1.4 2.8 ±0.1 -0.8 - - 3.0 ±1.6 -3.0 - - 4.8 ±1.6 -4.8 - - 4.6 ±1.3 -4.6 

22:1 - - 3.0 ±1.0 -3.0 - - 6.1 ±0.5 -6.1 - - 21.4 ±5.7 -21.4 - - 19.9 ±4.5 -19.9 

24:1 1.6 ±0.0 17.6 ±3.4 -16.0 1.0 ±0.1 3.3 ±1.0 -2.3 - - 7.3 ±4.1 -7.3 3.1 ±1.2 9.9 ±1.5 -6.8 

! MUFA 18.6 ±2.0 35.9 ±6.3 -17.3 29.9 ±0.6 26.7 ±1.9 3.2 10.5 ±0.5 46.2 ±4.0 -35.7 14.3 ±2.0 46.2 ±2.7 -31.9 

18:2 4.1 ±0.2 4.0 ±1.6 0.1 18.8 ±0.4 3.4 ±0.7 15.4 14.7 ±3.8 1.9 ±0.5 12.8 5.4 ±0.5 1.9 ±0.9 3.5 

18:3 - - 3.3 ±1.6 -3.3 1.2 ±0.2 2.2 ±0.2 -1.0 5.8 ±1.7 4.1 ±1.5 1.7 3.2 ±0.4 2.8 ±0.7 0.4 

20:4 4.0 ±0.7 - - 4.0 2.2 ±0.2 2.4 ±0.5 -0.2 3.4 ±2.7 2.9 ±1.2 0.5 3.9 ±1.9 2.1 ±0.5 1.8 

20:5 - - - - - - - 3.1 ±0.8 -3.1 - - - - - - - - - - 

22:6 - - 3.5 ±2.2 -3.5 1.1 ±0.3 4.9 ±0.1 -3.8 - - 2.0 ±1.1 -2.0 - - 0.8 ±0.2 -0.8 

! PUFA 8.1 ±0.4 10.8 ±2.0 -2.7 23.3 ±0.8 16.0 ±2.8 13.5 23.9 ±0.6 10.9 ±1.7 14.4 12.5 ±1.5 7.4 ±0.7 6.1 

-: Not detected 
! %:  Indicates the difference between the cod and rat; - indicating higher proportion in cod and + indicating higher proportion in rat. 
! SFA:  Sum of saturated fatty acids. 
! MUFA:  Sum of mono-unsaturated fatty acids. 
! PUFA:  Sum of poly-unsaturated fatty acids. 
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Most notable was the high proportion of the 18:2 at 18.8% in the rat compared to 

3.4% in the cod sample. 

3.4.7 Fatty acids analysis of mono-sialylated gangliosides from BLM. 

For MG in table 2, the proportion of SFA proved higher in rat than in cod, at 

58.1% and 43.1%, respectively.  This was mainly due to the higher proportion of 

18:0 in the rat (35.4% vs. 20.2%) but also because of the presence of lignoceric acid 

(24:0) (3.2%) in the rat that was not detected in the cod BLM sample.  The reverse 

was found for MUFA that showed a much higher proportion in cod than in rat, 

46.2% and 10.5%, respectively.  This high proportion was mainly due to some FA 

not being found in the rat sample, especially erucic acid (22:1) that showed up at 

21.4%, and nervonic acid (24:1) at 7.3% in the cod BLM sample.  In contrast, the 

proportion of the PUFA proved to be higher in rat than in cod, at 23.9% and 10.9%, 

respectively.  This was mainly because of higher proportion of 18:2 (14.7% in rat 

and 1.9% in cod). 

3.4.8 Fatty acids analysis of poly-sialylated gangliosides from BLM. 

The proportion of SFA in the PG in cod was lower than in rat membranes, at 

46.4% and 74.1%, respectively.  This was mainly due to the higher proportion of 

16:0 and 18:0 but also from the presence of 22:0 and 24:0.  The latter two were only 

detected in the rat sample.  The reverse was found for MUFA where the proportion 

was higher in the cod than in rat, at 46.2% and 14.3%, respectively.  The main 

difference was the presence of 22:1 (19.9%), which was not detected in the rat BLM 

sample.  The proportional amount of PUFA proved to be higher in the rat fraction 

than the cod, at 12.5% and 7.4%, respectively, grounded in a higher proportion of all 

the FA detected. 

3.4.9 Indices from the fatty acid analysis of BBM and BLM. 

The unsaturation index (UI) was calculated for each lipid class.  In figure 3A 

these indices are shown for both BBM and BLM.  In the PL and NSL of the BBM 

fractions, the UI was higher in cod than in rat, especially in the NSL fraction where it 

was 188.9 in cod compared to 87.8 in the rat (PL, cod 96.9 and rat 57.9).  For the 

MG fraction on the other hand, the index was higher in rat than in cod, 86.9 and 73.4,  
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Figure 3.  Calculated indices from fatty acids analysis of different lipid classes 
extracted from brush border (BBM) or basolateral membranes (BLM) from rat (black 
columns) and Atlantic cod (white columns).  (A) Unsaturation index of the fatty 
acids.  (B) Average carbon chain length.  (C) Poly-unsaturated fatty acids over 
saturated fatty acids (P/S).  PL, phospholipids; NSL, non-sialylated glycolipids; MG, 
mono-sialylated gangliosides; PG, poly-sialylated gangliosides. 

 

respectively.  For the PG fraction, no significant difference was found, both of ~67. 

These indices for the BLM fractions showed no significant differences. The average 

carbon chain length (AC) was also calculated and plotted in figure 3B.  In the BBM 

fraction, all lipid classes showed increasing chain length in the cod sample compared 

to the rat, especially in the PL and both the ganglioside fractions. AC was lower in 

the rat fraction (17 Ð 18 carbons) but more fluctuations were found in AC in the 

cod, varying from 18.5 Ð 21.5 carbons.  In the BLM fraction, the AC was ~1 carbon 

longer on average for all lipid classes. 

We also determined the PUFA over SFA (P/S) ratio and plotted those in figure 

3C.  The P/S ratio for PL in the BBM fractions was significantly higher in cod (cod 
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0.27 and rat 0.16) and the same was evident for the NSL fraction, where the 

difference was over 1.5 fold in cod compared to rat, 0.76 and 0.51, respectively.  

However, both the ganglioside fractions showed higher P/S ratio in rat, 0.25 and 0.26 

for MG and PG, respectively, with the P/S ratio 0.18 in MG and 0.10 in PG in the 

BBM cod sample.  The P/S for the BLM fraction are plotted in figure 3C.  The P/S 

ratio for PL was like expected significantly higher in cod (0.18 vs. 0.13).  For NSL 

and MG the P/S ratio was more unexpected were it showed higher ratios in rat than 

in cod (0.50 vs. 0.23 and 0.35 vs. 0.22, respectively).  For the PG the P/S ratios were 

not significantly different, both 0.16. 
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4 Discussion. 

In this study, we chose to compare the lipids of intestinal enterocytes in two 

different animals, to evaluate the validity of the homeoviscous adaptation theory 

(HVA) [5] on evolutionary thermal adaptation.  Eurythermic, here exemplified by 

Atlantic cod, are species that are dependent on their environmental temperature and 

have been shown to be able to adapt to a wide range of temperatures.  On the other 

hand, stenotherms or warm-blooded animals like the rat, maintain their physiological 

body temperature independently from their environmental temperature [17].  It is 

also evident, that stenotherms are more dependent on maintaining their body 

temperature in a narrow range to maintain their physiological processes in order [18]. 

The hypothesis of HVA proposes that thermal acclimation of biological 

membranes can occur within the lifespan of the animals, or result in permanent 

thermal adaptations due to thorough changes in evolution.  It is driven by the need 

for varying the molecular properties of membrane in order to maintain their optimal 

fluidity and the physiological characteristics [4, 5]. 

The transition between the fluid/crystalline state to gel state (because of a 

decrease in temperature) has been shown to affect membrane function by (i) induce 

clustering of integral membrane proteins, (ii) slow down lateral protein diffusion, 

and (iii) reduce activity of enzymes connected to the membrane.  These factors are 

thoroughly reviewed by [3] and articles cited therein as well as in [19].  For 

adaptation to the cold, the HVA theory states that the two most important factors for 

the membrane to maintain its functional integrity are to increase the proportion of cis 

unsaturated fatty acids, especially poly-unsaturated (PUFA), and elevate the 

proportion of PE over PC [3].  We see neither as prominent signs of HVA in the cod 

intestinal enterocytes (see details below). 

4.1 Lipid analysis. 

The proportions of the three main lipid classes from the BBM and the BLM 

fractions are shown in figure 1A.  The cholesterol level was higher in the cod BBM 

but lower in the BLM compared with rat.  Glycolipids were concomitantly higher in 

the rat BBM and lower in the BLM part compared to rat.  The differences compared 

with previous reports [9, 20, 21] were mainly due to the high proportions of 
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glycolipids in both animals presented here, due to the extraction methods used.  

Those lipids are often omitted in similar studies.  Also, the yield of total glycolipids 

can be predicted to be lower in some older studies, due to use of different methods 

for extracting the lipids [9, 22].  Using the most commonly employed extraction 

methods from [23, 24], we experienced that much of the more polar glycolipids were 

removed by the aqueous washing step (data not shown). 

The level of cholesterol in intestinal enterocytes has previously been reported to 

be higher in the BBM than in BLM parts from cold acclimated fishes.  In these 

studies, the cholesterol levels have remained unchanged in the BLM membrane from 

fishes acclimated to higher temperature but showed increased level in the BBM [3, 7, 

25].  It was proposed from such results [7], that elevated Ch/PL or Ch/TP ratios 

could be used to predict the viscosity of the membrane, as the acyl chain composition 

in the BBM in terms of length and unsaturation was not significantly altered when 

fish were either grown at 5¡C to 20¡C.  However, the BBM contained higher 

cholesterol levels at 5¡C as well as more ordered membranes as measured by 

fluorescent probe diffusion rates.  Our results for the BBM showed full correlation 

with these cold acclimation studies with higher Ch/PL and Ch/TP ratios in the BBM 

in cod compared to rat, while these ratios proved the same in the BLM part. 

The HVA theory states that increased PE/PC ratio of the membrane is directly 

related to elevated membrane fluidity in the cold.  In contrast, elevated 

sphingomyelin/phosphatidylcholine (SM/PC) ratio was correlated with adjustment to 

increased temperature, giving less fluidity of the membrane [3].  The basis for the 

effect of the PE/PC ratio is believed to be the conical shape of the PE, often grouped 

as a destabilising PL for the bilayer formation, and the cylindrical shape of the PC, 

often grouped as stabilising PL [3].  The ability of the SM to both act as a hydrogen 

bond donor and acceptor, while the PC can only act as an acceptor, makes higher 

SM/PC proportion give tighter packing of the membrane and increases its viscosity 

[3].  In this study, the comparison of the relative amounts of these PL ratios proved 

to be in contrast with HVA theory. 

As seen in figures 1B and 2B, the PE/PC ratios were many-fold higher in rat for 

both the BBM and BLM parts.  At the same time, the SM/PC ratio was much higher 

in cod in the BBM, but at a similar level in the BLM of both animals.  The main 

contributing factor is the unexpectedly high ratio of SM in both the BBM and BLM 

in the cod samples (figure 2B), which correlates fully with our previous results from 
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31P-NMR measurements of the cod BBM sample [11].  One factor affecting 

differences in these ratios may also derive from exceptionally low content of PE in 

the cod fractions, especially in the BBM part.  How could this be affecting the 

thermal acclimation of the membrane?  Does the exchange of the glycerol-based 

lipid PC and sphingoid-based SM, both containing the choline head-group, have an 

effect on the ability of the membrane to perform its physiological function?  In 

particular, we still do not know if some of the sphingomyelin may carry an 

ethanolamine head-group [26], a possible explanation for the lack of PE in the cod 

enterocytesÕ plasma membrane.  These questions we believe need to be addressed in 

the future to get deeper understanding of the physiological effect they could have on 

the ability of the plasma membrane to adapt to different temperatures. 

4.2 Fatty acids analyses. 

Fatty acids are believed to contribute highly to the viscosity of biological 

membranes, where higher unsaturation lowers the transition from liquid-crystalline 

state to the gel state.  This allows membranes to carry out their bio-physiological 

function at lower temperature [3].  Studies have shown that the fatty acid content of 

the dietary fat can have a direct effect on the fatty acid content of lipids in various 

tissues from both species under study here [27-29].  We therefore, compared the fatty 

acids contents of the membranes to the diet given to our experimental animals 

(Appendix table 1).  We could not find any obvious relationship with our fatty acid 

analysis, with one exception.  The fatty acid 22:1 was high in the cod BLM fraction 

(table 2) as well as in the cod diet.  For more visual clarity, we plotted in figures 4A-

C the proportional amount of each fatty acid species e.g. saturated fatty acids (SFA), 

mono-unsaturated (MUFA), and poly-unsaturated fatty acids (PUFA) from tables 1 

and 2 for each of the four lipid classes. 

SFA were clearly significantly higher for all lipid classes in rat BBM, thus 

following the HVA theory.  For NSL of BBM, the ratio of SFA was interestingly not 

different in the two animals.  The same pattern was observed for the BLM but the 

difference was not as high as in BBM.  In contrast, the NSL from the cod fraction 

showed slight, but significant, increase in the SFA compared to rat.  The differences 

in these ratios stemmed mainly from the 16:0 and 18:0 content in both BBM and the 

BLM membranes.  
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Figure 4.  Proportional saturation of lipids.  Data taken from tables 1 and 2.  Fatty 
acids extracted from brush border (BBM) and basolateral membrane (BLM) from rat 
(black columns) or Atlantic cod (white columns).  (A) Ratio of saturated fatty acids 
against total fatty acids.  (B) Ratio of mono-unsaturated fatty acids against total fatty 
acids.  (C) Ratio of poly-unsaturated fatty acids against total fatty acids.  PL, 
phospholipids; NSL, non-sialylated glycolipids; MG, mono-sialylated gangliosides; 
PG, poly-sialylated gangliosides. 

 

Surprisingly, analysis of the unsaturated fatty acids showed that the main 

difference was in the MUFA rather than in the PUFA species of lipids (figures 4B 

and 4C).  For the rat samples, the PUFA proved to be higher in all lipid classes 

except for the NSL fraction.  As previous studies have shown, the extend of PUFA 

would be expected to rise when acclimating the animals to lower temperature.  In 

previous studies on fish [18, 21, 30], this effect was seen mainly in the content of 

eicosahexaenoic acid (EPA, 20:5) and docosahexaenoic acid (DHA, 22:6). These 

PUFA were in low quantity in the intestinal cod sample, with the exception of the 

NSL fraction (tables 1 and 2).  This is also in contrast to previous studies on the fatty 

acid content of glycerophospholipids from seven different Atlantic cod tissues.  
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There, higher proportions of PE and PC and a lower proportion of SM were observed 

together with higher content of PUFA in cod compared to rat [30].  It should be 

noted that ÒhighÓ content is of the order of 25% of the total FA content previously 

reported in cod, mainly from EPA and DHA (20:5 and 22:6, respectively).  

It is interesting to see that the NSL fraction, which is the main BBM membrane 

lipid class in cod, does not really show the expected link of PUFA to HVA theory.  

This is in contrast to other lipid classes, thus indicating a minor contribution of this 

lipid class to cold-adaptation.  On the other hand, the content of MUFA in both the 

BBM and BLM samples was clearly higher in cod compared to rat, thus providing 

evidence that, for the cod intestinal enterocytes, adapting to the cold is highly 

dependent on the MUFA content rather than PUFA.  Despite the fact that the theory 

of HVA predicts higher amount of PUFA, it is well known that the contributions of 

the first double bond introduced into a FA towards lowering Tm of the membrane is 

relatively higher than for each additional double bond.  Adding more double bonds 

can actually increase the Tm (see review [3], and citations therein).  From figure 4 

and tables 1 and 2 it is evident that the cod samples had high amounts of MUFA.  In 

the BLM fraction, the main contributors were 18:1 and 22:1. In the BBM part, 

strikingly high amount of 24:1 was seen in the PL and both ganglioside fractions 

(table 1).  Despite thorough search in the literature, we were not able to find the fatty 

acid 24:1 in this abundance from any species.  It is normally in very low abundance, 

0.5 - 1.2% [31, 32].  Also, low abundance in many previous studies could be related 

to the fact that most reports terminated their analysis at 22:6 as the longest FA. 

Caution is needed in the analysis of long acyl chain FA.  For example, 24:1 and 

22:6 can have the same retention time on certain GC columns [31]. DHA has been 

reported to be one of the major PUFA in fish [30, 33].  Therefore, as the high 

proportion of 24:1 was initially surprising, we performed GC/MS analysis of purified 

DHA to determine the retention time for that fatty acid on our column (data not 

shown).  This confirmed our results as well as giving the correct mass spectrum. 

Studies have been reported on the effect that very long chain sphingolipids have 

on phase transition in model membranes.  These include studies on the 24:0 and 24:1 

FA N-linked to SM [34-36].  In these studies it is evident, that introducing 24:1-SM 

instead of 24:0-SM and introducing GalCer instead of the choline head-group 

dramatically decreased the transition temperature.  The present study gives indication 

that both the longer chain MUFA (24:1) and the exchange of diacylglycerol with 
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sphingoid-base carrying the choline head-group might well contribute to the thermal 

acclimation in the cod.  Therefore, we propose that this may be a newly discovered 

way to maintain the membrane fluidity in cold through unfavourable packing order 

of the long chain MUFA. 

Calculated indices are often used to evaluate the ability of the membrane to 

adapt to different temperatures.  In accordance with HVA theory for cold-adaptation 

[3, 4], a higher unsaturation index and higher PUFA over SFA ratio would be prime 

indications for lowering of the viscosity of the membrane, causing it not to pack as 

tightly.  On the other hand, a higher average chains length would point in the 

direction of warm acclimation as the ability of longer acyl chains to pack more 

tightly and reduce the viscosity of the membranes is generally assumed [3, 18]. 

These indices were plotted in figures 3A-C.  Surprisingly, little overall change in 

these indices was observed in BLM from cod compared to rat.  The unsaturation 

index did not correlate with the HVA theory, as non-significant increase was evident 

for this fraction. Reduced PUFA content, increased average carbon chain length, and 

unchanged cholesterol content in the cod would rather indicate tighter packing and 

less viscosity of the BLM. 

Unlike the BLM, BBM side of the cell can be expected to be more atypical in 

comparison with non-epithelial cells.  It has been documented earlier, that BBM 

shows the inverse compensation behaviour compared to BLM when either rainbow 

trout (Oncorhynchus mykiss) or common carp (Cyprinus carpio) were acclimated to 

the cold, e.g. the BBM was shown to become more viscous [4, 7] when adapting to 

cold.  Suggestions have been made that differences in the microenvironments of the 

two membrane fractions could lead to differences in the physiological properties 

such as the detergent efficiencies of bile salts on the BBM.  In contrast to BLM, the 

unsaturation indices of different lipids in the BBM were much higher in cod than in 

rat (figure 3A).  This correlates fully with the HVA theory of cold adaptation.  The 

average chain length, as shown in figure 3B, also increased for all the lipid classes, 

which is not expected to show correlation to cold adaptation.  The overall effects of 

these indices are hard to evaluate, but the total effect they have on the fluidity of the 

cold adapted BBM in cod, clearly make it functionally fit.  
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5 Conclusion. 

In this study we have investigated if the predictions of the homeoviscous 

adaptation theory (HVA) correlate with evolutionary thermal acclimation.  We chose 

two very distinct vertebrates, rat with a constant body-temperature of 37¡C and the 

Atlantic cod with body-temperature below 10¡C.  Despite the fact that more 

unsaturated fatty acids were found in the BBM and BLM from the ectothermic cod, 

which correlates fully with the HVA theory, our analysis showed this to be due to 

much higher content of MUFA rather than PUFA.  This was somewhat unexpected 

but could indeed be an important factor to be included in the HVA theory.  The 

proportional content of the main lipid classes was not in accordance with HVA 

theory in the cod intestinal enterocytes, but a higher cholesterol/phospholipid ratio 

was.  This does not preclude a different picture in other tissues of the cod. 

We believe that thermal adaptation is linked to more factors than those stated in 

the HVA theory for lipids selection in order to maintain the ability of biological 

membranes to perform their physiological role. 
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8 Appendix 

 

Table 1.  Fatty acid content of diet for rat and Atlantic cod. 

 SDS LF1 Lax‡ VK2 
14:0 n.d. 6.9 
15:0 n.d. 0.4 
16:0 18.9 12.0 
16:1 0.2 5.0 
16:2 n.d. 0.4 
16:3 n.d. 0.2 
16:4 n.d. 0.6 
17:0 n.d. 0.2 
18:0 2.1 1.1 
18:1 17.8 10.7 
18:2 53.4 1.3 
18:3 5.6 1.3 
18:4 n.d. 3.8 
20:0 n.d. 0.2 
20:1 n.d. 12.2 
20:2 n.d. 0.2 
20:4 n.d. 1.0 
20:5 n.d. 7.6 
21:5 n.d. 0.4 
22:1 n.d. 19.9 
22:5 n.d. 0.9 
22:6 n.d. 8.7 
24:1 n.d. 0.9 

unknown 2.1 4.1 
Sum 100.1 100.0 

   

1 Special Diet Service (SDS), low fat diet for rats. 
2 Lax‡, ÒViking komplett¨ Ó regular diet for Atlantic cod. 
n.d. Not detected. 

 


