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The impact of enzyme activity on the nonhydratable 
phospholipid content of crude soybean oil has been evalu- 
ated. A radiochemical method was used to assay phos- 
pholipase D activity in whole and flaked soybeans stored 
under a variety of storage and enzyme inactivating con- 
ditions. The crude enzyme was isolated and incubated 
with a mixture of 14C-labeled and unlabeled phospha- 
tidylcholine. The amount of liberated radioactive choline 
was used as a measure of enzyme activity. Whole soy- 
beans with moisture contents  of 8-18% were stored at 
40~ and sampled weekly for up to four weeks. Al though 
the enzyme was active in all samples, the optimum 
moisture content for enzyme activity was about 14%. 
Flaking and flake thickness were shown to increase 
phospholipas D activity. At  moisture levels above 10%, 
flakes at .012" showed about twice the activity of whole 
beans. As  flake thickness was increased, enzyme activ- 
ity decreased. 

Whole soybeans with moisture contents of 12-18% were 
treated by microwave heating under controlled condi- 
tions. During the early stages of heating, the enzyme was 
activated, and then was gradually destroyed by the time 
the temperature of the beans reached 11~120~ Approx- 
imately 8-10 min of microwave heating was required to 
completely destroy enzymatic activity. The inactivation 
of phospholipase D in soy flakes treated with live steam 
was also evaluated. The enzyme is rapidly destroyed at 
temperatures of about U0~  Evaluations of flakes sub- 
jected to live steam and whole beans treated by micro- 
wave heating to inactivate phospholipase D suggest  that  
heat, moisture and enzyme activity are important factors 
contributing to the formation of nonhydratable phospho- 
lipid in extracted crude oils. 
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Crude solvent extracted soybean oil contains about 2-3% 
phospholipids whose affinity for water forms the basis 
for lecithin manufacture and production of degummed oil 
for further processing (1-3). Commercial degumming 
removes about 80-95% of the phosphorus-containing 
lipids from crude soybean oils (4-6). However, field, stor- 
age, and transportation damage to soybeans, and, to a 
lesser extent, normal bean processing, yield crude oil con- 
taining the so-called nonhydratable phosphatides (NHP) 
(7-9). By definition, the NHP are those phosphatides that, 
upon treatment of crude soybean oil with water, will not 
swell, form gels, and precipitate from the oil after agita- 
tion at elevated temperatures. Although the mechanism 
of NHP formation is not well understood, it has been 
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suggested that  NHP are formed either during storage of 
the whole bean or during the extraction process itself 
{8,10,11). In either case, NHP are thought to be the prod- 
ucts of action of phospholipase D on the base group of 
phosphatidylcholine and]or ethanolamine (12,13). 

Neilsen has reported the composition of the NHP to be 
phosphatidic and lysophosphatidic acids (8). Pretreat- 
ment of soybean flakes before solvent extraction using 
moist heat in a stirred bed (10,11) or infrared heating (14), 
give extracted crude oils which showed improved phos- 
pholipid removal by water degumming. While a direct cor- 
relation between phospholipase D inactivation and reduc- 
tion in NHP content was suggested, enzyme activity in 
the treated flakes was not determined. We report here the 
effects of moisture, microwave heating, and live steam 
on the activity of phospholipase D in whole and flaked 
soybeans and the NHP content of extracted crude oil. 

EXPERIMENTAL PROCEDURES 

Williams certified seed grade soybeans were used. Over 
the course of this investigation, three different lots from 
a single source were used, but little difference in enzyme 
activity, either initially or after accelerated storage, was 
noted. Beans were tempered to the desired moisture level 
by placing them in plastic bags with the required amount 
of water and allowing them to equilibrate until all 
moisture had been adsorbed. Whole beans were cracked, 
flaked, and dehulled as described previously (9). Soy- 
flakes, .012" thick, were extracted with hexane for 5 hr 
in a modified Soxhlet extraction apparatus. After extrac- 
tion, the miscella was filtered through paper, and the sol- 
vent was removed on a rotating evaporator. Degumming 
of the crude oil was carried out as described previously 
(5). American Oil Chemists' Society methods were used 
to determine phosphorus, free fat ty acids, and peroxide 
values (15). 

Phospholipase D was isolated from soybeans by a 
modification of the method described by Nakayama {12}, 
in which whole soybeans were soaked overnight in 100 
mL of acetate buffer {pH 5.6) at 0~ After the buffer was 
decanted, the beans were ground with a mortar and pes- 
tle. The macerated beans, along with the buffer, were then 
homogenized for 30 seconds in a Waring blender. The 
homogenate was filtered through cheesecloth under 
vacuum, and the crude enzymecontaining solution was 
isolated by centrifugation at 13,000 rpm for 30 min at 
4 ~ and filtration prior to assay. 

The use of radioactive substrates for determining 
phospholipase D activity has been shown to be both rapid 
and accurate {16}. A variation of this method was used 
to determine the phospholipase D activity in the crude 
ex t rac t  using L-a-phosphat idylchol ine {choline- 
methyl-14C; specific activity 10 ~Ci/mmol} as substrate. 
The substrate was suspended in (17} buffer {pH 5.6) and, 
after equilibration to 30~ was shaken with crude en- 
zyme solution for 10 min at 30~ The enzyme reaction 
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was stopped by addition of chloroform/methanol with 
vigrous mixing. Enzyme action liberates 14C-methyl- 
labeled choline, which is isolated in the aqueous portion 
of the extraction solvent, while unreacted phosphatidyl- 
choline remains in the organic layer. Following centrifuga- 
tion, aliquots of the aqueous layer were removed for quan- 
titation using a scintillation counter, and total liberated 
choline was calculated. Phospholipase D activity is re- 
ported here as micromoles of choline liberated per min 
per gram of whole bean. 

Soybean samples were treated by microwave heating 
using a Despatch unit (Minneapolis, MN) equipped with 
a revolving carousel. Tempered beans (500 gm) were 
placed in a 21 X 21 cm Pyrex baking dish to a depth of 
about 1.2 cm and treated for 1-10 rain at 0.6 milliamps 
current at 2450 megahertz. Bean temperatures achieved 
during microwave heating were determined immediately 
after treatment. 

Soy flake.~ were treated with steam by placing 1,000 
gm of flakes in a 23" X 30" • 1" pan inside a steam-heated 
autoclave. Live steam was admitted, and the temperature 
rapidly elevated to 112-113~ (235~ Exposure times 
were determined after treatment temperature was at- 
tained. Steamflow was discontinued, and the contents of 
the autoclave were vented. The samples were then rm 
moved for further processing. 

RESULTS A N D  D I S C U S S I O N  

The changes in activity of phospholipase D during ac- 
celerated storage at 40 ~ were determined by tempering 
whole beans to moisture levels ranging from 8-18%, stor- 
ing the tempered beans in a forced draft oven held at 
40~ - I~ and sampling them weekly for up to four 
weeks. The effect of moisture on the activity of phospho- 
lipase D is shown in Figure 1. Upon receipt, this particular 
lot of soybeans had an enzyme activity of about 1.5 X 
10 .3 ~moles choline liberated]mirdgm. During 40~ stor- 
age, all samples showed an increase in phospholipase D 
activity, most of which came in the initial part of the 
storage, i.e., one week. The optimum moisture level for 
storage of beans is 12%, i.e., minimum enzyme activity. 

Storage at moisture levels above or below 12% results 
in increased phospholipase D activity. It  is interesting 
to note that the optimum moisture content for maximum 
enzyme activity during storage appears to be 14%. 

When beans tempered to various moisture levels were 
microwave treated, the rise in bean temperature with time 
showed only slight differences over the range of 12-18% 
moisture. The activity of phospholipase D as a function 
of microwave treatment is shown in Figure 2, where en- 
zyme activity is plotted against heating time. This lot of 
beans had an initial activity of about 2 X 10 "3 pmole 
choline lib/mirdgm, and activity increased to about 5.5 • 
10 .3 ~moles/min/gm during the initial stages of heating. 
This agrees with the observation that  the enzyme is ac- 
tivated during the early stages of 40~ storage. As 
observed previously, 14% moisture appears to be the op- 
timum for maximum enzyme activity. 

Phospholipase D appears to be fairly stable to heat. Ir- 
respective of moisture levels, destruction of enzyme ac- 
tivity does not begin until temperatures have reached 
about 80-90~ Heating times of 8-9 min are required 
to completely inactivate (97.5-99.0%} the enzyme with 
temperatures of 115-120 o C. Relationships between tem- 
perature and phospholipase D activity during microwave 
heating are shown in Figure 3. The correlation coefficients 
between these two variables ranged from -0 .94 to -0 .98  
and are significant at the 1% confidence level. 

The effect of live steam on phospholipase D activity in 
soyflakes is shown Table 1. After 2 min at 112~ about 
75% of the activity remained, and after 3 min, about 5% 
remained. Complete destruction of phospholipase D was 
achieved in 4 min. Some variability in enzyme destruc- 
tion was noted from different lots of beans. Another lot 
of beans yielded flake (14% moisture) in which the enzyme 
was essentially inactivated after 2 rain treatment with 
live steam at 112~ 
The effect of cracking and flaking on phospholipase D ac- 
tivity was evaluated using whole beans tempered to known 
moisture levels. One portion was cracked, dehulled, and 
flaked, while the other was kept as intact beans. The 
phospholipase D activities of the whole and flaked beans 
are shown in Table 2. Also shown in Table 2 are the 
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FIG. 2. Effect  of microwave treatment on phospholipase D activ- 
i ty in whole soybeans. 
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TABLE 1 

Effect of Live Steam on Phospholipase D Activity 
in 14% Moisture Soyflakes 

Exposure time 
(seconds) a Enzyme activityb % Destroyed 

0 4 X 10 -3 0 
30 4.05 X 10 -3 0 
60 3.71 X 10 -3 7.3 

120 3.06 X 10 -3 23.5 
180 1.75 • 10 -4 95.8 
240 1.0 X 10 -5 99.8 

a112~ 
b/~moles choline liberated/rain]gin beans. 

TABLE 2 

Effect of Flaking, Flake Thickness and Moisture 
on Phospholipase D Activity 

Phospholipase-D Activitya 

Moisture % Flake thickness Flakes Whole beans % Increase 

7.2 X 10 3 ac t iv i ty  units,  respectively.  A plot  of the  log 
enzyme act ivi ty  vs  flake thickness yields a s t ra igh t  line. 
Resul ts  shown in Table 2 provide evidence t ha t  rupture  
of the cell walls degrades the oleosomes or lipid sacs to 
such an extent  t ha t  enzyme act ivi ty  is enhanced. 

The slow ra te  of N H P  format ion  in whole beans  m a y  
be accounted for by  several  factors,  as shown in Table 2" 
i) Dur ing s torage  as whole beans, where no cell wall 
disruption has  occurred, the enzyme only shows about  
half the act ivi ty of flakes; and ii) the flake thickness da ta  
shows tha t  enzyme act ivi ty  decreases as flake thickness 
is increased. Thus, in whole beans, the effects of phosph~  
lipase D would be minimized as compared to flaked beans. 

A recent  s tudy  (18) has  shown tha t ,  a t  the  molecular 
level, intensive membrane  degradat ion occurs in lipid 
bodies isolated f rom soybeans.  Phospholipase D was 
shown to convert phosphatidylcholine and phosphatidyl- 
ethanolamine to phosphatidic acid fairly rapidly at 30~ 

Figure 4 shows resul ts  of degumming  of oil ex t rac ted  
from 14% moisture beans after storage for up to 20 weeks 
at  40~ Two phenomena are observed: i) The phosphorus 
content of the crude oil decreases with storage; and ii) the 
N H P  content of the crude oil increases with storage, i.e., 
a grea ter  amount  of the crude oil phosphorus  content  is 
retained in the degummed oil. Both observations indicate 
phospholipid deterioration. To what  extent  phospholipase 
D is involved is open to speculation, bu t  the enzyme is 
act ive over  the course of the  s torage  experiments .  

The format ion  of nonhydra tab le  phosphat ide  in flakes 
a t  10 and 14% mois ture  levels was evaluated,  with the 
former representing normal  soyfiake processing moisture 
and the la t ter  where the enzyme phospholipase D is mos t  
active. The flakes were stored at  40~ for periods up to 
36 hr, the crude oil ex t rac ted  with hexane, and finally 
degummed.  Results  are shown in Figure 5. Oils f rom the 
10% mois ture  flakes yielded crude oils having  N H P  con- 
ten ts  in the ranges  usually found in normal  commercial  
processing s t reams,  i.e., 50-80 p p m  phosphorus,  and the 
levels of N H P  did not  increase with flake storage.  How- 
ever, the same flakes tempered  to 14% mois ture  af ter  4 
hr  s torage  a t  40~ yielded oil wi th  ext remely  high levels 
of NHP.  Even  the control flake (no storage) gave  an oil 
tha t  degummed poorly. The differences in the degumming 
of the oils with respect  to flake mois ture  cannot  be ex- 
plained entirely by  the phospholipase D activity,  since 

10 0.012 4.1 4.4 0 
12 0.012 8.5 5.0 170 
14 0.012 8.6 4.9 175.5 
16 0.012 8.2 4.5 182.2 
14 0.006 8.45 4.9 172.2 
14 0.012 7.65 4.9 156.1 
14 0.018 7.45 4.9 152.0 
14 0.029 7.20 4.9 146.9 

apmoles choline/rain/gin X 10 -3. 

effects of flake thickness on phospholipase D activity.  
With the exception of the 10% moisture beans, flakes had 
f rom 1.5-1.8 t imes the enzyme act iv i ty  of whole beans. 
Flake thickness appears  to be inversely related to phos- 
pholipase D activity.  Flakes ranging  f rom .006 to .029" 
show enzyme act ivi ty  ranging  f rom about  8.5 X 10 .3 to 
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FIG. 4. Nonhydratable phosphatide formation in crude oil extracted 
from whole soybeans stored at 40~ 14% moisture. 
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FIG. 5. Nonhydratable phosphatide formation in 10 and 14% 
moisture flakes stored at 40~ 

the 10% moisture flakes had enzyme activities that were 
high and relatively constant throughout the entire stor- 
age period, whereas some loss of activity was observed 
in the 14% moisture flakes. 

Moisture, along with phospholipase D activity, appears 
to be a key factor in NHP formation. At low-moisture 
levels (< 12%) the enzyme is potentially active; however, 
the water activity is below that  required for phospho- 
lipase D reaction. At higher moisture levels {i.e., 14%) 
water activity may be sufficient for reaction to form NHP 
(19). 

This effect is more clearly shown in studies in which 
phospholipase D was inactivated by live steam and micra 
wave heating (Fig. 6). Whole soybeans (14% moisture) 
were treated by microwave heating for 10 min to inac- 
tivate the enzyme. The beans were cracked, dehulled, and 
flaked. Another portion of the same beans was cracked, 
dehulled, and flaked, and then the flakes were treated with 
live steam for 10 min. The treated flakes were stored for 
up to 36 hr at 40~ prior to extraction. Crude oils from 
both microwave treated soybeans and steam-treated 
flakes show a gradual decrease in extractable phosphorus 
upon storage at 40~ The degummed otis, however, are 
extremely low in phosphorus, i.e., 10-20 ppm. Thus, NHP 
formation is effectively inhibited in whole beans by 
microwave treatment or in flakes by live-steam treatment. 
This effect may result from both destruction of phospho- 
lipase D and moisture removal. A decrease in extractable 
phosphorus in the crude oils in the absence of enzyme ac- 
tivity may result from morphological changes in the flake 
itself. Heat treatment or cracking of oilseeds and oil- 
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bearing materials in general is known to affect the yield 
of neutral oil {20}. Moisture present in the seed or flake 
may well affect the yield of phosphatide as well. 

Results obtained with live-steam treatment of flakes 
are in accord with Kock (10), who reported that yields of 
lecithin were about twice that encountered in conven- 
tional processing. Similarly, microwave heating increases 
the phosphorus levels of crude oil to values between 
1000-1500 ppm. Hexane normally extracts only about 
50% of the total phosphatides from soybeans. Heat treat- 
ment with live steam or microwave treatment, apparently 
through moisture removal, enzyme inactivation, or mor- 
phological changes in the lipid bodies present in the 
flakes, results in more complete extraction of phos- 
phatides. 

NHP formation is complex. Certainly, phospholipase 
D involvement may be inferred from the fact that destruc- 
tion of enzymatic activity results in virtual elimination 
of the problem. However, based on studies reported here, 
other factors may be involved. These include flake thick- 
ness, moisture content, and possibly morphological 
changes in the flake brought about by heat. It  has been 
suggested that phospholipase D is activated by organic 
solvents like hexane. An increase of phospholipase D ac- 
tivity by diethyl ether has been reported (12}. However, 
our studies show that  full fat and hexane-defatted flakes 
show little difference in enzyme activity. Also, hexane 
added to the enzyme assay sample did not increase phos- 
pholipase D activity. For example, crude enzyme isolated 
from 14% moisture flakes, assayed at 55~ in the pres- 
ence of up to 500 ~L hexane, showed an activity of 6.9 • 
10 -a t~moles choline/min/gm compared to 6.6 • 10 .3 for a 
control. These results suggest that  hot hexane does not 
activate phospholipase D to any great extent during sol- 
vent extraction. 

Moisture, heat, and enzymatic activity, in combination, 
are important factors which lead to NHP formation. 
Evidence presented here indicates that although heat is 
normally used in commercial processing of beans into 
flakes, temperatures used may not be sufficient to inac- 
tivate phospholipase D ID.C. Tandy, private communica- 
tion}. Temperatures of 150-170~ (66-77~ are normally 
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u s e d  in c o n d i t i o n i n g  of  c r a c k e d  b e a n s  p r io r  to  f lak ing .  
E v e n  w i t h  t h e  r e s idence  t i m e  of  20 min  c o m m o n l y  u s e d  
in c o m m e r c i a l  p rac t i ce ,  t h e s e  cond i t i ons  wou ld  p r o b a b l y  
no t  i n a c t i v a t e  p h o s p h o l i p a s e  D. The  m e c h a n i s m  of N H P  
f o r m a t i o n  is c u r r e n t l y  be ing  i n v e s t i g a t e d  and  will  be 
r e p o r t e d  la te r .  

REFERENCES 

1. Flider, F., in Lecithins, edited by B.F. Szuhaj and G.R. List, 
American Oil Chemists' Society, Champaign, IL, 1985, pp. 
11-37. 

2. List, G.R., in Lecithins Sources, Manufacture and Uses, edited 
by B.F. Szuhaj, American Off Chemists' Society, Champaign, 
IL, 1989, pp. 145-161. 

3. Brian, R., J. Am. Oil Chem. Soc. 153:27 (1976~. 
4. List, G.R., C.E. Evans, L.T. Black and T.L. Mounts, Ibid. 

155:275 (1978). 
5. List, G.R., J.M. AveUenada and T.L. Mounts, Ibid. 158:892 

(1981). 
6. Racicot, L., and A.P. Handel, Ibid. 160:1098 (1983). 
7. Robertson, J.A., W.H. Morrison I I I  and 0. Burdick, Ibid. 

150:443 (1973). 
8. Neilsen, K., Studies on the Nonhydratable Soybean 

Phosphatides, Maxson and Co., Ltd., London, 1956. 

9. Mounts, T.L., G.R. List and A.J. Heakin, J. Am. Oil Chem. Soc. 
156:883 (1979). 

10. Kock, M., Proceedings of the American Soybean Association 
Symposium on Soybean Processing, Antwerp, Belgium, June 
2-4, 1981. 

11. Kock, M., U.S. Patent 4,255,346 (1981). 
12. Nakayama, Y., S. Saio and M. Kito, Cereal Chem. 158:260 (1981). 
13. Kanani Kouzeh, M., J.P. Roozen, H.J.A.R. Timmermans, J. 

Degroot and W. Pilnik, Lebensm. Wissu Technol. 18:170 (1985). 
14. Kanani Kouzeh, M., D.J. van Zuilickem, J.P. Roozen and W. 

Pilnik, Ibid. 14:42 (1981), 15:139 (1982), 17:39 (1984). 
15. Official Methods and Recommended Practices of the Ameri- 

can Oil Chemists' Saciety, edited by W.E. Link, American 
Off Chemists' Society, Champaign, IL, 1973. 

16. Phospholipase D, Technical Bulletin, Sigma Chemical Corpora- 
tion, St. Louis, MO, May 1979. 

17. Grossman, S., P. Oestreicher, P.K. Houge, J.C. Cobley and T.P. 
Singet, Anal. Biochem. 58:301 (1974). 

18. Simpson, T.D., and L.K. Nakamura, J. Am. Oil Chem. Soc. 
66:1093 (1989). 

19. Galliard, T., in Lipids in Cereal Technology, edited by P.J. 
Barnes, Academic Press, New York, 1983, pp. 111-147. 

20. Norris, F.A., in Bailey's Industrial Oil and Fat Products, edited 
by D. Swern, 4th edn., Wiley Interscience, New York, 1979, pp. 
175-251. 

[Received February 20, 1990; accepted May 7, 1990] 

JAOCS, Vol. 67, no. 11 (November 1990) 


