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K~ w ~ :  ~ d  ~mpofifi~; Hom~f i~s  ~ f i ~ ;  ~ ~ ;  ( D ~ a  ~h) 

H o m e ~ c ~ s  ~ t i o n  ~ ~ o ~ c ~  m e m ~  ~ h i ~  ~ ~  press~e ~ s  been ~ g ~  by 
d e t e ~  the ~ f ~ n c ~  ~ ~ d  com~si f i~  d members  ~om f i ~  o b ~ d  f~m d e ~  ~ e e n  2 ~  
~ d  4000 m. The f a ~  ~ ~m~sit ion ~ ~ ¢ s p h ~ l ~  ~ ,  p h o s p h a t i d y l e ~ a m i ~  ~ ,  
~ o s p h ~ ~ e / i n o ~  ~ d  ~ n  f~m a fiver ~ t ~ n ~  fraction w ~  an~ysed by capilla~ 
g ~ q u i d  c~omato~aphy. The ~tio d ~turated ~ ~ ~ d  f a ~  ~ ~ s  ~ n ~  ~ d  ~ e l y  
~ a t ~  ~ depth ~ PC ~ d  PE ~ printed ~ ~ m ~ o u s  ~ i o n  ~ p r e ~ e .  T h ~  ~ ~a  spec~  
~ s ~  ~eater p r o ~ o n s  d ~saturated h ~  a d ~  t h ~  ~ o w  s~cie~ Cardioli~n showed t ~  op~sRe 
Ue~d. An ~ t u r a f i ~  i~d~ w ~  not ~ i f i ~ y  ~ ~ ~pth ~ ~ y  ~ p h o i ~ d  ~action. 

The two pfindp~ thermodynamic variables, 
~mperature and pressure, have ~gnificant effects 
upon the phyfic~ properties of biolo~c~ mem- 
branes [1]. Thus, low ~mperature and high pres- 
sure exert fimilar ordering effects upon the hydro- 
phobic core of a~if id~ bilaye~ [~ and biolo~c~ 
membranes [3]. Many fi~ng organisms com- 
pensate for the direct e f ~ s  of temperature varia- 
tions by compensatory a~u~ments of membrane 
s~u~ur~ orde~ a phenomenon ~rmed 'homeo- 
fiscous adaptation'. The e~dence for this ~ of two 
types, namd~ biochemic~ and biophy~c~. 
Cold-acclimation invariably resul~ in reduced 
percentage of saturated fatty adds in membrane 
phosphohpids, a response which on the bails of 
other experiments is expected to offset the order- 
ing effe~s of cold [4]. Experiments with probes of 
membrane ~ructure demon~rate reduced bflayer 
order in membranes of cold-accfimated animus 

rdafive to those of warm-acclimated animMs [5,6]. 
Homeoviscous theory predi~s that membranes 

are Mso adap~d to offset other bflayevordefing 
factor, notably pressure. In comparison with tem- 
perature the study of the adaptation of mem- 
branes to hydrostatic pressure has scarcdy begun. 
This is partly due to the recently acquired under- 
~anding of how pressure affects membranes and 
partly to the difficulty of obtMning matefiM ~om 
organisms which five in the deep sea. Neverth~ 
less, there are a few observations which are con- 
~ e n t  with homeofiscous adaptation to pressure. 
Lewis [7] found that the proportion of 18 : 1 fatty 
adds increased with depth at the expense of 
saturated and longer chMn unsaturated fatty adds. 
PaHon [8] found that deep water and antarctic fish 
spedes possessed more polyunsatura~d fatty adds 
compared to ~opicM fish spedes. However, he 
was unable to observe any ~gnificant difference 
between the deep sea and antarctic spede~ which 
might be rda~d specifically to a pressure adapta- 
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tion. Recenf l~  a more  d ~ d  examina t ion  of 
fish b r ~ n  gangl iof ides  has been repor ted  for sh~ -  
low and 2000 m dep th  spedes  [9]. The fipids from 
the la t ter  c o n t ~ n e d  a r d a f i v d y  low p ropor t i on  of  
sa tura ted  fat ty a d d s ,  which is c o n f i ~ e n t  with our  
predict ion.  

Recenf l~  we have shown the bi layer  o rder  of 
membranes  ~o l a t ed  f rom fish o b t ~ n e d  from de- 
p ths  of 4000 m (or 400 atm, 40 MPa)  is c o n f i ~ e n t  
with homeoviscous  adap t a t i on  to pressure  [1~.  Of 
the m e m b r a n e  fract ions ~o l a t ed  at se~  only one 
was a v ~ l a b l e  in su f f iden t  quan t i ty  to enable  its 
l ipids  to be c h a r a c ~ r i s e ~  n a m d ~  the fiver 
m i t o c h o n d r i ~  fract ion.  We present  here the fat ty  
acid compof i t ion  of  phosphoglycer ides  f rom this 
m e m b r a n e  fract ion.  We d e m c n s ~ a t e  a s ta t~ t ica l ly  
f ignif icant  re la t ionship  be tween fipid sa tura t ion  
and  dep th  (pressure)  of capture ,  as required by  
h o m e o ~ s c o u s  theory  [11]. 

M ~ e f i f l s  and M ~ h o d s  

Anima~ Fish  w e ~  t rawled ~ lhe ~ d N V  5 0 ° N ,  
1 3 ° W  (Nor th  A f l a n t i ~  f rom known  sea f loor de- 
pths,  down to 4000 m dur ing  two research ~ s ;  
for detai ls  see ReL 10. The  d e p ~  of c a p m ~  is a 
good  ind ica tor  of  the a ~ m ~  n o r m ~  a m ~ e n t  
pressure  [11]. Pressure ~ e a ~ s  f ineafly 10 a tm 
(approx.  1 M P ~  ~ r  each 100 m of w a ~  

Membrane fraaionation and lipM extraction. A 
m R o c h o n d f i ~  fract ion was p repared  f rom f l e s h y  
e x d s e d  fiver as descr ibed  p ~ o u s ~  [10]. An  
al iquot  of t ~ s  f ract ion (about  0 .1-0 .2  ml) was 
i m m e ~ d y  ext rac ted  by  a d ~ f i o n  of 2 ml c ~ o r o -  
f o r m / m ~ h a n ~  ( 2 : 1 ,  v / ~  c o n t a i ~ n g  0.005% 
( w / ~  b m ~ e d  h y d r o x ~ u e n ~  T ~ s  f i n ~ e  p h ~ e  
s ~ u t i o n  was ~ M e d  ~ a ~ s  a m p o ~ e  and s t o o d  
under  ~ o g e n  at - 2 0 ° C  at sea. Af ter  the cruise 
a f u n h ~  2 ml of  c ~ o r o ~ r m / m ~ h a n ~  s ~ u f i o n  

TABLE I 

THE FATTY ACID COMPO~TION OF PHOSPHATIDYLCHOLINE FROM A MITOCHONDRIA-RICH FRACTION ISO- 
LATED FROM FISH HVERS 

The fi~ w~e cohered ~om ~e de~hs ~ c ~ e d ,  ~ ~e Noah Atlantic on two ~ p ~ e  ~ s .  The v~u~ ~e ~e mean % wright ~ 
n m ~ a m  a ~ m ~  ± S.D. ~ b r a c k ~  F~ff  adds w~ch we~ ~nmtivdy identified but not ~own ~dude 10:~ 12:0, 14:1(n -9L 

Lepidorhomb~ Lophi~ P ~  is L e p i ~  Alepocep~l~ 
whiffiagonis budeg~sa ble~des equ~ bmrdii 
2 ~  m 200 m 900 m 800-900 m 1170 m 
(n =3) (n=3)  (n = ~  ( n = ~  (n = ~  

16:0 159 (0.~ 
16 : l(n - ~  3.1 (0.5) 
18 : 0 Z3 (0~) 
1 8 : 1 ( n - ~  ~0 (0.~ 
18 : l(n - ~  7.9 (1.~ 
18:~n -6)  ~6 (0.1) 
18:~n -6)  0A (0.~ 
20: l(n -9)  1~ (0.~ 
~ : ~ n  -6)  ~4 (0~) 
20: 5(n -3)  1~1 (0.5) 
22 : 5( n - 3) 4.4 (0~ 
22:~n -3)  32.1 (0.~ 
Unknowns 7.2 (1.6) 

Z saturated 21.8 (0.6) 
Z monoun~mm~d 16.3 (1.~ 
Z p~yu~amrmed 54.8 (1.1) 

U n ~ t ~ n  index 312.0 (5~  

S~u~tion ratio 0.306 
(0~1~ 

22.2 (1.9) 23.9 (0.6) 22.0 (3.8) 18.4 (2.1) 
4.7 (1.8) 2.7 (0.6) 2.5 (0.4) 2.0 (1.0) 
4.7 (1.0) 2.8 (0.5) 3.4 (0.9) 3.3 (0.9) 
2.6 (1.0) 2.1 (0.5) 2.4 (0.2) 2.5 (1.1) 

10.3 (1.2) 9.4 (2.2) 8.7 (0.7) 10.7 (0.9) 
1.1 (0.2) 0.3 (0.1) 0.4 (0.2) 0.6 (0.1) 
0.8 (0.4) 1.1 (1.3) 2.3 (1.7) 0.8 (0.9) 
1.3 (0.6) 0.5 (0.6) 1.0 (0.2) 2.3 (0.9) 
4.9 (0.4) 3.4 (0.5) 4.7 (0.9) 3.9 (0.8) 
7.2 (2.4) 8.4 (1.2) 8.6 (1.2) 10.7 (1.0) 
1.4 (0.4) 1.5 (0.4) 1.1 (0.6) 2.9 (0.5) 

28.7 (3.1) 28.6 (2.9) 23.9 (4.2) 22.5 (2.6) 
5.8 (1.7) 9.4 (2.3) 12.5 (3.1) 12.8 (1.6) 

29.5 (1.63) 29.8 (1.2) 28.9 (4.9) 25.7 (2.5) 
19.5 (4.4) 17.4 (2.4) 16.6 (1.4) 19.5 (0.4) 
45.2 (4.4) 43.4 (1.5) 42.0 (5.8) 42.0 (3.7) 

262.3 (23.0) 256.5 (12.1) 236.0 (35.1) 244.0 (18.8) 

0.457 0.493 0.457 0.421 
(0.025) (0.043) (0.129) 0.066) 



was added tog~her with 0.5 v~. ( v / ~  0.8% KC1. 
The emotion was ~par~ed by centrifugafion at 
200 × g for 10 min. The c~oroform layer was 
removed and reduced in v~ume under ~ o g e n  
and stored under ni~ogen in se~ed ~ass ampo~es 
at - 20°C. 

PhospholipM separaaom and separaaon of fatty 
add m~hyl ~te~. Phospholipids were separ~ed 
by tw~&menfion~ t~n-lay~ chrom~ography, as 
described pre¼ous~ [12]. The p l ~  were sprayed 
with an aqueous solution of 0~05% ( w / ~  
Rhodamine 6G and the phosphofipids were ~su~  
fised under u l ~ a ¼ ~  illumination. The cholin~ 
~hanolamine and ~f ine / inof i t~  phospho~yce~ 
ides and c a r ~ i n  fractions were eluted with 2 
ml ch~roform/m~han~ s~ution and m ~ h ~ e d  
with BF3-m~han~ as described by Morrison and 
Smith [13]. The m ~ h ~  esters were stored under 
~ o g e n  in se~ed ~ass ampo~es at -20°C.  
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Ga~6quid chromawgraphy. The faay add 
m~hyl e~ers were identified by capillary gas-liquid 
chromatography ufing a Carlo Erba chromato- 
graph (Modal Fractovap 4160) and an SP-1000 
capi~ary. Hydrogen was used as the carrier gas 
and a good resolution of peaks was obt~ned with 
a continuous therm~ ramp (2.5 Cdeg/min) fol- 
lowing an initi~ equilibration at 100°C. The 
i~ector temperature was 225°C and the flame 
ionization detector was 240°C. Peaks were quanti- 
fied by a Hewlett-Packard recording integrator 
whose calibration was checked by manu~ triangu- 
lation. M~h~  esters were identified by compari- 
son of retention times with those of authentic 
standards obt~ned from Supdco Inc., (Bellefonte, 
PA) and Sigma Chemic~ Co. Ltd. (Pool~ D o ~ ,  
U.K.), supplemen~d by standards from the In- 
stitute of Marine Biochemis~ Aberdee~ 

15 :~  1 6 : 1 ( n - 9 ) ,  1 6 : l ( n - 9 L  16:2, 1 6 : 3 ( n - 3 L  1 6 : 4 ( n - %  1 7 : ~  1 8 : ~ n - 7 ) ,  1 8 : 3 ( n - 3 ) ,  1 8 : 4 ( n - 3 L  2 0 : ~  2 0 : 1 ( n - 1 1 ) ,  
2 0 : 1 ( n - 7 ) ,  2 0 : 2 ( n - 6 ) ,  2 0 : 3 ( n - 6 ) ,  2 0 : ~ n - 3 ) ,  2 0 : 4 ( n - 3 L  21 : l (n  -5 ) ,  2 2 : 1 ( n - 1 1 ) ,  2 2 : 1 ( n - 9 ) ,  2 4 : ~  2 4 : 1 ( n - 9 ) .  

Mora Nezumm Nezumia Co~phen~des A n~mora Conocara Co~phen~des 
moro aequalis (198~ aequalis (1981) pupestr& rostrata murrayi a rmat~  
1 170 m 1 170 m 1200 m 1300 m 2000 m 2000 m 4000 m 
(n = ~ (n = 3) (n = ~ (n = 3) (n = 5) (n = ~ (n = 3) 

22.7 19.7 (2.4) 19.3 (3.0) 13.9 (2.9) 21.5 (3.1) 13.2 15.6 (0.2) 
2.7 2.1 (1.8) 1.2 (1.4) 1.7 (0.8) 3.1 (0.2) 5.0 2.2 (0.1) 
3.1 3.5 (1.1) 7.1 (5.9) 3.1 (0.3) 2.0 (0.6) 3.0 3.4 (0.5) 

1"69. 2 15.9 (2.7) 15.92.9 (2.7) (2.3) 16.03.7 (5.2) (0.8) 10.4 (1.3) 2.7 (0.4) 14.23.5 12.23.9 (2.5)(0.2) 

0.6 1.2 (0.2) 0.6 (0.8) 1.4 (0.5) - 0.2 0.2 (0.3) 
4.8 0.1 (0.2) . . . . .  
0,7 2.4 (0.4) 2.2 (2.4) 6,6 (2.1) 1.3 (0.3) 2.2 3.2 (1.0) 
3.2 4.8 (0.8) 7.0 (3.3) 3.0 (I  .5) 4.3 (1.3) 7.6 3.4 (0.6) 
8.5 11.1 (2.2) 10.9 (4.7) 12.6 (4.3) 9.9 (1.3) 7.7 6.2 (0.6) 
1.6 1.2 (0.1) 3.1 (1.7) 2.6 (0.2) 1.7 (0.4) 2.7 1.6 (0.6) 

21.4 18.1 (1.1) 23.5 (7.1) 27.4 (4.0) 36.5 (3.6) 25.8 35.1 (3.4) 
10.1 12.4 (1.8) 4.5 (3.4) 2.8 (2.0) 4.3 (1.5) 6.7 8.1 (1.6) 

30.6 26.2 (3.4) 27.7 (5.4) 18.4 (3.3) 25.4 (2.6) 20.5 20.4 (0.5) 
16.4 22.8 (4.0) 22.7 (4.2) 31.4 (7.2) 17.5 (1.8) 27.2 24.8 (3.9) 
42.9 38.5 (3.6) 45.1 (9.5) 47.4 (8.7) 52.8 (4.5) 45.6 46.7 (2.6) 

245.2 223.5 (17.6) 264.4 (54.8) 287.9 (39.6) 312.9 (23.6) 256.9 288.0 (13.1) 

0.515 0.433 0.423 0.235 0.362 0.282 0.286 
(0.093) (0.141) (0.048) (0.053) (0.016) 
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R e s ~  

The percent  wright composi t ion of the pfin- 
d p ~  identified fatty adds  of choline (PC), 
e thanolamine  (PE), serine ( P S ) / i n o f i t o l  (PI), 

phosphoglycerides and cardiofipin are presented 

in T a b ~ s  I - I V ,  respec t ivd~  The ~gend  to Table  I 

includes a complete h ~  of peaks which were tenta-  
t i vdy  identified as fatty adds.  Some samples p o ~  

sessed peaks that were not  idenf i f iab~  by our 

n o r m ~  procedures. Because f ignificant  quanti t ies  
of these unident i f ied components  i nv~ ida t ed  any 

quant i ta t ive comparisons  between spedes, those 
samples which c o n t ~ n e d  in excess of 15% un- 
known  peaks have been arb i~ar i ly  excluded from 

the data in Tables I - IV .  This was a g rea~r  prob-  
~ m  for the minor  phospho~ycerides ,  PS and 
cardiolipin,  than for the m ~ o r  phospho~ycefides ,  

PC and  PE. For example, for PS, 18 out of 40 
samples exceeded this a rb i~a ry  hmit,  w h i s t  for 

cardiol ipin there were 19 out of 40 samples. The 
corresponding v~ues  for PC and PE were 11 /53  

and  8 /53 ,  respectivdy. The var iabihty between 
ind iv idu~s  of most  spedes was generally f imilar  

to tha t  obse rved  in  p rev ious  s tudies  of 
l abora tory-acc l imated  ~eshwate r  speoes  [14] 

though some spedes showed a p p r e ~ a b ~  varia- 

tion. Data  for Nezumia  aequalis based on fish 
t r aw~d  in 1981 was confirmed by fish uawled  in 

the fo~owing 1982 cruise (Table I). The corre- 
sponding resu lu  for PE did not  show the same 
reprodudbi l i ty ,  bu t  the data for N. aequalis in 
1982 was based on only two spedmens  ( T a b ~  II). 

In  PC lhe p r i n d p ~  fa~y adds  were 16 :0 ,  
18 : 1, 20: 5(n - 3) and 22 : 6(n - 3) with a num-  

ber  of smaller components  (18 : 0, 16 : l ( n  - 7), 

TABLE II 

THE FATTY ACID COMPO~TION OF PHOSPHATIDYLETHANOLAMINE FROM A MITOCHONDRIA-RICH FRAC- 
TION ISOLATED FROM FISH UVERS 

Oth~ d ~  as noted ~ ~gend to Tab~ I. 

Lepido~omb~ Lo[ hi~ Helicolen~ Phycis L e p ~  Morn 
whiffia~nis budeg~sa ~ctylopter~ b l e ~ d e s  equ~ moro 
2~  m 200 m 2~  m 900 m 830 m 1170 m 
(n = 3) (n = 3) (n = 3) (n = ~ (n = ~ (n = 2) 

16 : 0 13.6 (1.2) 18.2 (1.1) 15.3 (4.1) 13.7 (0.6) 10.9 (1.8) 12.8 
16:1(n -7) 2.2 (0.1) 1.3 (0.1) 4.2 (0.8) 0.5 (0.5) 1.1 (1.2) 1.4 
18 : 0 5.8 (0.6) 8.3 (1.1) 12.9 (1.9) 9.0 (1.9) 8.4 (0.5) 8.9 
18:l(n -7)  6.4 (0.6) 4.5 (0.8) 6.4 (0.9) 4.3 (2.1) 5.5 (0.3) 3.9 
18:1(n-9) 7.5(0.7) 5.0(0.6) 11.4(0.5) 8.5(1.6) 5.8(1.1) 9.2 
18:2(n -6)  0.8 (0.1) 0.8 (0.3) 1.3 (0.4) - 0.6 (0.4) 0.9 
18 : 3( n - 6) 0.4 (0.1) 1.2 (0.3) 4.0 (1.8) 2.1 (2.4) 3.6 (1.8) 2.9 
20: l(n - 9) 6.0 (1.3) 0.9 (0.9) 2.1 (0.4) 2.6 (1.4) 2.6 (0.6) 1.9 
20 : 4(n - 6) 2.5 (0.6) 4.1 (0.3) 3.7 (0.6) 2.5 (0.4) 4.4 (0.7) 2.7 
20: 5(n - 3) 4.1 (0.6) 2.4 (0.6) 5.8 (0.1) 6.4 (1.3) 6.7 (0.8) 8.0 
22:5( n - 3) 1.9 (0.2) 0.9 (0.2) 1.6 (0.3) 1.3 (0.7) 1.0 (0.2) 1.3 
22 : 6( n - 3) 37.6 (1.3) 38.1 (1.1) 27.3 (0.9) 34.3 (3.7) 29.4 (3.8) 34.6 
Unknowns 8.3 (0.7) 11.6 (1.7) 7.2 (0.6) 13.4 (0.9) 11.3 (1.5) 10.6 

E saturated 20.8 (1.2) 29.0 (0.5) 28.7 (2.4) 23.4 (1.4) 22.1 (3.2) 22.3 
E monoun- 

saturated 23.0 (2.2) 11.9 (1.5) 20.8 (1.2) 16.6 (1.4) 18.6 (1.7) 16.4 
Z polyun- 

saturated 47.9 (1.0) 47.5 (1.0) 43.3 (2.1) 46.5 (2.4) 48.0 (4.6) 50.8 

Unsaturafion 
index 293~ (3.3) 266.6 (14.6) 250.0 (8.4) 276.6 (17.2) 266.5 (25.5) 297 

Saturation ratio 0.293 0.486 0.449 0.372 0.334 0.333 
(0.022) (0.013) (0.05) (0.031) (0.062) 



20 : 4(n - 6) and 22 : 5(n - 3~. 18 : 1 was present 
as two ~omers with the ratio b~ween them re- 
m~ning at approximatdy 4 :1  ( n -  9 / n -  7) for 
all spedes. There was confiderab~ variability be- 
tween spe~es though it was not confis~nfly re- 
lated to depth of capture. For exampl~ the pro- 
portion of 16 : 0 in the fish ~awled at 4000 m was 
somewhat lower than for most spe~es caught at 
shallower depth~ but Lepidorhombus whiffiagonis 
(200 m) was fimilar to the 4000 m fish. The 
proportion of the p r i n d p ~  polyunsaturated fatty 
acid, 22 : 6(n - 3), varied in an apparently random 
manner with depth. The v~ues for the two spe~es 
caught at 2000 m lay ~most  at the extremes of the 
range observed for all spedes! 

In comparison with the fatty adds in PC, PE 
showed an increased proportion of 18 :0  with a 
slightly lower proportion of 16:0. The p r in~p~  
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unsaturated fatty adds were ag~n 2 0 : 5 ( n - 3 )  
and 2 2 : 6 ( n -  3). The trend of compofition as a 
function of depth was more dearcut  than PC. 
Thus, 16 :0  and 18:0  became progresfivdy re- 
duced as the an im~g depth increased, whilst the 
monounsaturated fatty a~ds became progressivdy 
greater. The polyunsatura~d fatty a~ds, however, 
rem~ned at fimilar ~v d s  over the entire depth 
range (47-50%L Fish ~awled at depths greater 
than 1200 m possessed somewhat higher propor- 
tions of 20 : l (n  - 9) (5-7%) than those ~awled in 
sh~lower depths (1-4%L Ag~n, L. whiffiagon~ 
profides an exception to this gener~ trend. 

PS cont~ned comparativdy large quantifies of 
~eafic (18 : 0) and arachidonic a~d (20 : 4(n - 6~, 
with a corresponding reduction in 16 :0  and 
2 0 : 5 ( n - 3 ) .  There were no ob~ous trends in 
fatty a~d compofitions of PS or cardiolipin with 
depth. 

Alepocephalus Nezumia Nezumia 
bairdii aequalis (1981) aequalis (1982) 
1170 m 1200 m 1170 m 
( n = 3 )  (n = 4 )  ( n = 2 )  

13A (1a)  9.1 (0.8) 10.0 
0.8 (0.1) 0.8 (0.1) 0.4 
9~  (1.7) 8.8 (0.8) 10.9 
3.4 (0.3) 13.1 ( 0 . )  3.9 
9.3 (0.4) 13.1 (0.6) 13.2 
0.5 (0.4) 1.1 (0.2) 0.4 
o3 (0.8) - 0.3 
4.6 (0.3) 13  (1.0) 2.3 
4.5 (0.7) 2,9 (0.3) 2.6 
93  (1.6) 6.2 (0.8) 5.5 
1A (0.2) 1.7 (05) 0.6 

23.3 (3.1) 37.4 (4.4) 32.0 
12.4 (2.1) 9.5 (2.7) 11.7 

25.7 (0.8) 18.3 (1.3) 22~ 

20.9 (0.7) 22.7 (1.2) 22.7 

41.0 (2.8) 49.5 (4.2) 43.4 

240.0 (19.0) 301.5 263.2 

0.416 0.255 0.335 
(0.026) (0.033) 

Coryphenoides Antimora C o n o c a r a  Coryphenmdes 
rupestris rostrata murrayi armatus 
1300 rn 2000 m 2000 m 4000 m 
(n = 3) (n = 5) (n = 3) (n = 6) 

• 3 (0.7) 10.8 (1.5) 1~0 (3.8) 6.1 (2.3) 
0.4 (0.4) 0.5 (0.4) l D (0.1) 0.4 (02)  
5£  (1,4) 4.4 (0~) 6.9 (2.1) ~ 4  (03) 
6~ (1.0) 7~  (0.9) 6.2 (1.4) 10.7 (1.7) 

1~8 (2.8) 11.3 (1.3) 12.4 (4.0) l l 5  (1.9) 
1.3 (0.4) - &2 (1.4) ~5  (0.1) 
_ - 0 . 8  ( 1 . 1 )  - 

7 . 1  (2.0) 7.7 (0.8) 5.4 (0.7) 7.4 (1.2) 
1.9 (0.2) 2.8 (0.3) 8£  (2.7) 2D (0.4) 

13.3 (3.2) 8.3 (1.9) 119 (4.3) 4.9 (0.6) 
1£  (0.5) 1~ (0.7) 15  (0.4) 0.8 (0.2) 

28.6 (3.3) 40.3 (5.1) 212  (2.5) 3~7 (5.6) 
62  0 .3)  32  (2.0) 7.6 (2.8) 8.1 (4.7) 

15.4 (2.0) 15~ (2.7) 17.5 (2.6) 11.1 (3.5) 

313 (2.4) 27£  (2A) 27.3 (1.0) 36~ (2£) 

46.8 (5.7) 53.4 (5.3) 47£  (1.4) 44.4 (6.3) 

288~ ~ 8 . ~  328.4 (29.1) 277~ (15.0) 287.0 (38.~ 

0.198 0.196 0.233 &143 
( 0 ~ 2 ~  (0.04~ ( 0 ~ 2 ~  (0.06~ 
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Because of the great complexity of the fatty 
add profiles and because variations in the propo~ 
fion of one component affects the proportions of 
other component~ it was necessary to c~culate 
indices of compo~tion. Two indices have been 
c~culated and included in Tables I-IV. The 
saturation ratio is ~mply the ratio of the woght 
percent saturated to unsaturated faay adds. The 
unsaturafion index is the sum of the woght per- 
cent multiplied by the number of doub~ bonds 
for all identified componen~ in the mixtur~ Tab~ 
V pro~des a summary of the regression an~ysis 
of these indices ag~n~ depth of capture. Un- 
saturation index was not significantly rdated (at 
the 5% level) to depth in any phosphoglyceride 
~ass. By con~asL saturation ratio was ~gnifi- 
canfly rdated Io depth in PC (P < 0.05), PE (P < 
0.001) and in cardiolipin (P < 0.05). Interestingl~ 
the regres~on of cardiolipin ag~n~ depth pro- 
duced a positive ~op~ in contrast to PC and PE. 
The regres~ons obt~ned for the saturation ratio 
of PC and PE ag~nst depth were ~so ~gnificant 
when all s a m p ~  including those with greater 
than 15% unknown fatty adds, were included 
(P = 0.013 and P < 0.001, respectively, n = 53), 
so that the exdu~on of samp~s cont~ning exces- 
~ve unknown components in the regres~on 
analyses presented in Tab~ V does not affect lhe 

I I I I I 
0,6 - -  

0,5 - -  

. ~  
~ . 1  ~ ~ 0,~ - ~  

~ 0,3 ,, - 
~ ~ • + 

e ~ ~ 

~ 0,2 , 4 ~ 

~I ~ 

0 l I l I 
I 2 3 4 

Deofh (Km ) 

~ &  I. The ~ s ~ n  ~ s ~  ~ t io  ~ r  ~e  e~an~amine 
phospho~ycedde ~acfion of fish upon ~e  dep~ of capture. 
The ~ne w ~  ~ d ~ e d  ~om ~e ~ o n  ~ u ~ n  ~own  in 
Ta~e V. Each symb~ represents a ~ p a ~  ~ e d ~ :  ©, 
~ h ~  a ~ ;  ~ N~u~a ~ a ~ ;  ~, Anfimo~ 
~ ;  ~, ~ o ~  ~ ;  ~ ~ ~  ~ 
~agonb; ~, ~ m ~ i ;  [ P~ds ~ ;  ~, ~ 
~ ~ ;  ~ ,  ~ ~ ;  + ,  A ~ ~  ~ i ;  ®, 
~ ~ ~ ;  ~ ,  ~ ~ .  

condufions drawm Also included in Tab~ V is 
the regresfion equation for a mixture of PC and 
PE (70:30) which more dosdy reflects the bu~ 
compofition of lhe membrane. This regremion was 
~so highly ~gnificant (P < 0.003). 

TABLE V 

SUMMARY OF REGRES~ON ANALY~S FOR SATURA~ON R A ~ O  AND UNSATURA~ON INDEX AGAINST DEPTH 
OF CAPTURE ~m) 

S ~  saturation ratio; UI, u ~ a ~ f i o n  ~dex; n, numb~ of ~ m ~ ;  b, flope; Y-inL intercept at zero dep~; P, proba~fi~ ~ ~e  
fiope w~  fig~ficam~ ~ f ~ n t  ~om ~ ~ c~cda~d  ~ r  (n - ~  d e ~ s  ~ ~ d o m  (~e ReL 23). 

n b Y-int P 

PC SR 42 -~039  ± 0~18 0.4~2 
UI 42 9.22 ± 6.36 253.8 

PE SR 45 -&0735 ± 0.0096 0.401 
UI 45 6.655 ± 3.958 273.1 

P S / P I  SR 22 -&056 ± &0825 0.684 
UI 22 16~7 ± 1~10 189.5 

Cardiofipin SR 21 0.062 ± &027 0.158 
UI 21 -~497  ± ~408 286.3 

PC/PE (70:30 ratio) SR 36 -~040  ± ~013 ~398 

• 036 * 
0.151 

< ~0001 ** 
0.096 

~509 
~267 

• 033 * 
0.327 

~003 ** 

. ~ g ~ f i ~ m .  

**  ~ l y  ~ i ~ a n t .  



Fi~ 1 displays lhe distribution of individual 
data points around the calculated regres~on fine 
for PE. This graph illus~ates the extent to which 
the inte~pedfic variation was accounled for by 
depth of occurrence. Thus, Lophius and Lepido~ 
hornbus occur at 200 m and yet display very 
different saturation ratios. Neve~hdes~ the rados 
for both spedes were greater than spedes which 
occur at 2000 m or deepeL 

D ~ c u s ~ o n  

It is generally hdd that each type of membrane 
has a characteristic fatty add profile and the 
profiles of phosphoglycerides often differ from 
those of neuual ~pids [15]. This means that the 
gross analy~s of whole tissue samp~s or comp~x 
mixtures of membranes yidd only averaged infor- 
mation, which may well obscure rdationships with 
environmental variab~s [7,8]. Clearly, it is im- 
portant to analyse the fatty acid composition of 
spedfic phosphoglyceride ~acfions ~om pure 
membrane preparations. This study has partially 
satisfied this requkement in lhat a ~n~e mem- 
brane preparation was used for analysis rather 
than whole tissues or gross extract~ and that 
speofic phosphoglyceride da~es were p~epared 
rather than total ~pid ex~acts. Neverthdess, the 
degree of purity of our mitochondrial-rich kac- 
tions remains unknown and, due to the fimitations 
of ship-board centrifugation, it may not be as 
reprodudble as those obtained w~h more 
sophist~ated and extended preparative proce- 
dure~ Even experimen~ in the laboratory with 
trout ~ver have shown some contamination with 
microsomal membranes (J.A.C. Lee, unpublished 
observations; see also ReL 14). The ~olation at 
sea of more purified membrane fractions is a 
m~or goal for future work. 

In our previous comparative study of the mem- 
brane order of deep-sea fish there was no ~gnifi- 
cant corrdation between diphenylhexatriene 
polafisafion of the mitochondrial-rich fraction 
used here and the depth (hence pressure) at which 
the animals live. Similarl~ thele was no Mgnifi- 
cant correlation between diphenylhexatfiene 
polarisation and Other saturation ratio or un- 
saturation index (data not shown). The fiver was 
found to vary in s~e and colour even between 
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individuals of the same spede~ and this was often 
evident in the degree of pigmentation of the iso- 
lated membrane fraction. The presence of pig- 
men~ and other absorptive material in this mem- 
brane fraction severdy fimits the usefulness of the 
polarisafion technique because of the intrin~c flu- 
orescence of the membranes and the absorption of 
diphenylhexatriene fluorescence by membrane 
chromophores. Thus, diphenylhexatfiene polarisa- 
tion is probably an unreliab~ ind~ator of mem- 
brane properties in this in~ance. 

Neverthdess, Ihe acyl group compo~tion cf lhe 
m~or phosphofipids of the fiver mitochondrial- 
rich fraction did show a variation with depth in a 
dkection and by an amount which was c o n ~ e n t  
with the predations of the hypothesis of homeo- 
viscous adaptation, and this constituIes s~ong evi- 
dence of adaptation to pressure. The change of 
saturation ratio with depth ~ large. The regres~on 
analysis indicates a change in ratio for PC, ~om 
0.442 at the surface to 0.286 at 4000 m (400 atm) 
whilst the corresponding values for PE are 0.401 
and 0.105. Converting these values to percent 
saturated fatty adds, ~ves a reduction from 30.6 
to 22.4% for PC and from 28.6 to 9.5% for PE. On 
the other hand, cardiofipin showed the opposite 
trend with an increa~ng saturation ratio with in- 
crea~ng depth. The meaning of this result ~ qui~ 
obscure, though the trend ~ entirdy con~stent 
with the change in fatty add compo~fion in red 
muscle mitochondria of temperature-accfimated 
carp [2~. 

The shallow water fish ~ve at approximatdy 
10°C w h ~  those at 4000 m depth experience a 
highly constant temperature of approximatdy 2 ° C. 
In addition, the pressure difference between the 
two environments, 400 atm, causes an ordering 
effect in goldfish brain membranes equal to a 
reduction in temperature of 7 Cdeg [3,16]. Ther~ 
fore, the normal ambient conditions of the deep 
water fish membranes we have examined are at 
the equivalent of a temperature some (7 + 8) Cdeg 
lower than the 10°C at the surfac~ The reduction 
of saturation ratios for PC and PE, ~442-~286 
and 0A01-~105 respectivdy, over the 4000 m 
depth rang~ should therefore be judged in rda- 
tion to the ordering effect of this apparent 15 
Cdeg decrease in temperature. Corresponding data 
for other marine fish mitochondria are not availa- 
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