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Summary. Production values (PVs), defined as the weight 
of the end product/weight of the subsl rate required for 
carbon skele tons and energy production, were calculated 
for plant fatty acids. The PVs varied from 0.36 j to 0.300 
with linolellic acid haviIlg the lowest value. In general, the 
PVs of unsatu rated fatty acids were lower than those of 
saturated fatty acids of similar chain leng~ls . Using this ' 
basic information, PVs of (A) oils from different oilseed 
crops, based on their standard fatty acid composition and 
(B) seed biomass with sp cifled oil conten t bnd fatty acid 

composition were ell.iculatcd. p~ gives the glucose re­

quired for the biosynthesis of 1 g end product and thus an 
estimate of the phc.tosynUlate requiremr~ nt for the desired 
breeding goal can be estimated. Such calculations show 
that increasing oil ercentage in seeds has a maximum, 
energy cost when the increase in oil is associated with a 
decrease in the amount of carboJlydrates where there is no 
change in proiein concentration. Reduction of erucic acid 
content in the rapeseed oil did Hot alter its PV. It is in­
ferred that there are no serious bioendrgetic constraints in 
altering the fatty acid composition. 

Key words: Production valuell -.:. Fatty aCids -- Oil - seed 
Crops 

Introduction 

There is considerable interest in increasing the oil content 
and in altering the fatty acid composition of the oilseed 
crops by plant breeding. Large heri tabl,! variations in the 
oil content and in the fatty acid composition have been 
found in varietal collections (Downey and McGregor 

' 1975; Cherry 1977)." 
It has recently been shown that increasing grain pro­

tein concentration in cereals or altering their amino acid 

composition to increase the amoun t of nutri tioru!lly lilllit­
ipg amin o acids like lysine causes an additional dcm ~llld of 
photosYll thate for seed biomass (Bhatia and Rahsoil 
1976). Lipids have an average energy con tent of 9500 
calories per gram which is much higher ihan that of pro­
teins (5700) and carhOJlydtate (4000), the other major 
constituents of t1le stored produc s in pI, nt seeds. Con­
versely, after extensive ex.aminalion of biochemical patJl­
ways and the energy requirement (Jf the componcnt reac­
tions, Penning de Vri :~s et al. (1 974) concluded that in 
plants ndel' a'~ robic conditions. 1 g gIu,~osc (photosy n. 
thate) can be used to produce 0.83 g caruohydrates or, 
alternatively , 0040 g protein (assu ming nltra te as the n·tro­
gen source) or 0.33 g o f lipids. Thus, any increase in the 
.amount of lipids in s~ed would increase its energy conten1 
and this additional energy can come only from the photo­
synthesis of the plan t producing the seed. It is, therefore, 
of considerable inter~st to examine the bioenergetics of 
the lipid metabolism in plant seeds and to consider its 
implicat ions for plant breeding objectives. 

Tn the present study , lIsing the approaches of Penning 
de Vries et al. (1974), we have calculated the PVs for the 
synthesis of: (a) plan t fatty acids, (b) oils of different oil 

, se~d crops based on their standard fatty acid composition 
and (c) seed biomass with specificd oiJ content and fatty 
acid composition. Energetic costs associated with breeding 
for increased oil content and with low erucic acid in rape 
are also examined. 

Methods 

Production value (PV) is dlllincd as the weight of Un: end product/ 
weight of the substrate re'IHired for carbon skeletons and the ener­
gy production. l/PV gives the amoun t of glucose required for the 
biosynthesis. OUf cakulalion~ are based, with some modifica­
tions, on the method! of Penning de Vries et al. (1974). These 
changes are considered nctCss;,ry in view of the morc recent infor­
mation a1'ailablc on Ute bl0chcmlCll! pathways for the synthesis of 
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Table 1. C" k uiatilli1:; 0" F\', ,)Ri~, Cpr:. ERF and IIRF [or sc,ame oil 
---<_.._--- - ---------_. 

'1.1 M(\k'/ Glucose Oxygen Carbon Moles Moie~ 
l;allY IGOg IOOg PV ORr ' CPF ERr' HRF requi- rcqu; · dioxide ATP NADH, 
;)c;d nil o il rement rement produc- requi· requi­

tion rernent rcmcnt 
g g g 

,j2 5 6 7 8 9 10 II 12 13 
----.------.-.--. .- --.,-~---.--. 

16;() 9.1 ().O :IC, ~ ' j 3399 0.08943 0.5320 0.050n - 0.007813 26.77 2.394 14.24 0.4621 -0.091000 
18:0 4.3 O.lI I ~ 1 0,) 531 0.09082 0.5375 0.05282 ~0.O07042 12.90 1.1 72 6.939 0.2271 -0.030280 
20:0 0.8 O.OOJ.5 0.3277 0.09195 0.5423 0.05449 -0.006410 2.44 0.2245 1.324 0.04359 -0.005128 
18:1 45.4 0.1 6099 0.3 225 0.13574 0.5641 0.06028 -0.003546 140.78 19.11 79.41 2.737 - 0.1 61000 
i 8: 7. 40.4 0.J 4429 0.311 2 0.17775 0.5867 006786 0.000000 129.83 23.08 76.17 2.74 1 O.ODOOOO 
-.-.-----~----

T otal 100 0.3583 312.72 45.98 178.81 6.211 - 0.2874 
- -----_ ..- . ­

Column (3) ~ m/M.W. offatty acid; (9) ~ (2)/(4); (10): (2) X (5)/(4); (11) ~ (2) X (6)/(4); (12): (2) X (7); (13) ~ (2) X (8) 
Other C()~ts: 

[A] E,tcrification of fatty acids to glycerol phosphate: I mole glycero!-P/3 moles fatty acyl Co A 

[BI Production of fatty acyl Co A : J m ole ATP/mole fatty acid (the cost of SHCoA is not considered) 

[(') ~osl or production of gJycc.rol - P : 0.6051 mole glucose + 0. 13 1 mole 0, --+ 1 mole of glycerol - P + 0.631 mole CO, + 


I 131 mole H, 0 (assuming I hal 0.5 glucosp, + I NAr>H; 1 ATP --+ 1 glycerol-P + H,O) 
Or Production of 1 mole of g!ycerol-P requires: 108.92 grams glucose; 4 .192 grams 0,; 1 mole ATP; I m ole NADH, and 

27 76 gram s CO.; will be evolved . 
IIJI . Clive transport of glucose : 1 mole ATI'/mole glucose 

r<'mputallrHh f,r : 
A. 	 0 351l 3/3 = 0.1 19 mole gJycecol-P 
11 	 I >< 0. 3583 =O.35!\3 mule AT!' ~ 1.70 g gluco:;e + 1.31 gO,. - 2.49 g CO, (assu millg that oxidation of I mole glucose wiU yield 

, mole gluco:;e .;. 6 moles 0 , --+ 6 moles CO, + 6 moles Il, 0+ 38 moles ATP) 
C 	 . 119 mule f'.lycerol-P = 13 .00 g ncose + 0.500 gO, - 3.::0 g CO, 


Gluc(\~c J~quiJcnlen t excluding uptake cost: . 312 n Column (9) 

1.10 - B 

13.00 .~ C 

327.42 

D. 327.42/1 eo (M.W. of glucose) "' U12 moles AT!' '" 8 .61 g1Uc.osc + 9.! 9 g C.. , - 12.64 g CO, 

Final calculations for 100 g oil 

(1 ) Total !!Iucose rl'o nircmen t 327.4 i: + 8.61 =336.03 g 

(,,) Total O 2 45.98 + 1.81 + 0.500 + 9.19: 57 .48 g 

c:\) Total CO , prod uction 178.8 .1 + 2.45 + 3.30 + ! 2.64 = 197 .24 g 

(4) To l I ATP requlremcnt 6.211 + 0.35g3 + 1.82·~ 0 .. 1.19 = 8.51 moles 


(Prodnction of 0.11 9 mole glycerol-P needs 0.119 mole ATP) 

(5) Total NADfi , requiremf)nt -0.2874 + 0.119 = -0.1684 (Production of 0.119 m:>les glycerol-P needs 0. 119 mole NADH,) 

197.24 ·0 n7 HRF: -Oi1;;4 = --0 .001684CPF = 336.03 = .5u 0 

ERI,' =~ =0.0851
100 

PV Production VlIlue) ,= Weight of the end product/weight of substrate required forC - skeletons and energy production 
ORr (Oxygen requirement factor) : Weight of oxygen consumed/vieight of substrate required for C - skeletons and energy 

produc:tion 
CPF (Carbon dioxi.de producti n factor) = Weight 01' carbon dioxide produced/weigh t of substrate required for C - skeletons and 

energy prod uetioll 
URF (Hydrogen requirement factor) = g moles of NADH, required/weight of end product 

g moles of A TP required 
ERF (Encf1!Y requirement fa ctor) = weight of end product 
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rl1\O\ Catty Dclds (Sedgwick 1973; Stumpf 1976). The foUowlng 
•• \~Ulllprt n jlJl~O UCOI1 ma.l~ : 

I. 1'11<: blosynlhesls of flllt)' acids In pla nts Is aerobic. 
2 nle fatty Acid s),llthefiis is 'micr08omal' Bnd requires malonyl 
Co i\ and NA[)PH for elongation. . 
3. fi II), acid wnthesls needs acyl·carrier protein ACP). How· 
cvof, the energetic coat fo r ils product ion is no t considered in the 
~nh:uJLlII(jn~ illce It h recycled in the system. 
.. TIJO hiu~Ylllhesis of uIIsotur3U' d fa tt)' acids requires the en· 
zYlI1e ih:~at\Hd '.0, lind NADPH. Futty acids 16 :1, 18 :1 , 18:2 
ana I S:J IIrc synthesIsed Icspectively from 16:0, 18:0, 18: 1 and 
18:2. 'utt)' ucld r. 20:1 and 22 :1 are al50 de rived from 18:1 by 
chain clonwallon (Stumpf 1976). 
.:;. The Iydroxtlation of ole c acid (1 8: I) to ricinoleic acid 
(I B: J) Is mediated thmugh 010),1 Co A hydro, ylase , 0, and 
NADH. 
6. MJllollyl Co A production Is mediated by acetyl Co A carbox· 
ylMe, Ti> and CO~ . 
7. Cuel for the transport (ATP/moJe fatty acid) of falty acid 
froUI "'it'JdlUlldr!~ to h)'alo l a~lIl ' not considered. 
8. ·I.E' ,~ol\"crsjon pall. way of g1y c;erophosphate considered is 0.5 

. gluCQh_ + NAI II, + ATP . -+ gly :erophl.lJpbale + H~ O. 
9. Tn c,tcrificatJon cosI of fotty acids to glycerophosphate for 
the pro J.clion of I mole of flit is: 
I I!ly"u\.I,howhatc + 3 fatty Bcub + 3 HS Co A + 3AfP --- 1 fat 
t 311 (J 

C"!clJllIucn r PV I! illustrated In Tahle 1 taking sesame 011 as an 
'<.Im ,it:, 

ResuJts and Discussion 

Production Values of Individual Fatty Acids 

The values ('haracleri1.ing the conversion of glucose into 
commonly oc urring plant fatty acids are given in Table 2. 
Since palmitic acid (16:0) i a common constituent of 
most vege a Ie oiL, th glucose requirements of each fatty 
acid relative to it are given for easy comparison. The PV 
decrease with the increase in chain length of fatty acids 
and consequently their production costs are higher. In 
general, the unsaturated fatty acids have low PVs in com· 
parison to saturated fatty a ids of sim' ar chain lengths. 
Liuolenic acid (18: 3) shows the 1 west PV and the highest 
ORf, CPF and ERF. Its NADH2 requirement expressed as 
HRA, is positive while f, r all other fatty acids considered 
here nRFs are negative. A negative HRF indicates a con· 
tnbution of ATP to the 'ystem rollowing the oxidation of 
excess NAD/!2 formed during the fatty acid synthesis. 
Two different path ways for the synthesis of linolenic acid 
have b en reported recently in plants (Stumpf 1976) : it 
can be synth sized either from 16:0 -+ 16: 1 - 16:2­
L 6: 3 followed by chaill elo ga lion to 18:3 or from 18: 1 
....-) 18: 2 -- 18;3 pathway. The PVs considering the two 
pathways are same. 

TAhie 1. "lues thn ru.:: leriz;llp thw convelsilJn process o f glucose Into individual fa .t; add~ . X ludinB the cost of glucose uptake 

Nut: II' cost t mol.c AlP comflllt .d ill column (12) is not cortsidered since it is included in the PVs of fatty acids. Likewise the 
gluc,," . CIllJivalent of excess prodllcti n o f NADH. In column (13) or NADH, requirement for g1ycerol-P synthesis (as in A). has been ex· 
d ud d be. · u , the . dJllhtments Dr included in the PVs of the faUy acids. Excess production of NADH, is adjusted as NADH + 0.5 0, -> 

I (j +3 AT ~ ADPlI, IS taken a NADH + ATP accor ing 10 Penning de Vries el aL (1974) 
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Mal onyl Co A, ncccssary for fatty acid synthesis, is nor­ Production Val~e of Oils 
mally ohlaincd in plnllts by the carboxylation of cetyl 
CI) A. This reac tion is catalysed by the ' enzyme acetyl Based on the values for individual fatty acids (Table 2) 
(' A carboxylase. Howcver, this enzymc is apparently ab­ and the standard fatty acid composition (Table 3), PV and 
S~Il! ill somc plants and in its absence malonyl Co A is other parameter~ for the synthesis of oil from different 
sYlltlwsised from malonate by the malonate thiokinase reo crop plants were calculated (Table 4). The calculation 
a(;(lO n wl ll cb is as foll ows: malonate + ATP + HS Co A-+ method is illustrated in Table 1. Considering the genetic 
tIlal()l1yl Co A + ADP + Pi. Malonate is derived from the va.riability for fatty acid composition of oil within a spe­
oxid ative decarboxylation of oxaloacetate (See Sedgwick cies, the standa.rd composition can only be taken as indi­
1973). The T'Ys of fatty acids if synthesized via this path­ catm·s . PYs for oils will change with the alterations in 
way are ubout J5 per cent less than the values obtained their fatty acid composition. 
with tlte Geetyl Co A carboxylase pathway. Table 4 shows that the castor bean oil has the highest 

Tahle 3. Fa tty acid composition of oil from different oilseed crops 

Constituent fatty acids gIl 00 g fatty acids 	 Per Per 
cent cent

Carbo n atom: double band 
un.. oil 

(: i {} ~J 12:0 14:0 16:0 16:1 18:0 18:1 18: I 18:2 18:3 20:0 22:0 22:1 24:0 satu­
(OH) 	 rated 

fatty 
acid 

-------_._- - - -- ­
M.llze i.4 iO.2 1.5 3.0 49.6 34.3 85.4 5 
C(> tton 1.4 23.4 2.0 1.1 22.9 47.8 1.3 72.7 25 
MuMaroi 1.3 27.2 16.6 1.8 1.1 51.0 1.0 96.6 48 
s.lrn O\ .-r ll 12:0 - C 22:0 = 69 13.8 70.9 3.4 93.1 33 
C:t~1 or bc;U] C 12:0 C 18:0 .- 2,11 87.0 7.4 3.1 97.5 45 
Sc~W fll (, 9.1 4.3 45.4 40.4 0.8 85.8 54 
Soybc.lIl 0.2 0.\ 9.8 0,11 L4 28.9 50.7 6.5 0.9 86.5 20 
LiI1~l' GJ 6.3 2.S 19.0 24.1 47.4 0.5 0.2 90.5 38 
SUfi I)\,.\cr 5.6 2.2 25.1 66.2 0.9 91.3 29 
Peanul 8.3 3.1 56.0 26.0 2.4 3.1 1.1 82.0 4 5 

a aciit"tc:ci to .i 00% fr0111 the original data 
Source : Hu nrl boo l( of Biochemistry, pp E20-21. Clcnland, Ohio: The Chemical Rubb~ r Company 1968 

Table 4. Va lv es charactcIldng the conversion pr :IC~SS of glucose into oils of different corps with standard fatty acid compositions 
--------------------.----------~----------------~-

Percent 
glucose 
requirement 
relative to 

Crop PV ORF 	 ERF HRF 
castor oil 
to synthe­
sise 1 g 
product 

{'a ~tor bean 0.309 0.1906 0.593 0.08232 - 0.0006658 100 
Groilnd nu t 0.299 0.1638 0.581 0.08373 -0.002072 103 
Co lton 0.299 0.1689 0.581 0.08425 -0.001784 103 
Corn 0.298 0.1681 0.582 0.08449 -0.001741 104 
Sesame 0.298 0.1711 0.587 0.08510 - 0.00168 104 
Soy bean 0.296 0.1802 0.588 0.08668 - 0.000936 104 
Mustard 0. 295 0.1660 0.588 0.08669 --0.002615 105 
SUIl f10wcr 0.294 OJ 834 0.592 0.08771 - 0.000349 105 
Sa ft1 0II'cr 0.293 0.1886 0.595 0.08906 - 0.000204 105 
Lin seed 0.289 0.2036 0.603 0.09201 + 0.001517 107 

Standard rat ty acid composition of various oils used ror these calculations are given ill Table 3 
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Tobie 5. Scot! bbl11 ' s productMty uf oi1sc(,d crops 
------_. 

(1 (PV) X 100 '" glucose . Biomass Energy 
Composition (percent of requirement produc­ cont~nt 

elry weigh t ) for the production tivity Kcal/ 
of 100 g seed seed/g 100g 

Carbo- Protein Lipid Ash biomass' photo- dry mattet 
Crop hy drate synthate 
---,-­
Maize 84 10 5 1 142.98 0 .699 440 
Cotton 47 25 25 3 202.7 1 0.493 568 
Suntl owcr 4-8 20 29 3 206.4 7 0.484 581 
Saff10wer 50 14 31 3 207.87 0048 1 593 
Soybean 38 38 20 4 208.35 0.478 558 
Linseed 32 26 38 4 235.04 0.4 26 649 
Groundnut 25 27 45 3 248.12 0.403 681 
Rape 25 23 48 4 250.33 0 .399 687 
Ses~mc 19 20 54 7 254.10 0 .393 703 

Compo~ltion of ~eed : Handbook Bio logical Data (ed. Spector W.S.}, p. 87, Philadelphia; SaLlnders 1956 

PVs for carbohydrate and protein arc considered as 0.83 and 0.4, re~pectiveLy. PV for lipid of each crop Is taken fr m Table 4 

Table 6 EnergNlc cnst of incteasing seed oil concentration In gIOundnut at th~ cost of eitner carhohydrate or protein or b::>th 

Amount 
ComponenT gil QO g 

3e.ed 

Standard cultivar 
Carbohy drate (eflO) 25 
Pro telll 27 

. Oll 45 
JiIH nils 3 

n 	Cull iV3J with 5% more oillmll 5% less CHO 
CHO 20 
"rolc in 27 
Orl 5C 
MinerJh 3 

III 	 Cullivar with 5% more oll alld S% less protein 
CHO 25 
Protein 22 
all 50 
Mi cral~ 3 

IV 	 CIIUivar with 5% mate 011 and 2.5% less CHO~d 
CHO . 22.5 -
Protein 24.5 
0,1 50 
Mineral 3 

0.83 
0.4 0 
0.299 

0. 83 
DAD 
0.299 

0.83 
DAD 
0.299 

2.5% les.~ protein 
0.83 
0.40 
0.299 

% increase 
Equivalent in photo­
glucose synthatl" . 
required demand 

(g) 	 relative to 
standard 
cultivar 

3.0.1 2 
67 .50 

150.50 o 

Total 248.12 

Total 

24,10 
6 7.50 

\ 6 7.22 

--- ­
258.82 

4.3 

30, 12 
55.00 

167.22 1.7 

Total 252.34 

27.11 
61.25 

167.22 3.0 

Total 255 .58 
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rv while the linseed oil has the lowest. The former con­
tains 87 per cent ricinoleic add (18: 1) which has a PV of 
0333. Linolenic acid (18 :3) with a PV of 0.300 is the 
IIlllst abundant fatty acid in linseed oil. The bioenergetic 
cost of linseed oil is 7% higher in comparison to the castor 
be an o il. 

Seed Biomass Productivity 

Like the PY for a chemical end product, the PV for seed 
biomass can be calculated based on its chemical composi­

tion. Sinclair and de Wit (1975) called it seed biomass 
productivity and defined it as gram of seed biomass pro­
duction per gram of photosynthate.ln their calculations 
they used the gross PVs for lipids (0.33), proteins (0.40) 
and c!lfbohydrates (0.83). More precise estimates of seed 
biumass productivity which would be useful in plant 
breeding research can be made for the genotypes specify­
ing their fatty and amino acid composition. PVs for the 
seeds of different oil-yielding plants considering their stan­
dard fatty acid composition are given in Table 5. Sesame 
shows the lowest PV and it is pertinent to point out that 
the sesame seeds have the highest energy content and the 
lowest average yield among the Oilseed crops considered 
here. 

iJioenergetic Cost of Increasing Oil Percentage 

The bioenergetic cost of increasing the oil percentage is 
·t1ustrated [11 Table 6, taking ground nut as an example. 
Any increase in the oil percentage has to be associated 
wit h an equivalent decrease in the amount of other con­
stituen ts of seed biomass. As proteins and carbohydrates 
are the other two major components, the three alterna­
tives are: 

1. Proteins are not altered and carbohydrates are re­
du ·cd . 

2 . Carbohydrates remain the same while the protein 
concentration is reduced. . 

3. Both proteins and carbohydrates are reduced equal­
ly. it is eviden t that there is an increase in the bioenergetic 
Ceist in all the three alternatives, being least when the 
increas(! in oil percentage is accompanied by an equivalent 
reduction in the amount of proteins. Of course, from the 
breeding poin t of view this is not desirable as the meal 
after extraction is an important source of food and feed 
pro teins in most oil seeds. A negative correlation between 
oil and protein concentration is reported in soybean 
(Ilymowitz et al. 1972) and maize (Dudley et al. 1977). 
Significant negative correlations (r = -0.72) were ob­
iaincd between the oil and protein values reported by 
Cherry (l977) for 21 groundnut cultivars. The most de-

Theor. Appl. Genet. "4 (1979) 

sired objective in a ' breeding programme would be to in­
crease the oil percentage at the ost of carbohydrates. 
From the bioenergetic considerations this, of course, Is 
the most expensive. These conclusions are equally valid 

. for other oil seeds. 

Bioenergetic Cost of Altering the Fatty Acid composition 

Plant breeding research is attempting to modify the fatty 
acid composition of oilseeds. Rapeseed and safflower vari­
eties with modified fatty acid composition are already 
under commercial cultivation (Downey and M Gregor 
1975). From nutritional considerations it is desirable to 
reduce the amount of erucic (22: 1) and eicosenoic (20: I ) 
acids in rape and mustard oils. In some of the low erucic acid 
cultivars, a decrease in erucic and eicosenoic acids is asso­
ciated with an increase in oleic 08: 1) and linolenic (18:3) 
acids (Downey et al. 1975). The PV of oleic acid (0.323) 
is 3.2 and 1.6% higher while that of linolenic acid (0.300) 
is 4.1 and 5.6% lower than those of erucic (0.3 13) and 
eicosenoic (0.318) acids, respectively. Thus the overall 
change in the PV of oil is expected to be marginal. 

PVs for the oil of two low erucic acid cultivars of rape 
were calculated and compared to PVs of nonna1 cultivars 
(Table 7). Only a marginal (less than 1%) change in the 
PVs of low erucic acid oils can be seen in comparison to 
normal erucic acid oils. Yield of these low erucic acid 

. cultivars is also similar to cultivars with oil containing 
normal erucic acid. Reduction in linolenic acid content to 
improve the keeping quality of oil is another important 
breeding objective in many oilseed crops. Below nonna! 
linolenic acid stocks in low erucic acid strains ohape have 
been reported (Rakow and McGregor 1975). Such stock s 
would be even more advantageous from the bioenergetic 
point of view. 

Table 7. PV of oil seed composition and yield of low and normal 
erucic rape cultivars8 

Character/ Rape Turnip rape 
Cultivar Target Midas Echo Torch 

PVof oil 0.. 2929 0.2953 0.2941 0. 2960 
1
PV X 100 (g. glucose) 341 339 340 338 

%oil 42.7 42.7 39.4 38.5 
% protein 42.7 39.3 41.4 40.4 
% eruric acid 43.2 0.4 27.7 0.1 
%eicosenoic acid 13 .8 2.9 12.9 0.9 
% oleic acid 15.6 55.1 25.4 56.2 
% linolenic acid 7.5 10.5 9.6 12.3 
Yield (Kg/ha) 1610 1740 1420 1410 
Day,s to maturity 104 103 88 87 

8 Fatty acid composition and yield data are from Downey. 
Stringham and McGregor (1975) and Downey (1975), respectively 
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