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and indicate the expected slope, 0.0064. These likewise pass ex- 
cellently through their respective points in every case, notwithstand- 
ing the diverse conditions and times of ohservation. 

But, even though the foregoing value for an “optinial” rate of 
starvation is actually n-itiiesscvl in practice--\\.e must avoid the con- 
clusion that starvation ~voultl necessarily continue indefinitely in this 
way. Intleetl, ;is it n-ill appear in a su1)sequent paper, the “linear” 
phase in such experiments (Iisclmes merely a temporary, though an  
aclmirably close approach to \\.hat are fu1i:lamentally “ideal” condi- 
tions of starvation for the iiidividual subject and for the kinetic 
system his organism represents. The true nature of the starvation 
curve is decitletlly more comples, ant1 will be described elsewhere. 
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On the Motion of Growth. VI. Energetics of Bacterial Growth 
and Heat Production. 

50RX4S C. WETZEL. 

From the Babies aiid CIi i l t l w , , s  Hospital, Cleveland, and the Department of 
Pediatrics, Scliool of V c t l i c i i i e ,  Westerii Reserve University. 

In several previous coniiii7unications1-.~ we have outlined a concept 
in which the phenomeiia o f  gro\\-tli and metabolism are viewed as 
separate forms of a single ui1;lerlying niotle of motion. A scaffold- 
ing is thus provided 1 ) ~  \\hich each of these major processes may 
be studied more directivelj-. I:tit our descriptions up to this point 
have been restricted to the special case of human growth and nie- 
tabolism, and it is therefore proposed, since the methods and the 
theory are sufficiently general, to consider an example of the cog- 
nate phenomena in a population of unicellular organisms. In  order, 
however, to apply the present theory, it is essential that we possess 
simultaneous information upon the two chief processes in action, 
namely, growth and coinciclental heat production. Such data, for 
our purposes, need to lie niore than ordinarily accurate, else analysis 
is labor in vain. Considerin:: the difficulties a t  hand, there is small 
wonder that suitalile oliservations are few ; indeed, in the bacterio- 
logical field there are no data ivliich are more worthy of attention 
and study than those rel)orte(l I\-ithin the past few years by 

I-: TVetzel, S. C., PROC. Soc. Exr. BIOL. AND MED., 1932, SO, 224, 227, 233, 
354, 358. 
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Bayne-Jones and Rhees.' We  shall employ the data on growth an& 
simultaneous heat production as recorded for their experiment 
2 in order to illustrate the general method of application of our own 
results. 

The Growth Curves. 
The equations of motion are essentially the same as those already 

given in the case of human growth, save for the fact that the right 
hand side of, 

namely, the "applied force" representing ('ErEc), the difference 
between the potential of energy at  the source and cell respectively, is 
sufficiently constant to be treated so in this as well as in all other 
examples of bacterial growth which we have thus far investigated. 
But, in view of the fact that the descriminant, 

[ (;y- <o 

in these instances, the solution of (12) may take the form, 

-at 
q = EK + Ke sin(/% + 0) (14) 

a representing the real, p the imaginary part of the roots of (12) ; 
K and 8 being arbitrary for integration. 

From the latter equation we should expect the curves of bacterial 
growth to exhibit real oscillatory deflections that are dampened by 
the factor a which, like p contains the fundamental constants of 
growth and metabolism, A, p, and K ,  implicitly. Applying (14 j to 
the data mentioned, we get, by niethods later to be described :' 

EK = 10.734 

p = 0.187 
a = 0.6544 

K = -5.94405 
0 =  0.302346 

when q is transformed to the Briggsian base. The curve of (14) 
computed with the aid of the foregoing values is illustrated in 
Figure 1. The numerical results are arranged in Table I. Graph- 
ical adjustment is obviously satisfactory, and shows, contrary to 
the general opinion frequently expressed, that the algebraic repre- 
sentation of bacterial growth during all of the well-known phases 
of reduplication is quite within the range of analysis. 

6 Bayne-Jones, S., and Rhees, Henrietta, J. Bnct., 1929, 17, 123. 
7 Wetzel, N. C., to be published. 
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Number of B:ic.tcria, (2) 
~~ 

Ohscrved C;ilcii1:1 tcd from 
I*:qii:i t iori (14) 

T-IBLE I. 
A Comparison of the Theoretic:il :uid Oliscr~ecl Values for Cell Number and Total 

Heat Production in  Expwiniciit ( 2 )  of Bayne-Jones and Rhees. 

Total Heat, 4, 

Observed Calculated from 
Equation (17) 

Age of Culture 

x 10s 
9.2 

19.4 
53.4 

120.0 
229.0 

h rs. 
0 
1 
2 
3 
4 
5 
G 
7 
8 
9 

10 

I 

x 10s 
8 3  

20.5 
4,5.4 

226.0 
245.0 
330.0 
400.0 
180.0 
500.0 - 

gm. cal. - 
1.19 
8.95 

16.30 
20.90 
25.90 
31.00 
30.10 
40.50 
45.20 
49.90 

gm. cal. - 

9.52 
15.10 
21.27 
26.58 
31.56 
36.10 
40.54 
45.05 
49.91 
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Heat Production. 

As before’ we turn to, 

for the theoretical course of unit rate of heat production. Since, 
however, we have found that E, is small as compared with p in the 
present case, equation (IS) may be reduced to, 

from which the unit rate of heat production, U ,  is now composed 
simply of heat dissipated and heat returned from maintenance. 

The evaluation of p and A’ could easily be completed were it pos- 
sible reasonably to approximate the correct values of U a  (gm. 
cal./cell/hr. ) from the original observations which happen, how- 
ever, to have been made in such a manner that total cumulative 
heat, and not rate of heat production was measured in the calori- 
meter. Hence, to make comparisons most satisfactory, we need 
here to rearrange and to proceed somewhat differently with (16). 
The foregoing equation is therefore multiplied by s (cell number) 
as  given in terms of t with the aid of (14), remembering that 
x = @, and integrated once with respect to the independent variable. 
The result symbolically, 

must, unfortunately, be partly expressed in series form, a t  least six 
terms of which will be required for computing ap, the total heat 
produced by z organisms up to and including time f. With the 
integrals in (17) evaluated ancl ivith @ given clirectly by the data, 
we are finally able to solve a set of equations of this type simul- 
taneously for  p, A’, ancl C,. We have thus found, 

p = 0.0007652~ 10-6 
A’ = 
C, = -25.7, the constant of integration 

0.00009 x 10-6 gm. cal./cell/hr. 

The details of the foregoing procedures, as  illustrated in another 
example of  similar nature, are being published elsewhere? 

By resubstituting the results just given into ( 17),  hourly theo- 
retical values for total cumulative heat, ap, have been computed* 

8 Wetzel, s. c., PROC. SOC. EXP. BIOL. -4ND MED., 1932, so, 233. 
* With the aid of the corresponding values of ($) as obtained from the 

dt 
first derivative of (14). 
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and are given in Talile I. They trace the curve in Fig. 2. The cor- 
respondence is about all that could be expected in view of both ex- 
perimental as well as analytical difficulties necessarily encountered. 
Consequently, it is worth emphasizing that the theoretical relations 
(15) and (16) which are thus seen to redescribe the course of bac- 
terial heat production, just as they have succeeded in doing this for 
the human case, are actually part and parcel of the fundamental 
equations of growth set forth in this series of papers. No full 
discussion can be entered into here, although it is evident that the 
implications of these results are sufficient to warrant the applica- 
tion of present methods to further observations of a similar nature. 
In fact, as we shall later show,"p lo there is no other method, once 
P has been determinet!, by which the unit rate of heat production 
can be as accurately computed for any and all phases of growth 
as by equation ( 15 ) or even (16). Such information is vitally 

9 Wetzel, N. C., to be published. 
10 Wetzel, N. C., to be published. 
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important to studies of bacterial growth and metabolism, but beyond 
this, there is at present, no other way by which the numerical values 
of the fundamental growth constants, A, p, and K can be determined, 
and consequently, no other means of approach to a further study 
of their ultimate physical and physiological properties. 
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Influence of Raw and Whole Dried Liver on Food Consumption 
and Utilization.* 

WALT.ER H. LSEEIGERIS AND H. GREGG SMITH. (Introduced by H. A. Mattill.) 

Prom the Biochemical Laboratories, State  Unhers i ty  of Iowa, Iowa Ci ty .  

In experiments described by Smith’ it was shown that liver tissue 
extracted with alcohol until fat-free has a biological value inferior 
to that of whole liver, as shown by a subnormal growth rate. In  
the present experiments an attempt was made to gain information 
as to the manner in which whole liver exerts its favorable influence. 
A combination of the efficiency quotient method of Palmer and Ken- 
nedy and the paired-feeding method used by Mitchell and Carman’ 
was used. Male albino rats on a complete diet containing 20% 
extracted liver,’ supplemented by 0.5 gm. of dried whole liver or 1.5 
gm. of raw liver daily, and whose food intake was limited to that 
of control animals, grew at a faster rate and had lower efficiency 
quotients than did the controls. Animals receiving the supplements 

TABLE I. 
Exp. Liver Prelim. Period Exp. Period 
No. Supple- 21 day8 40 days Remarks 

ment Food E.Q. Wt. Gain E.Q. Food 
Start Wt. 

~~ ~ ______ 

gm. gm. gm. 
1 -  126 4.66 14 100 2.53 314 Control 

Whole 105 4.42 73 115 2.10 314 Limited 

2 -  171 4.35 101 123 2.25 449 Control 
Ext’d 111 4.33 76 190 2.69 439 Limited 

’) 118 4.63 SO 146 1.82 416 Unrestricted 

’’ 120 4.33 88 139 2.10 459 Unrestricted 

* This work was in part supported by a grant from the National Live Stock 

18mith, H. G., PROC. SOC. EXP. BIOL. AND MED., 1931, 28, 597; 1932, 29, 669. 
2 Palmer, L. ,S., and Kennedy, C., J .  BioZ. Chem., 1931, 90, 545. 
3 Mitchell, H. H., and Oarman, C. G., J .  Biol. Chem., 1926, 68, 165. 

and Meat Board. 


