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Studies on the glutamic acid content of commercial varieties of sugar 
beets under diverse environmental conditions have indicated the value of 
this measurement in distinguishing the physiological processes involved in 
the growth and storage mechanism of the beet (1, 2, 3) .s The enormous 
variations found in glutamic acid content from beet to beet (4) suggested 
that genetics might have an important bearing on this characteristic. If this 
could be established and a series of inbred lines investigated, correlations 
might be revealed between sucrose, glutamic acid and weight which were 
not apparent in the more or less heterogeneous material from commercial 
varieties. Better knowledge of these physiological relationships should lead 
to a more productive breeding program. 

In 1947, eight beets each from eight inbred lines, self-pollinated for 
several generations, were sampled by removing a wedge-shaped sample of 
pulp from each beet. In order to obtain an adequate sample for analysis, 
the beets selected were above average size for their line, but they were all 
sufficiently homozygous for leaf, petiole and root characteristics to be repre­
sentative of the line. 

The heritability of glutamic acid was clearly evident even in this 
small series. There were highly significant differences between lines in 
glutamic acid as well as sucrose (Table 1) . T h e tremendous variation pre­
viously noted in the glutamic acid content of individual beets from com­
mercial lines was reduced in some of these strains by more than 50 percent. 
There was a similarity in glutamic acid content of closely related lines 300, 
301 and 304, and in lines 324 and 327. The relatively high glutamic acid 
of the latter lines and the low content of 322 was confirmed in a subse­
quent planting in 1949 of seed from one selfed plant out of each of these 
lines (5) . Although there was some tendency for lines high in sucrose to 
have high glutamic acid and small weight, there was no correlation between 
glutamic acid and weight. 

In 1950, a much larger series of inbred lines was selected. Ten beets 
from each of 43 lines, self-pollinated from four to 10 generations, were stored 
in the root cellar at Fort Collins until February when they were packed in 
wet sphagnum moss and shipped to Woodland. The beets were in excel­
lent condition on arrival. They were weighed and sucrose and glutamic 
acid determinations (4) made on isopropanol extracts of the pulp obtained 
from a diagonal coring through each beet. 

The beets ranged in size from 0.46 to 2.71 pounds; in sucrose percent­
age from 11.3 to 18.9, and in glutamic acid from 0.03 to 1.05 percent. T h e 
range of individual glutamic acid values within a line was extremely nar-

1The authors are indebted to Mr. G. W. Deming, Agronomist, U. S. Department of 
Agriculture at Fort Collins, Colorado, who developed and contributed the inbred lines 
tested here. Without his assistance in the selection, and sampling of this material this work 
would not have been possible. The sucrose measurements on the 1947 lines were also made 
by Mr. Deming. We wish to express our appreciation for his helpful advice, encouragement 
and assistance throughout this study. 

2 Research Division, International Minerals and Chemical Corporation. 
3 Numbers in parentheses refer to literature cited. 
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row in some lines and enormously great in others. This variation did not 
seem to be influenced by the degree of inbreeding, since lines self-pollinated 
eight to 10 generations did not generally show less variation than those 
selfed four or five generations. Part of the variation could probably be due 
to the pronounced effect of soil nitrogen on glutamic acid and to a lesser 
extent on sucrose and weight, but this effect cannot be measured in an un-
replicated experiment. 

In spite of these large individual variations, wide differences between 
lines were evident in glutamic acid as well as sucrose and weight. Statistical 
calculations of significant differences between lines require data which fol­
low a normal frequency distribution and have a variance independent of 
the mean. This was the case for sucrose, and Figure 1 indicates a nearly 

Table 1.—Comparison of Inbred Lines Grown in Colorado in 1947. 

Line 

296 
300 
301 
304 
308 
322 
324 
327 

Sig. Dif. 5% Point 

Wt . i n Lbs. 

1.81 
1.01 
1.08 
1.14 
1.36 
1.62 
1.23 
1.26 
19% 

% Sucrose 

13.7 
13.7 
16.0 
16.0 
11.3 
10.1 
15.0 
14.3 

1.2 

% GA 

.18 

.09 

.22 

.12 

.06 

.09 

.32 

.51 
66% 

homogeneous variance. As previously reported (4) , and as is clearly illus­
trated in Figure 3, the range of variation in glutamic acid within lines in­
creases as the average glutamic acid content of the line increases, up to 
approximately 0.3 percent. Beyond this value it approaches a normal dis­
tribution. The logarithmic transformation of the data previously recom­
mended is somewhat insufficient in this experiment below 0.3 percent and 
excessive above that level. 

A transformation yielding a variance unaffected by the mean was ac­
complished by a procedure similar to that described by Bartlett (5) . The 
arithmetic mean glutamic acid values for each line were plotted against the 
reciprocal of the standard deviation and a smooth curve drawn, extrapolating 
this to the error of the assay at 0 percent glutamic acid. This curve was 
integrated numerically t o give f (G) = ( T a b l e 2 ) . This 
transformation yielded a variance independent ot the mean and reduced 
heterogeneity greatly, although wide discrepancies from a homogeneous vari­
ation remained (Figure 4) . This relationship should prove useful for trans-

Xable 2.—Transformation Function for Glutamic Acid. 



Figures 14. Relationship between mean and variance of sucrose, glutamic acid, and weight values for 10 beets from each 
of 43 inbred lines of beets. 

Each point represents the variation of the individual values around the mean of their respective inbred line. The vertical 
arrows indicate the range of variance which would be expected at the 95 percent interval for a ten-beet sample from a normal 
population; cross bar indicates the average variance obtained for the 41 lines. Horizontal arrows show the size of the least 
significant difference (5 percent level) for comparison of two means; cross bar denotes general average of all lines. Variance 
for sucrose is nearly independent of mean (Figure 1, upper left). Increasing variance of glutamic acid with increasing mean 
glutamic acid (Figure 3, upper right) indicates the necessity for transformation of scale of this measurement (Figure 4, lower 
right"). Tigure 2, lower left, indicates that log transformation is adequate for weight. 
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forming experimental data on glutamic acid whenever there is a wide range 
of values. It has the disadvantage of requiring that the data be expressed 
in terms of the transformation function of glutamic acid [f (G) ] rather 
than in percent units for the application of confidence limits. 

Data on root weight also required transformation—but use of the 
logarithm was sufficient (Figure 2) to eliminate any relation between vari­
ability and average size. Variability was again much larger than expected 
from the normal curve of error. 

With glutamic acid and weight measurements transformed to give as 
homogeneous error variation as feasible, it is possible to evaluate differences 
between the various lines. In Table 3, the lines have been divided into 10 
groups based on a 1 to 10 rating from high to low sucrose, glutamic acid 
and weight.4 Within each sucrose rank, the lines have been evaluated from 
the standpoint of all three measurements. The L. S. D. for each measure­
ment is indicated and in general there is a significant difference only be­
tween alternate rankings. More than normal variations within any one 
line have been indicated also. These do not seem to be correlated with 
the number of generations the line was self-pollinated, which is shown in 
the last column of the table. Lines high in glutamic acid appear to have 
more variation in sucrose than do low glutamic acid lines (Figure 5) . This 
correlation helps to explain the slightly high or low variability of a few 
strains, but the implications of such a correlation are not yet clear. 

Only three lines, 997, 694 and 981, were above average in all three meas­
urements. All of the beets in 997 had outstandingly high glutamic acid, 
averaging 0.69 percent, which is more than double that of the next highest 
line, and 18 times that of the lowest GA line. 

There were highly significant differences between lines in sucrose, glu­
tamic acid and weight (F values: Sucrose 31.39, glutamic acid 24.72, weight 
13.3; D. F. 42/387) . The range of glutamic acid values in the lines within 
one rank of sucrose was very large. This indicated absence of correlation 
should permit the selection of high sugar lines of either high or low glu­
tamic acid. 

The general pattern of correlation between the measured variables is 
as follows: 

DF rSG rSW r G W 
Between lines 41 —.23 n.s. —.341 +.23 n.s.*** 
Within lines 386 —.252 —.121 + . 2 1 2 

1 Significant difference at the 5% level. 
2 At the 0.1 percent level. 

The small, significant, negative correlation of sucrose—weight and 
probably the method of selection used in the breeding of these strains pre­
vents extremely high sugar—high weight and low sugar—low weight com­
binations. These excepted, the low level and non-significance of the corre­
lations of GA—sucrose and GA—weight between lines indicates that it 
should be possible to obtain almost any type of combination of sucrose— 
GA—weight desired. 

* In terms of standard deviation the range of glutamic acid was found to be about equal 
to that of sucrose but that of weight was smaller. Accordingly, in order to make significant 
differences in rank equal in all three measurements, weight is rated 2 to 8 instead of 1 to 10. 
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W i t h i n l ines , g l u t a m i c acid was co r r e l a t ed nega t ive ly w i t h sucrose a n d 
posit ively wi th weight . B o t h of these a re h igh ly significant, b u t they a r e 
also very small a n d do n o t i n v a l i d a t e the aforesaid conc lus ions . On the 
o t h e r h a n d , this does n o t infer t h a t c o n t r o l o f t h e t h r e e m e a s u r e m e n t s i s 
by any m e a n s i n d e p e n d e n t . N i n e of t he l ines showed t h r e e types of devia­
t ion from the average p a t t e r n of co r r e l a t i on . E x t r e m e e x a m p l e s of these 
t h r e e types a re as follows: 

S t ra in D F r S G r S W r G W 
731 8 - . 9 0 * * * — . 8 5 * * +.94** 
721 8 — .51 n.s. +.81** — . 7 2 * 
975 8 +.83** +.37 n.s . +.28 n.s. 

T h e p a t t e r n of co r r e l a t i on shown by 731 also a p p e a r e d in l ines 695, 
706, a n d 730 a n d is an e x t r e m e case of t h e u sua l p a t t e r n . I t i s r ead i ly 
ident i f iable as caused by va r i a t i ons in n i t r o g e n fert i l i ty a n d i s t h e m a j o r 
c o m p o n e n t of the va r i a t i on b e t w e e n bee ts w i t h i n a l ine . Possibly, a few of 
the bee ts i n these l ines were q u i t e n i t rogen-def ic ien t a n d t h e ave rage sugar 
r e p o r t e d i s too h i g h a n d g l u t a m i c acid low. 

W e i g h t may be posi t ively co r r e l a t ed w i t h sucrose as in 721 w h e n i t i s 
negat ively cor re la ted w i t h g l u t a m i c acid a n d i s ident i f iab le as caused by 
changes in g r o w t h p o t e n t i a l (2) a t low n i t r o g e n s ta tus such as m i g h t be 
caused by differences in c o m p e t i t i o n . 

G l u t a m i c acid m a y be posi t ively co r r e l a t ed w i t h sucrose as in l i n e 975 
i f t he re i s no co r re l a t ion w i t h we igh t ; o the rwise , sucrose a n d g l u t a m i c acid 
a re negat ive ly cor re la ted (F igure 6) . T h e p a t t e r n s h o w n by 975 also ap­
p e a r e d in 727, 733 a n d 905 a n d its cause i s n o t a p p a r e n t . I t i s s imi la r to 
effects observed in commerc ia l bee ts r e s u l t i n g f rom changes in s torage 
p o t e n t i a l or in g r o w t h p o t e n t i a l a t h i g h n i t r o g e n s ta tus (2, 3) . 

Figure 5. Sucrose vari­
ance increases w i t h in­
creasing m e a n g lutamic 
acid of inbred l ine . Each 
p o i n t represents the varia­
t ion of the indiv idual 
va lues around the m e a n 
of their respective inbred 
l ine . T h e vertical arrows 
indicate the range of vari­
ance w h i c h w o u l d be ex­
pected at the 95 percent 
interval for a ten-beet 
sample from a normal 
popu la t ion; cross bar in­
dicates the average vari­

ance obta ined for the 43 l ines. Horizonta l arrows show the size of the least 
s ignif icant difference (5 percent level) for comparison of two means; cross 
bar denotes general average of all l ines. 
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T a b l e 3 .—Compar i son o f L ines R a n k e d A c c o r d i n g t o Sucrose , G l u t a m i c Acid a n d W e i g h t . 

1 R a t i n g S G W : R a t i n g Sucrose , G l u t a m i c Ac id , W e i g h t . 2 R e d bee t s , or o r i g i n a t e d f rom a cross w i t h a r e d g a r d e n bee t . 
3 G r e a t e r t h a n a v e r a g e v a r i a t i o n w i t h i n s t r a in s . 
4 E x t r e m e l y l a r g e v a r i a t i o n . . 5 O b v i o u s o u t p o l l e n a t i o n f o u n d o r suspec t ed i n o n e o r m o r e r o o t g e n e r a t i o n s o f the l ine . 

It seems likely that within lines the true picture of the correlations 
between sucrose, glutamic acid and weight is generally obscured by at least 
three important environmental factors operating simultaneously, any one of 
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TABLE 4. - COMPARISON QF RELATED LINES 

ROOT GENERATION TOTAL STRAIN 
LINE ORIGIN SEPARATED SELFINGS NO. 

GA SUCROSE WT. 
% % (LB) 

1947 STRAINS 

A. FLAT FOLIAGE 

B. FLAT FOLIAGE 

C. CESENA 

D. HILLESHOG 

E. UNKNOWN 

F. PIONEER S2 

F 4 ( S 3 ) UNKNOWN 
RED 

G. FLAT FOLIAGE 
COMMERCIAL 

H. FREDRIKSEN FF 

J. FLAT FOLIAGE 
COMMERCIAL 

- 9 7 8 
-981 

1 SIGNIFICANT DIFFERENCE 5 % POINT 
S -SEED GENERATION 
R-ROOT GENERATION 
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which would produce large measurable correlations if the other two remained. 
constant. 

Several of the 43 lines in the 1950 series were more or less closely 
related. Twenty-three diverse lines established from a common ancestor of 
succeeding generations were produced from seven of the original lines. T h e 
pronounced likeness between closely related lines in glutamic acid as well as 
sucrose and weight is evident in Table 4. T h e lines have been listed in order 
from SI to S7, depending upon the first generation at which separation of lines 
took place. T h e mark, 1, denotes significant differences between lines in 
any one characteristic. There were significant differences between lines in 
E, F and G (as indicated by differences in all three characteristics) where 
separation took place at the S3, S4 or S5 root generation, respectively. Subse­
quent separation at the S7 root generation in G or in J did not result in 
significantly different lines. T h e close relationships of the lines high in 
glutamic acid (over 0.2 percent) is particularly interesting. T h e two high 
lines in 1947 were from a common origin; the eight lines in 1950 were 
derived from four original lines, two of which also had relatively high sucrose. 
This general close agreement between related lines in glutamic acid as well 
as sucrose constitutes good evidence for the heritability of this characteristic. 

Figure 6. Points repre­
sent correlations between 
root weight and glutamic 
acid and between sucrose 
and glutamic acid within 
each of 43 inbred lines of 
sugar beets. Each arrow 
indicates the 95 percent 
interval of expected cor­
relations if 10 beet sam­
ples were taken from a 
normal population with a 
correlation equal to the 
average correlation (mark­
ed with cross bar) found 
within lines measured . 

Ten beets each from 43 inbred sugar beet lines grown in Colorado in 
1950 were weighed and analyzed individually for glutamic acid and 
sucrose. The glutamic acid values, which varied from 0.03 to 1.05 percent, 
showed a remarkable relationship between mean and variance. A table of 
values of a transformation function is presented which practically eliminates 
this difficulty and facilitates the analysis of variance of glutamic acid data. 

The inbred lines have been classified on the basis of a 1 to 10 rating 
from high to low sucrose, glutamic acid and weight. There were significant 
differences between the lines in glutamic acid as well as sucrose and weight. 
There was no correlation between lines in glutamic acid and sucrose, or 

Summary 
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glutamic acid and weight which should make possible the selection of high 
sucrose lines of either high or low glutamic acid. 

Within lines, there were small but highly significant correlations; 
negative, for glutamic acid and sucrose; and positive, for glutamic acid and 
weight. Factors, probably environmental, appear to be operating to bal­
ance these correlations and prevent, at the present time, a true measure of 
existing relationships. 

The likeness between closely related lines is very striking and the 
heritable character of glutamic acid is strongly indicated. 
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