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Insect tissues, not microorganisms, produce iinoleic acid in the house cricket and the American cockroach I 
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Summary. Biosynthesis of linoleic acid, 18 :2 (n -6 ) ,  was unambiguously demonstrated to occur in the cockroach, 
Periplaneta americana, and the cricket, Acheta domesticus. Axenic tissue from both of these insect species was 
demonstrated by radio-gas-liquid chromatography (radio-GLC) and radio-high-performance liquid chromatography 
(radio-HPLC) to incorporate [l-14C]acetate and [l-14C]oleate into this essential fatty acid. 
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The biosynthesis of linoleic acid, l 8 : 2 ( n -  6), ((Z,Z)-6,9- 
octacosadienoic acid), generally has been considered to 
occur only in plants 3, fungi 4, and protozoa 5. The tenet 
that animals are unable to synthesize linoleic acid has 
been accepted despite occasional findings to the con- 
trary, particularly among several insect species 6-s .  
These early reports of linoleic acid synthesis in insects 
were discounted due to criticisms regarding inadequate 
analytical techniques and the possibility that microor- 
ganisms could contribute to linoleate production 9. How- 
ever, more recently, it has been shown by radio-GLC and 
radio-HPLC techniques that 12 of the 38 insect species 
investigated can synthesize 18:2 de novo from ace- 
tate lo-  13. In these studies, rigorous characterization of 
the newly-synthesized labeled 18 : 2 by gas chromatogra- 
phy-mass spectrometry (GC-MS), nuclear magnetic res- 
onance (NMR), and radiotracer studies using analyses 
by radio-GLC, radio-HLPC, and ozonolysis followed by 
radio-GLC confirmed that 18 : 2 ( n -  6) was formed. 
The questions regarding the potential role of microor- 
ganisms have not been adequately addressed. Many in- 
sects have microorganisms in the gut tract, in specialized 
cells called mycetocytes or bacteriocytes, and on the cuti- 
cle. It  is possible that these microorganisms are responsi- 
ble for de novo synthesis of 18 : 2 from acetate. To deter- 
mine whether insect tissue or associated microorganisms 
are involved in linoleate synthesis in insects, epidermal, 
fat body and testes tissue from A. domesticus, and epider- 
mal and fat body tissue from P. americana, were exam- 
ined under axenic conditions for their capability to pro- 
duce linoleic acid. The results of these experiments 

reported here demonstrate unequivocally that it is insect 
tissue that produces linoleic acid. 

Methods and materials 
Cockroaches, P. americana, were reared in metal garbage 
cans and fed Purina dog chow and water ad libitum. 
Crickets, A. domesticus, were obtained from Fluker's 
Cricket Farm, Baton Rouge, Louisiana. Adult male 
cockroaches and penultimate instar male crickets were 
anesthetized with CO2 and ligated at the neck with cot- 
ton thread. The insects were surface sterilized by immer- 
sion in 70 % ethanol with 2 drops Tween 80/1 for 5 min 
followed by immersion in Zephiran-C1 for 5 min, and 
rinsed in sterile distilled water for 5 rain. Under sterile 
conditions, fat body, testes and epidermal-enriched tis- 
sues were dissected from the crickets, and fat body and 
epidermal-enriched tissues from the cockroach. Tissues 
were placed in 0.1 ml incubation medium in 96 well plates 
and incubated at 30 ~ for 24 h. The incubation medium, 
LI5B 14 contained penicillin (100 U/ml), streptomycin 
(100~tg/ml) and gentamycin (50~tg/ml), and either 
[1-14C]acetate (0.75 gCi/0.1 ml) or [1-14C]oleate (0.33 
~tCi/0.1 ml). The [1-14C]oteate was suspended first in 
100 ~tl ethanol, then added to 10 ml of the medium. The 
medium was then warmed (37 ~ and filtered. Following 
incubation, the wells were checked by microscopy for 
contamination and any showing evidence of either fungi 
or bacteria were discarded. 
Tissues were obtained from six wells and pooled in Ep- 
pendorf tubes for a total of 3 -4  replicates of each. Total 



Research Articles 

lipids were extracted as described by Bligh a n d  Dyer  15. 
Solvent  was removed u n d e r  n i t rogen  and  the samples 
were frozen unt i l  analyzed.  Lipids were resuspended in  
1 ml  c h l o r o f o r m : m e t h a n o l  (2:1) ,  a n d  a 10-t~l vo lume  
was removed,  dr ied and  assayed for radioact ivi ty  in  a 
Beckman  l iquid scint i l la t ion counte r  at a b o u t  90 % effi- 
ciency. Lipid classes were separated by th in  layer chro-  
m a t o g r a p h y  and  methyl  ester derivatives of  fract ions of  
interest  were ob ta ined  as described .1~ 13. Methy l  esters 
were separated by H P L C  on  a Supelco C~ reversed phase 
c o l u m n  with acetonitr i le  : water  (80 : 20 for samples f rom 
oleate i ncuba t ions  and  75:25 for samples f rom acetate 
incuba t ions )  as solvents a n d  radioact ivi ty  was m o n i t o r e d  
by  a R a d i o m a t i c  F l o -On e  f low-through detector  with 
Scinti Vers LC as the scint i l lat ion cocktail .  
The methyl  ester derivatives of  d iunsa tu ra t ed  fatty acids 
were isolated on  T L C  plates impregna ted  with 10 % (w/ 
w) silver nitrate.  The isolated 18 : 2 was then  subjected to 
ozonolysis  as described by Beroza a n d  Bier116 and  the 
products  analyzed by r a d i o - G L C  as described 1% 

Results 
Incorporation o f  radioactivity into lipid classes. Fol lowing  
axenic incuba t ions  of  cricket and  cockroach  tissues with 
[1-14C]acetate, mos t  o f  the radioact ivi ty  recovered in lip- 
id extracts was in the triacylglycerol (53 77 %) a n d  polar  
l ipid (14 -28  %) fract ions (table 1). Similarly, as shown in 
table 2, after i ncuba t ions  with [1J4C]oleate,  the triacyl- 
glycerol fract ions con ta ined  much  of  the radioact ivi ty  
(33-58  %). However,  less oleate was incorpora ted  in to  
the po la r  lipids (7 -23  %), while more  was recovered in  
the free fatty acid f ract ion ( 3 4 - 4 6 % )  (data  no t  shown).  
H P L C  of  lipids extracted .from insect tissues. Figure  1 

Table 1. Synthesis of linoleic acid from [1- J4C]acetate in isolated tissue 
in axenic culture 

Distribution of 18:2 Synthesized 
radioactivity, % of 
total recovered in 
lipid extracts % 18 : 2" nmoP 

Cricket 
Fat body 
Polar lipids 14 9.3 _+ 10.7 10.0 
Triacylgtycero!s 77 7.4 + 04.4 39.3 

Epidermis 
Polar lipids 15 2.8 • 0.7 1.3 
Triacylglycerols 75 3.2 _+ 1.8 8.0 

Testes 
Polar lipids 28 1.7 • 1.0 0.5 
Triacylglycerols 6~ 6.4 • 1.9 8.3 

Cockroach 
Fat body 
Polar lipids 13 7.0 _+ 6.5 1.5 
Triacylglycerols 77 3.6 • 0.9 6.9 

Epidermis 
Polar lipids 27 n& nd 
Triacylglycerols 53 3.8 • 1.9 0.6 

"% of [1-14C] recovered as 18:2; bnmol of 18:2 synthesized per pool 
(tissue from 6 insects); Cnot detected, n = 3. 
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Table 2. Synthesis of linoleic acid from [1-14C]oleate in isolated tissue in 
axenic culture 

Distribution of 18:2 Synthesized 
radioactivity, % of 
total recovered in % 18:2 a nmol b lipid extracts 

Cricket 
Fat body 
Polar lipids 8 nd c nd 
Triacylglycerols 46 8.6 • 1.4 9.1 

Epidermis 
Polar lipids 9 ].7 a 0.9 
Triacylglycerols 40 ].2 • 0.02 I. 1 

Testes 
Polar lipids 23 1.2 • 0.3 0.6 
Triacylglycerols 33 10.8 _4_ 5.4 8.0 

Cockroach 
Fat body 
Polar lipids 14 3.0 • 0.7 1.0 
Triacylglycerols 54 8.5 _+ 0.7 9.4 

Epidermis 
Polar lipids 7 5.0 d 0.7 
Triacylglycerols 58 0.4 • 0.2 0.4 

"% of [1 14C] recovered as 18:2; bnmol of 18:2 synthesized per pool 
(tissue from 6 insects); Cnot detected; an = 1. n = 3. 
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Figure 1. Radio-HPLC chromatograms of triacylglycerol fractions from 
A. domesticus (A) and P. americana (B) fat body tissues incubated with 
[1 14C]acetate. 

shows typical  r a d i o - H P L C  ch rom a tog ram s  of  the methyl  
ester derivatives of  po la r  lipids f rom the cricket fat body  
(panel  A) and  the cockroach  fat body  (panel  B) after 
i n c u b a t i o n  with [1-14C]acetate. In  bo th  ch romatograms ,  
a peak  e lut ing at  the same re ten t ion  t ime as an  au then t ic  
1 8 : 2 ( n - 6 )  methyl  ester s t anda rd  is clearly visible. Simi- 
larly, after i n c u b a t i o n  with [ l- tgC]oleate,  1 8 : 2 ( n - 6 )  is 
f ound  in polar  lipids f rom bo th  the cricket and  cockroach  
fat body  tissue (fig. 2, A and  B). 
The results o f  the H P L C  analyses of  the po la r  lipids and  
tr iacylglycerol  f ract ions f rom tissues incuba ted  with [1- 
14C]acetate are presented in table 1, and  f rom tissues 
incuba ted  with [1-14C]oleate in table 2. In  i ncuba t ions  
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Figure 2. Radio-HPLC chromatograms of  triacylglycerol fractions from 
A. domesticus (A) and P. americana (B) fat body tissues incubated with 
[t - 14C]oleate. 

with both substrates and in both insects, most of the 
newly-synthesized 18 : 2 was recovered in the triacylglyc- 
erol fraction in fat body tissue. Incorporation of radiola- 
bel was low in the diacylglycerol fractions (and the free 
fatty acid fractions in the case of acetate), thus radio- 
HPLC of these fractions showed few peaks above back- 
ground noise and the data are not included. In tissues 
incubated with [1J4C]oleate, 34 46% of the radiolabel 
was recovered in the free fatty acid fraction. None of this 
labeled material co-eluted with 18:2 standards. 
Ozonolysis of the newly-synthesized 18:2. Samples shown 
by HPLC to contain 18 : 2 were separated by silver nitrate 
TLC and the diene fractions recovered. This isolated 
18:2 was subjected to ozonolysis and the resultant frag- 
ments identified by radio-GLC. As shown in figure 3, 
fragments of 18 : 2 obtained from cricket and cockroach 
tissue incubated with [1-14C]acetate showed radioactivity 
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Figure 3. Radio-HPLC chromatograms of ozonolysis fragments of 18:2 
isolated from A. domesticus (A) and P. americana (B) tissues incubated 
with [1-14C]acetate. 
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Figure 4. Radio-HPLC chromatograms of ozonolysis fragments of 18:2 
isolated from A. domestieus (A) and P. americana (B) tissues incubated 
with [1 14C]oleate. 

in both hexanal and 9-oxo-methylnonanoate (panel A). 
Fragments from 18 : 2 obtained from incubations of both 
cricket and cockroach tissues with [IJ4C]oleate showed 
radioactivity only in the 9-oxo-methylnonanoate frag- 
ment (panel B). 

Discussion 
The role of microorganisms in linoleate synthesis in 
insects has been previously considered. Dwyer and 
Blomquist a7 presented evidence that desaturation of 
oleate (18"1) occurred in both fat body and epidermal 
tissue of the American cockroach, but not in isolated gut 
tract, with its resident microorganisms, indicating that 
these microorganisms did not contribute to the synthesis 
of linoleate (18:2(n-6)) .  Similarly, in termites whose 
gut tracts had been removed, synthesis of 18:2 was 
shown to continue 10.18. Furthermore, in the American 
cockroach it is unlikely that the symbionts housed in 
mycetocytes or bacteriocytes were responsible for 18"1 
desaturation, as these symbionts appear to be bacteria or 
bacteroids 19, and no reports have been confirmed that 
any bacteria can synthesize linoleic acid de novo 2o. Fi- 
nally, in aphids treated with antibiotics, more than 50 % 
of the mycetocytes were destroyed, and yet, desaturation 
of 18:1 to 18:2 continued at the same rate as in con- 
trols 12. 
These results, taken together, have provided evidence 
that the synthesis of 18" 2 in these insect species occurred 
in insect tissue, but in each case were not absolute. In 
most cases, contamination by surface microorganisms 
was not ruled out, and, although the case against them is 
strong, the role of bacteriocytes in 18:2 synthesis re- 
mained in question. However, not all insect species house 
endosymbionts in mycetocytes or bacteriocytes; in gener- 
al, those species with either poor or very restricted diets 
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have been shown to rely on endosymbionts. A. domesti- 
cus has been shown not to contain intracellular sym- 
bionts zl. Thus, the data presented here demonstrating 
1 8 : 2 ( n - 6 )  synthesis in axenie fat body tissues from A. 
domesticus clearly indicate that insect tissue produces 
18 : 2. This conclusion for A. domesticus does not rule out 
the possible contribution of bacteriocytes in P. ameri- 
cana, but together with the inability of bacteria to synthe- 
size 18 : 2 and the lack of any contaminating microorgan- 
isms in the incubations, the case is also strong for 18:2 
synthesis by insect tissue in P. americana. 
Extensive studies in plant tissue have shown that the 
enzyme responsible for the conversion of oleic acid to 
linoleic acid, the A 12 desaturase, requires oleic acid ester- 
ified to phosphatidylcholine as a substrate 1. In contrast, 
studies in the house cricket 22 and American cockroach 
(Borgeson, unpublished results) using microsomal prepa- 
rations show that the substrate for the A lz desaturase is 
oleoyl-CoA. The results from the study reported here 
show that it is insect tissue that contains the novel A i2 
desaturase that converts oleoyl-CoA to linoleate. 
These data show for the first time unambiguously that 
certain insect species can synthesize linoleic acid de novo 
from acetate, indicating that desaturation of oleic acid 
to linoleic acid occurs in these insects. This single step, 
not possible in any vertebrate, enables the insect to 
switch fatty acids from one family, ( n -9 ) ,  to another 
family, ( n - 6 ) ,  thus forming de novo the precursor 
for the physiologically important eicosanoid, arachidon- 
ic acid (20:4(n-6) ) ,  which is in turn precursor to 
prostaglandins. Both the American cockroach and house 
cricket can form arachidonic acid de novo 23'24. This 
step releases those insects with this capability from a 
nutritional dependency on plant-derived fatty acids. 
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Summary. The relationship between the activity of protein kinase C (PKC) and muscle innervation was explored in 
the rat sternomastoid muscle (SM) from day 18 of gestation (El8) to adult age. Between El8 and birth, PKC activity 
rose 5-fold, and during the day after birth, diminished to a level characteristic of the mature muscle. The rise chiefly 
occurred in the neural part of the muscle, in both the membrane and the cytosol fractions. Between El8 and day 5 
after birth, the ratios of membrane to cytosol PKC activity rose from 0.5 to l0 and 3 respectively in the neural and 
aneural parts of the muscle. Denervation of adult SM reduced PKC activity by half in the membrane fraction of the 
neural part but did not significantly change it in the membrane or cytosol fractions of the aneural parts. These results 
suggest that innervation plays an important part in determining the level of PKC activity in muscle. 
Key words. Protein kinase C; sternomastoid muscle; development; denervation. 


