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Abstract 
A series of experiments  to define feasibility, 

accuracy, and precision of wide-line nuclear 
nlagnetie resonance spectroseopy as a nondestruc- 
tive analytical  tool for the oil content of living 
seeds is described. Corn samples, ranging' f rom 
single seeds to 25 g, were scanned by NMR and 
gravimetr ical ly analyzed. A high positive cor- 
relation (r = 0.99 +) was invar iably encountered. 
Single, 30-see NSIR seans on 25-g corn samples 
gave estimates within --+33 mg of the " t rue"  oil 
content 95% of the time. E r ro r  associated with 
single, 30-see scans of individual corn kernels 
amounted to --+1.3 mg of oil at the same confidence 
level. Samples containing more than 4.5% mois- 
ture contribute to the NMR signal, and therefore 
oil eontent is overestimated. 

A new dimension is added to the breeding and 
genetics of oil crops by the application of the 
NMR technique in that  the process is non-destruc- 
tive and feasible even for single seeds. The 
usefulness of the technique in studies involving 
the nature of water  and its surrounding medium 
is suggested. 

Introduction 

T I l E  R E C E N T  APPLICATION" O~ wide-line nuclear 
magnetic resonance spectroscopy, hereinafter  des- 

ignated "NMR," to nondestructive analysis of oil in 
living seeds opens up new opportunit ies for  geneticists 
and plant  breeders (1-5).  This repor t  will emphasize 
the usefulness of NMR spectroscopy, describe its 
precision and accuracy, as well as define machine 
parameters  and their  interactions with sample size, 
water  content, and other characteristics of the seed. 

Although extensive application of wide-line NMR 
has been made in physical-chemical studies pr ior  to 
1960, it remained for T. F. Conway and his assoeiates 
of Corn Products  Company,  Argo, Ill., to apply  the 
method to oil analysis in whole seeds. Conway (7) 
found that  NMR readout  and oil content were cor- 
related in five samples of corn ranging f rom 1% to 
12% oil. Fur the rmore  he found tha t  the method 
could be used in single-kernel analysis. The following 
year  Conway and Smith (8) found that  single-kernel 
corn analyses could be made with an error of •  
in 95% of the scans and that  the analytical  method did 
not mater ia l ly  reduce germination. They also found 
evidence of some restriction of the response to NMR 
of hydrogen nueleii in liquid oil within dry  corn 
germ. NMR analyses of solutions of corn oil, obtained 
by "wet milling" the samples of corn germs in carbon- 
tetraehloride, were more reproducible than analyses 
of the dry  samples. 

In  a later  more definitive paper  Conway and Earle 
(6) reported on feasibility for NMR oil analysis on 
whole seeds of 18 speeies as well as extracted oils 
f rom 12 species. They found that  the correlation 
between NMR readout  and oil content of 25-g seed 
samples was excellent (r = +0.993). 
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Materials and Methods 
Although physical principles of nuclear magnetic 

resonance are described ful ly elsewhere (8), a brief  
conunentary is appropriate .  Nuclear magnetic reso- 
nance is a form of radio frequency spectroscopy, and 
the basic principle of its applieation to oil analysis is 
that  it provides accurate eounts of hydrogen nuclei 
in liquid oils even in a surrounding mat r ix  of stareh, 
protein, etc. The hydrogen population density is then 
related to the mass of the sample, and the sample 
in turn  may be analyzed for oil by classical gravimetr ie  
methods. 

The unit used in these experiments was a Var ian  
PA-7 unit equipped with an integrator  and two 
probes, one to handle samples as large as 25 g and the 
other suitable for single kernels of corn. The unit  
was designed to resonate hydrogen nuclei, par t icular ly  
those associated with liquids. Oil in seeds behaves like 
a l iquid; it exhibits narrow, intense signals. Hy-  
drogen associated with solids in the sample are 
deteeted but are disregarded by the instrument.  
Hydrogen  in liquid water  however has resonance 
qualities similar to that  in oil. Accurate  estimates of 
total hydrogen in the liquid oil component of a sam- 
ple can be made only if water  is reduced to approxi-  
mately  4.5%. 

In  the gravimetr ie  analyses used as a reference in 
these studies, samples were ground in Skelly F or 
carbon tetrachloride in a high-speed impact  shaker 
mixer mill (Spex Industr ies  Inc., Metuchen, N. d.). 
Tile mill is capable of reducing corn or soybean sam- 
ples to floury-like fineness in 15 rain, permi t t ing  
vir tual ly  a complete recovery of the oil and meal. 
hnmedia te ly  af ter  grinding the mixture of oil and 
meal was t ransfer red  quant i ta t ively to a filter paper.  
The solvent and oil were collected in a 100-ml extrae- 
tion flask. The filter paper  containing meal and 
residual oil was t ightly wrapped in a second filter 
paper,  and the packet was subjected to 24 hr of 
extraction with Skelly F or carbon tetrachloride in a 
special all-glass, jointed But t - type  apparatus .  Exeess 
soh'ent was evaporated f rom tile flask on a steam bath. 
Final  traces of solvent were remove.q in a forced d ra f t  
oven at 105C for 15 rain. Cooled flasks were weighed 
to determine the total weight of oil in the samples. 

Residual meal f rom the gravimetr ie  analyses was 
always dried to 2% moisture, or less, then scanned by 
NMR to detect fat. I f  a signal was encountered, the 
sample was extracted again for 16 to 24 hr. Secondary 
oil reeoveries were then added to the original amounts 
of oil, and the original analysis was corrected. 

In  experiments described in this paper,  samples 
were first dried to 4.59~ moisture or tess except in the 
special experiments involving effect of water on NMR 
signals. 

Accuracy and Precis ion Experiments  

In  order to establish clearly the l%qtimacy of NMt% 
readout as a measure of oil content, experiments de- 
signed to assess accuracy and precision were carried 
out. In  this f rame of reference, accuracy is defined 
as being the agreement between NMR values and the 
" t rue"  amount  of oil in the same sample as measured 
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gravimetrieally. Precision is defined as being the 
degree of agreement between repeated NMR scans of 
the same sample. 

In  the accuracy experiment involving 25-g and 
single-kernel samples, NMR and gravimetrie deter- 
minations were obtained for 17 and 14 corn samples 
ranging in oil content from 0.68% to 16.09%. Each 
sample was scanned two times in succession, then 
analyzed subsequently two more times, again with 
two scans per replication. The scanned samples were 
analyzed as unknowns by the gravinletric nlethod de- 
scribed previously. Similar procedures were followed 
in the single-kernel experiments except that a special 
probe for small samples was used. 

The four samples used in the 25-g and single-kernel 
precision experiment contained approximately 4% 
and 8% oil. These samples were scanned after elapsed 
times of 0, 6 rain, 2 hr, 4 hr, and 8 hr with 1-n-fin and 
30-see scans to determine the effects of environmental 
and instrument variables on the NMR readouts. 

Coordination Experiment  

To determine whether NMR oil estimates nlade on 
25-g corn samples agreed with those made on in- 
dividual kernels, six 25-g samples were first analyzed, 
and later each kernel within each sample was sepa- 
rately analyzed. Four  of these samples involved 
segregating populations or heterogeneous mixtures 
created by mixing various strains to approximate 
a desired oil level. The other two were inbreds. 

Moisture Experiments  

A 25-g sample of each of the corn inbreds Wx B217 
(8.8% oil), SD5 (4.9%), and Pa 35 (2.7%) were 
dried in a conventional forced air oven at 60C from 
7.5% to 2.5% moisture. At  12-hr intervals during the 
drying period the samples were taken from the oven 
and cooled to room temperature. They were weighed, 
and repeated NMR scans were made on both stan- 
dard, sealed-in-glass samples and the samples under 
study. At the end of the experiment the water content 
of the three samples was determined by oven drying 
and weighing (AOAC method for whole corn kernels). 
Water  content of each sample for each scan period 
was then calculated with the assmnption that weight 
loss was attributable to a decrease in water content 
only. 

Exact ly the same procedure was followed for 25-g 
samples and for single kernel samples except that 
the final water content was not determined for the 
individual kernels because of technical difficulties. 

T A B L E  I 

NMI% Readout  and mg Oil in  the Same 25-g and Single-Kernel  Corn 
Sample a s  Determined by Grav ime t r i c  Analysis  

NSIR ~ig oil NMR 
Ma 

R e a d o u t  (~ of readout  oil in 
Var ie ty  ~ of 3 analy- Var ie ty  K of 2 

genus sis) 1 scatl8 salup[e 

Low oil 1 4.9 170 Low oil 11.7 9,4 
Low oil  2 7.6 237 ND408  28.7 15,2 
R151  18.1 485 R127  29.4 14.9 
ND408 28.3 732 R71 36.9 18.6 
H 4 5  37.2 967 R 9 0 4 A  81.9 31.4 
R 1 0 9 B  47.1 1195 I .F .  Pu rp le  82.3 33.0 
R 9 0 4 A  59.1 1512 (R78 X R84)  87.5 35.7 
(B14  X C103) 68.9 1767 R78  87.6 32,7 
(R78 X R84)  77.1 1940 Alexho 104.5 39.7 
(R78 X R84)  90.2 2277 (B14  X C103) 164.3 59,4 
(tr X 1~84) 98.5 2465 (B14  ;x: C103) 172.5 61.2 
(R78 X R84)  111.7 2767 (B14  X C103) 190.7 68,8 
(R78  X R84)  119.5 2985 H i g h  oil 1 217.5 76.2 
(R78  X R84)  128.3 3210 H i g h  oil 2 256.4 90.5 
(R78 X R84)  1'11.9 3510 
(R78 X R84)  149.6 3722 
Ill .  h igh  oil 162.9 4022 

1 C a l c u l a t e d  v a l u e  b a s e d  o n  m e a n  of two analyses of 5 g each. 
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FIG. 1. Relationship of NMR readout and amount of oil 
in 25-g samples of corn as determined by gravimetrie analysis. 
XMR readout--mean of 3, one-half minute scans. 

Their initial water content was assmned to be the 
sanle as in the variety from which they were taken. 

R e s u l t s  a n d  D i s c u s s i o n  

Accuracy :Experiments 

Data on NMR readout and gravimetric analyses 
for 25-g samples and individual kernels of corn are 
given in Table I, and plots of the same data are 
shown in Figures 1 and 2. 

Agreement between the NMR signal and oil content 
is very high in both the 25-g and single-kernel sam- 
ples (r = +0.995 and 0.999 for 25-g and single-kernel 
samples respectively). It  should be pointed out that  
all error is assmned to be associated with NMR since 
the gravimetric method was taken as the final au- 
thori ty and was assumed to be absolute and without 
error. However estimated mean standard error for 
25-g samples, scanned twice in succession at 30-see 
sweep time, was 14.7 mg of oil or 0.059%. Estimated 
standard error for two 30-see scans on single kernels 
was 0.61 mg of oil or, in terms of a 250-nlg kernel, 
0.244%. 

Precision Experiments  

Table I I  gives the estimated standard deviations of 
repeated scans of the same samples over different 
periods of time. Repeated scans of the same samples 
were carried out not only to establish the degree of 
precision of NMR but to estimate the magnitude of 
error that might occur over an extended tinle as a 
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FIG. 2. tlelationshlp of NMR readout and amount of oil in 
single kernels of corn as determined by gravimetric analysis. 
NMR readout--mean of 9 one-half minute scans. 
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T A B L E  I I  

S t anda rd  E r r o r  Es t imates  of Repeated Scans of Two 25-g 
and two Single-Kernel  Corn Samples Over  Tinm (rag Oil) 
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60-see scans 
Time 

be- -~ of 2 
tween Single  obs. Consec. obs. Single  obs. 
scans 

30-see s c a n s  

~ o f  2 
Consec. obs. 

R 1 0 9 B  a 1~84 b R 1 0 9 B  t l 84  R 1 0 9 B  R84  R 1 0 9 B  R84  

f 6 rain 7.5 10.0 5 10 10 10 5 7.5 
2 hr 10 12.5 5 10 10 12.5 7,5 10 

25 g 4 h r  10 12.5 5 12.5 15 15 7.5 12.5 
8 hr  12 12.5 10 25 25 25 12,5 22.5 
0 rain 0.12 c 0.154 0.18 0.21 0.09 0.12 

Single  2 hr  0.15 0.18 0.24 0.24 0.21 0.15 
kernel  / 4 hr  0.18 0.18 0.24 0.27 0.21 0.15 

L 8 hr  0.18 0.18 0.24 0.27 0,21 0.15 

The 3 .9% oil 25-g sample. 
~The  8 .3% oil 25-g sample. 
c Kernel  R 1 0 9 B  weighed 267 mg, contained 10 mg oil, i.e., 3 .7% 
(~ Kernel  R84  weighed 226 mg, contained 18 mg oil, i.e., 7 .9% o i l  

consequence of machine malfunction,  tempera ture  
change, or other unknown variables. Although error  
increases with time, it offers no serious problenl in 
operations, par t icular ly  if  s tandard  samples are 
scanned at appropr ia te  intervals to detect systematic 
shifts in the NMR signal and if repairs  or com- 
pensating changes in ins t rument  settings are made. 
The s tandard  deviation in NMR units for any partic- 
ular  sample increased with time. This was usually 
caused by changes in tempera ture  in the laboratory.  

Experience has shown that  remarkably  accurate 
and precise estimates of oil content can be nlade with 
two 30-see scans made in succession. If,  by chance, 
two scans do not agree closely as a consequence of 
"nuisance" parameters ,  re-runs are normal ly  made. 
I f  normal  operat ing conditions are involved, single, 
30-see scans on 25-g samples give estimates within 
_+33 mg of oil 95% of the time, i.e., _+0.13%. The 
mean of two consecutive 30-see scans reduces the error 
to 30 nag of oil and +--0.12% at the same confidence 
level. With  single-kernel scans one 30-see observation 
has an error  of +1.3 mg of oil at the 9 5 ~  level of 
confidence, i.e., •  oil for a 250-rag kernel. 
The mean of two consecutive scans reduces the error  
to •  mg or 0.48% for a kernel of the same size. 
The error reduction f rom one to two consecutive 
scans is not large. The main advantage of two con- 
secutive scans is that  gross errors because of sudden 
changes or malfunctions may be detected. 

Coordination E x p e r i m e n t s  

Table I I I  gives data obtained f rom NMR analyse~ 
of six 25-g samples and subsequent kernel-by-kernel 
analysis of the same samples, also by NMR. 

A somewhat disconcerting discrepancy exists be- 
tween oil content determined through bulk analysis 
and component single kernel analysis. Individual  
kernel analyses tend to overestinlate the amount of 
oil in the whole sample if one assumes that  the bulk 
analyses are correct. This is par t icular ly  true for 
lower oil samples. The data suggest that  the original 

TABLE III 

Comparison of NI~IR Bu lk  and  Single-Kernel  Oil Analyses 

Var ie ty  
~'~o. 
of 

kernels  

Oil Content  

By bulk  By  single- 
analysis  kernel  

25-g sample analysis  

mg % nag % 
nl .  low oil 80 275 1.1 409 1.6 
R71  112 874 3.5 1043 4.2 
Pa83  108 1349 5.4 1445 5.8 
B14  X C103 X 65 1753 7.0 1780 7.1 
R78 X R84  X 99 2302 9.2 2339 9.3 
(R78  X R84)  Ill. 

h igh  oil 108 2948 11.8 2967 11.9 

oil. 

single-kernel "referee" samples, par t icular ly  the lower 
oil ones, are in error. F igure  2 shows that  NMR 
tends to over-estimate the oil in single kernels of low 
oil content. As shown in Table I I I ,  this "overestima- 
tion" is positive and is multiplied by the number  of 
kernels in each sample 80, 112, 108, 65, 99, and 108. 
At  any rate, agreement between bulk and individual 
kernel estimates is quite good at those oil levels which 
are nornlally encountered in corn. 

A subsequent experiment was carried out to assess 
fu r ther  the accuracy of NMR oil determinations. Re- 
fined corn oil (40 rag) was diluted to different con- 
centrations by the addition of either fat-free corn 
meal, soybean meal, or carbon tetrachloride. Multiple 
NMR scans were then made at each level of con- 
centration. The results are plotted in F igure  3. 

The regression of NMR readout  on oil concentration 
is clearly different as a consequence of the medium 
in which the oil is held, that  is, the net NMR signal 
per hydrogen nucleus is greater  at high concentrations. 
Fur thernlore  the net signal per nucleus is quite dif- 
ferent  in carbon tetrachloride as compared with corn 
or soybean meal, par t icular ly  at lower concentrations. 
I t  is obvious that  the NMR readout  is a function of 
the hydrogen population in the oil and its matrix.  

To obtain entirely reliable analysis of oil seed by  
NMR it has been found that  each different seed crop 
must  be compared with s tandard  samples of its own 
kind. Fur the rmore  these s tandards  must  be similar 
in weight and moisture content, also within the same 
range of oil percentages as the samples of unknown 
composition. 

Moisture Experiments  

The effect of moisture level on NMR signal is shown 
graphical ly in Figure  4. As the samples became 
progressively drier, the total NMR signals decreased 
as expected since hydrogen nuclei were being lost 
through water  evaporation. The reduction in signal 
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FIG. 3. Effect of oil concentration and carrier  medium on 
NMR readout. 
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per unit of water renioved is considerably less at levels 
below 4.5 5% than at levels above that point. From 
an analytical standpoint it appears unnecessary to 
dry  corn samples below 4.5% in order to insure ac- 
curate estimates of oil content. I t  is obvious, of 
course, that  accurate estimates of oil content will not 
be made if water content is high. 

Regression coefficients were calculated for the data 
shown in Figure 4: a) eurvilinear, whole cure-e, b) 
linear, c) linear segment below 5% moisture, d) linear 
segment above 5%. Each regression coefficient was 
highly significant statistically. The best fit involves 
two linear regressions which intersect approxiniately 
at 5% moisture. 
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FIG. 4. Effect of water content of corn kernels on NMR 
s i g n a l  ( 2 5 - g  s a m p l e s ) .  

Precisely the same kinds of experiments have been 
carried out with soybeans and oats with an outcome 
similar to that in corn. Excellent spectra are obtained 
from individual soybeans although resolution is not 
as good on individual oat groats as in single corn or 
soybean seeds, primarily because the mass is too low. 
Satisfactory results have been obtained with oats if 
the sample contains three to four groats or if the 
groat is large and is high in oil. Bulk samples as 
well as individual seeds of sunflower and safflower may 
be satisfactorily analyzed with errors comparable with 
those in corn. 

Accurate NMR estimates of oil content of corn 
kernels, and of other seeds as well, depend largely on 
uniform moisture content of all samples. I t  seems 
quite likely that simultaneous determination of oil 
and water content will ultimately be possible through 
wide-line NMR. However, uncier current  methods, 
water content should be less than 4.5-5% if accurate 
oil estimates are to be nlade. 
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