
lations between the portal venous and 
hepatic arterial blood flows did not 
differ from those of the dogs that had 
not received reserpine. 

The portal venous and hepatic 
arterial systems are not related by the 
usual capillary venular connections. At 
least three forms of communication be- 
tween these two systems have been de- 
scribed (4): (i) connections between 
portal and arterial sinusoids are noted 
in the periphery of the liver lobule; 
(ii) direct anastomoses exist between 
corresponding divisions of the portal 
vein and hepatic artery; and (iii) 
arterial branches frequently end in the 
terminal branches of the portal vein 
just before these branches empty into 
sinusoids. It has been estimated that 
at least 30 percent of the hepatic 
arterial blood is shunted into the portal 
venous system before the arterial blood 
reaches the sinusoids (5). Wakim ob- 
served that the portal blood flow is 
much faster distal to anastomatic com- 
munications with branches of the hepa- 
tic artery (4). 

The hepatic artery-portal vein blood 
flow relations which we observed can 
be explained as simply the mechanical 
effect of the interposition of a slower- 
flowing stream in the path of a faster- 
flowing stream. The rate of flow in 
the slower system will be increased and 
the rate of flow in the faster system 
will be proportionately decreased. De- 
creasing the amount of slow flow is 
equivalent to removal of an im- 
pedance, and the rate of flow in the 
faster system should increase. Con- 
versely, if the flow impetus of the faster 
system is decreased, the flow rate in 
the slower system should decrease. The 
relation between the systems is thus 
one of work mechanics, with a transfer 
of energy from the arterial to the 
venous system made possible by direct 
anastomoses of the two systems in the 
liver. 
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Physiological Predetermination: 

Imbibition, Respiration, and 

Growth of Lima Bean Seeds 

Abstract. Temperatures 15?C or 
lower during the first hour of imbibi- 
tion immediately inhibited respiration 
in lima beans, with proportional in- 
hibition of subsequent growth of seed- 
lings. Correlations between initial res- 
piration rates and growth rates of seed- 
lings were found in different lots of 
seeds. 

Almost 50 years ago Kidd and West 
(1) reported that conditions during 
the early stages of germination could 
"pre-determine" subsequent growth of 
plants. More recent experiments (2) 
have shown that in lima beans (Phase- 
olus lunatus, L., var. Early Thoro- 
green) temperatures of 15?C or lower 
during the first hours of germination 
may severely inhibit later growth of 
seedlings. Susceptibility of lima beans 
to chilling injury is predetermined dur- 
ing seed development; seeds that bleach 
during maturation are more sensitive 
than normal seeds. In corn (Zea 
mays), measurements (3) of respira- 
tion rates 1 to 3 hours after the start 
of imbibition detected injury by heat 
or freezing and could be used to pre- 
dict growth of seedlings. It is impor- 
tant both to find practical ways to 
predict plant behavior and to explain 
the mechanism of predetermination. 
We now report data showing that res- 
piration is associated with chilling in- 
jury of lima beans, that the extent 
of the injury can be estimated from 
measurements of respiration, and that 
respiration rates are also related to 
subsequent growth of seedlings even 
in the absence of injurious treatments. 

Chilling treatments that inhibited 
respiration also inhibited growth of 
seedlings (Table 1). Imbibitions at 
15?C inhibited respiration and seedling 
growth, and the more severe treat- 
ment at 5?C inhibited respiration more 
markedly, eventually killing the seeds. 
It was shown (2) that bleached seeds 
are more susceptible to chilling injury 
than normal green seeds, and that sus- 
ceptibility is limited to the first few 
hours of imbibition. After measure- 
ment of respiration, seeds were planted 
on moist paper towels and incubated 
in darkness at 25?C. Respiration rates 
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in darkness at 25?C. Respiration rates 
4 hours after the beginning of im- 
bibition were correlated, at the 5-per- 
cent level of significance, with axis 
lengths of seedlings after 5 days of 
germination (Fig. 1). Comparison of 

4 hours after the beginning of im- 
bibition were correlated, at the 5-per- 
cent level of significance, with axis 
lengths of seedlings after 5 days of 
germination (Fig. 1). Comparison of 

initial respiration rates with fresh 
weights of seedlings of different lots of 
green and bleached seeds, at the 1-per- 
cent level of significance (Fig. 2, A 
and B, respectively), indicates a rela- 
tion, between respiration rates at the 
start of germination and subsequent 
growth of seedlings, similar to that 
reported for corn (3). The correlation 
indicates that measurements of respi- 
ration can lead to a rapid estimate of 
the extent of injury caused by chilling 
treatment. 

In one lot of seeds, respiration of 
bleached seeds was less than that of 
green seeds during the temperature- 
sensitive period, but not subsequently. 
These results, and observations that 
anaerobic conditions enhance the chill- 

ing injury (2), suggest that respiration 
rates during imbibition may be a fac- 
tor in determining susceptibility to 
chilling injury. Relations between levels 
of respiratory energy, measured as 
concentrations of adenosinetriphos- 
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Fig. 1. Comparison of respiration of 
green and bleached seeds of lima beans 
4 hours after initial imbibition with axis 
length 5 days later. 0, green seeds, im- 
bibition at 25?C; A, green seeds, imbibi- 
tion at 5?C; 0, bleached seeds, imbibition 
at 25?C; A, bleached seeds, imbibition at 
5?C. 

Table 1. Influence of imbibition temperatures 
on respiration and growth of seedlings in 
green and bleached seeds of lima bean. 

Temp., Respiration, 02, Growth 
first each (dl/hr)* (mm) 
hour ----_--- ----- 
(?C) 2-hr 6-hr Roots Shoots 

Green 
25 95 169 115 
15t 60 131 111 
25t 34 91 106 99 

5t 4 52 0 0 
Bleached 

25t 87 122 79 
15t 54 71 59 
25t 25 80 60 48 

5t 5 46 0 0 

* Respiration measured at 25?C. t, : Seedling 
growth measured 5 (t) and 4 ($) days after the 
start of imbibition. 
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Table 2. Effects of 15?C chilling treatment 
on the respiration rates of cotyledons and 
embryonic axes excised from green seeds of 
lima bean. Treatment was administered dur- 
ing the first hour (cotyledons) or 30 minutes 
after initial imbibition (axes). Controls were 
maintained at 25?C. Cot, cotyledon. 

Time Respiration, O0 (/Al/hr) 
after 
aplntig Per two Cot Per axis 

planting 
(hr) Control Exp. Control Exp. 

2 65 27 11 8 
21/2 70 45 12 9 
3 70 50 12 9 
31/2 85 65 14 10 
4 96 82 14 10 
5 94 98 16 11 
6 93 95 15 11 
7 85 85 13 9 

phate, and the physical characteristics 
of mitochondrial membranes have been 
reported (4). In lima beans the sur- 
face area of the seed increases about 
fourfold during imbibition; subsequent 
rates of increase in surface area are 
lower and limited to the elongating re- 
gions of the embryonic axis. Marked 
leaching of organic materials from the 
seed accompanies chilling injury (2), 
which fact indicates extensive membrane 
damage. The results support the as- 
sumption that relations involving res- 
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Fig. 2. (A) Comparison of respiration of 
green seeds of lima bean 4 hours af- 
ter initial imbibition with fresh weights 
of seedlings 5 days later; *, lot B; A, 
lot C; I5, lot D; (B) same comparison as 
in A, but with bleached seeds. 
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piratory energy may, like the relation 
with mitochondrial membranes (4), 
also apply with other kinds of cellular 
membranes. 

Chilling treatments inhibited respira- 
tion of excised cotyledons and em- 
bryonic axes (Table 2); respiration of 
the axes remained inhibited through- 
out the experiment, but that of the 
cotyledons equaled the values of con- 
trols within 5 hours of initial imbibi- 
tion. Axes from bleached seeds respired 
less than those from green seeds, but 
there was no such difference in the res- 
piration rates of cotyledons. Embryonic 
axes are among the first tissues to be- 
come hydrated during imbibition (2). 

The data suggest the following ex- 
planation of chilling injury in lima 
beans: During low-temperature imbibi- 
tion, the respiratory mechanism is too 
slow to supply energy sufficient for 
orderly stretching of the membranes. 
Extensive damage to membrane in 
critical sites, such as the embryonic 
axis, may lead to subsequent inhibi- 
tion of growth of the seedling, attack 
by microorganisms, or even to death 
of the seedling. 

While this report was in press, 
Shimon Klein and Yael Chen (5) 
wrote to us essentially as follows. Pol- 
lock and Toole recently showed that 
temperature during the early imbibi- 
tional stage is critical for normal 
growth and development of lima bean 
seeds and excised embryonic axes. 
Woodstock and Pollock [this report] 
have extended these experiments to in- 
clude data on the influence of imbibi- 
tion temperature on respiration rates; 
while using essentially similar methods 
to study similar experimental material 
for a different purpose, we have con- 
firmed and extended their data. 

Table 3 shows the rates of uptake 
of 0, (per gram initial weight) by 
axes imbibed at 25?C and the rates 
of uptake by chilled axes as percent- 
ages of uptake of 02 by the control. 
Early chilling for 30 minutes reduced 
uptake of 02 by 20 to 40 percent 
during hours 1 to 3 of imbibition and 
by 30 to 70 percent during hours 6 
to 9. An early morphological effect of 
the chilling is a diminished and ab- 
normal elongation of the lima bean 
radicle (no divisions occur during the 
first 24 hours of imbibition), while 
elongation of the hypocotyl is not af- 
fected. No such localization of the ef- 
fect of chilling occurs in connection 
with the respiratory apparatus. When 
isolated axes were thus chilled and up- 

Table 3. Rates of uptake of 02 at 26?C by 
isolated intact axes and by isolated hypocotyls 
(all chilled) of germinating lima bean seeds 
during the early hours of imbibition. Chilled 
tissues imbibed for the first 30 minutes at 
5 ?C and thereafter at 25?C. 

Uptake 
ratio 

Hour of 02 uptake chilledo 
imbibition (gd min-' g-*) unchilled 

(%) 

Intact axes 

0.5-1 14-20 
1 -2 25-29 62-68 
2 - 3 25 -31 60 - 68 
3 -4 26- 30 60- 80 
4-5 
5-6 
6-7 33-37 30-35 
7 - 8 40-60 25 -70 
8-9 50 60 

Hypocotyls 
6-7 33- 37 30- 35 
7 - 8 40 - 45 26 - 72 
8-9 40 65 

* Initial weight before imbibition. 

take of 02 was measured separately 
in the normally elongated hypocotyls, 
the same decrease in respiration rate 
was found as in the whole axes. Re- 
sults were similar when the hypocotyls 
were isolated from the dry axes and 
were imbibed and chilled separately. 

Thus the respiratory apparatus, or 
parts thereof, in both radicle and 
hypocotyl is sensitive to chilling dur- 
ing the earliest phase in water uptake 
by the axes, and the respiration rate 
is reduced very early and permanently 
in both organs, although morphologi- 
cally the effect of the cold treatment 
is manifest only in decreased elonga- 
tion of the radicle. Imbibing the chilled 
and nonchilled axes in the presence 
of gibberellic acid in concentrations 
ranging between 3 X 10-3M and 
3 X 10-5M had no effect on elonga- 
tion or on uptake of 02 by the isolated 
axes. 
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