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Callus tissue derivedI from the stem1pith of Nico-
tia(nia tabacumt L. cv. \Visconsin no. 38 invariably re-
quiires a mediumii containiing an auxin and a kinin
or the naturally occurring equivalent of these for
growth in vitro (e.g. 2, 7). In recent vears. how-
ever, strains which have lost their requirement for
one or both of these plant growth regulators have
appeared spontaneously in culture. One of these,
a strain derived from normal tobacco callus but
now completely autonomous for kinins and auxins,
has been described previously (5) and its ability to
synthesize auxin-like and kinetin-like materials noted
(4, 14).

Strains with drastically reduced requirements for
exogenously supplied growth substances are valuable
since they provide a convenient means to investigate
niormal and neoplastic growth in plant tissues and
to assess the role played by kinilns and auxins in
growth processes. Consequently. a study of the
growth control mechanisms associated with the ap-
pearance of autonomy in plant tissues has been ini-
tiated; the work reported here is one aspect of that
study.

Methods and Materials

The origin, growth habit, and the media used for
culture of the normal, kinin-auxin requiring tissue
(strain KX-1) and its fully autonomous derivative
(strain 0-1) have been previously described (5).
02 uptake was measured in a Warburg respirometer
at 250. The gas phase was air. Tissues were sec-
tioned free-hand into small slices 0.5 to 1.0 mm thick
and 0.3 to 0.8 cm in diameter. The slices were
washed for 2 hours in running tap water, rinsed 3
times in distilled water, blotted with cheese cloth,
and suspended in 0.03 M potassium phosphate buffer,
pH 6.0. Each Warburg flask contained approxi-
mately 35 mg (dry wt) tissue in 3.0 ml of buffer in
the main compartment and 0.3 ml 4 ~N KOH in the
center well.

Studies on the respiration of the C14 labeled sub-
strates were conducted using the radiorespirometric
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technique of \VNang et al. (13) modified in certain
respects. Glucose- 1-C4 (G- 1-C14), glucose-2-C' 4

(G-2-C14), glucose-3, 4-C14 (G-3, 4-C14), glucose-6-
C14 (G-6-C'4), and uniformly labeled glucose (G-
U-C14) were purchased from New England Nuclear
Corporation. Approximately 35 mg (dry wt) of
either 0-1 or KX-1 washed tissue slices were sus-
pended in 4.5 ml of the tissue culture medium on
which they had been growing (minus the organic
components) at pH 6.0 in the main compartment of
each modified Warburg flask; 0.5 ml of the C14
labeled substrate (20 umoles, specific activity 0.05
mc/mM) was placed in the side arm. After passing
air through the flask for 10 minutes to equilibrate
the gas phase and the liquid, the contents of the side
arm were poured into the tissue suspension in the
main compartment of the flask. Throughout the in-
cubation period at 250 the respirometer system was
flushed with water-saturated air at 20 ml,/minute.
The air stream was allowed to escape through a glass
sinter into a CO, trapping solution containing 2.0
ml of a mixture of ethanolamine: absolute ethanol,
1: 2 v,/ v. At the end of each hour the trap solution
was collected, rinsed out of the container with ab-
solute ethanol, diluted to 5 ml, and added to 10 ml
of a solution for scintillation counting [50 mg of
1,4-bis-2-(4-methyl-5-phenyloxazoly) benzene and 3
g of p-terphenyl per liter of toluene].

After an incubation period of 5 hours, the medium
was collected by filtration through coarse fritted
glass, the tissues rinsed with an additional 10 ml of
medium and the whole made up to 15 ml with water.
A portion (50 ml) of this solution was added to a
counting vial which contained 2 ml trap solution, 3
ml absolute ethanol and 10 ml of the counting solu-
tion. Samples were assayed for radioactivity in a
Packard Tri-Carb model 334 liquid scintillation spec-
trometer.

Results

Oz Consuinptioni. 0, uptake by autonomous and
normal tissue slices over an experimental period of 3
hours is shown in table I. The time course of 0,
consumption in a typical experiment is demonstrated
in figure 1. These results indicate that 0, uptake
in the autonomous strain of tobacco tissue is about
35 % greater on a dry weight basis than in the nor-
mal strain.

The effect of the age of the culture on respiratory
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Table 1. (), Consumption int Normal antd Autonomtous Tobacco Tissuie Culturcs

Autoniomous (straini 0-1)

*O., uptake
( Alg drv wt)

;210
5499
5585
6191
5680
3154
5219

RQ

1.12
0.94
1.01
0.92
0.97
0.91
0.98

Normal (strain KX-4)

Tissue
age

(days)
16
21
26
28
34
45
28.3

*09 uptake
(u l/g dry xxrt)

3485
3734
4121
4440
4560
2850
3865

RQ

0.96
0.94
1.09
0.93
0.90
0.93
0.96

* Length of eacl exl)eriment was 3 lbours.

activities is showni in table I anid figure 2. The
02 uptake of the KX-1 tissue shows ain inicrease from
the sixteenth day reaching its maximumii in the nieigh-
borhood of the thirty-fourth day of culture, after
wvhich it declines rapidly. In the autonomiious straini
the ability to take up O. seems to (leclinie several
days earlier. This difference may be imiore apparent
than real since 0-1 tissue grows at a faster rate than
KX-1 (5) and therefore probably uses up the
available nutrienits soonier. The respiratory quotient
(RQ) renmained relatively conistant throughout the
experimental period (table I).

Glutcose Uptake. Glucose uptake was miieasured
by determining the radioactivity left in the medium
after a 5-hour incubation period on C'4 labeled glu-
cose. The data presenlted here are based on the
assumlptioin that leakage of C14 labeled metabolites
back into the medium (loes liot occur to any appre-
ciable extent, an assulmpl)tion which N-as colnfirmiied
by chromatographic sttudies of the imiediumiii after inl-
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cubation. Tobacco tissue slices of ()-1 anid KX-1
take up glucose from the incubation imiedia at about
the same rate (fig 3). \bhile the age of the culture
obviously has a pronouniced effect on the rate of
glucose uptake, there appears to be no great dif-
ference between the 2 strailns in this respect.

Gluicose Catabolismii. II order to investigate the
relative contribution of the catabolic pathways of
glucose metabolism in 0-1 and KX-1 tissues, the
utilization of specifically labeled glucoses was ex-
amined b-y radiorespirometry. AMost of the experi-
menits (liscussed in this sectioni were ruin for 5 hoturs
aand all were repeate(l fromii 2 to 4 timies. The (lata
shownr- in figures 4 and(I 5 dem,.onstrate that the rate
of Cl40., output in 1)oth 0-1 alnd KX-1 tissues
reaches a imiaximumil by the endcl of the third or fouirth
hour anid theni levels off. Sttudies of glucose del)le-
tioni show- that onlyv abotut half of tlle glucose ha.
been removed fromii the mzediumlii after 5 hours. Age
of the tissue is a variable, the effect of v-lhichi was
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FiG. 1. Time course of 0., consumptioni in a typical experiment (see table I, expt no. 2).
Fv(;. 2. 0, co'nsumptioin of norlnal and autonomous tobacco tissue slices as a function of age.
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FIG 3. Effect of age on glucose uptake by normal
and autonomous tobacco tissue slices. Each point repre-
sents an experiment involving 20 to 50 mg dry weight
of tissue run for 5 hours. Glucose solutions were ini-
tially 20 /M.

not fully appreciated until a number of experiments
had been run. Glucose uptake (and therefore CO.
output) is greatly modified by the age of the tissue
(fig 3). Since the experiments described here were
run with tissue from cultures of a variety of ages
(from 24-48 days), meaningful comparisons cannot
be made on the basis of total CO, output per unit dry
weight. It was found, however, that another meas-
ure of respiratory activity, the ratio cpm (C1409)
produced/cpm (glucose-C14) taken up, was relative-
ly independent of age and quite consistent from one
experiment to the next. Such a finding very likely
means that the older the tissue, the greater the pro-
portion of nonviable cells included in the slices.
The metabolic machinery in the living cells pre-
sunmably does not change greatly during the period
between 24 and 48 days.

Table II illustrates the recovery of C140_ in a

Table II. Percentt of Radiochemiiical Takenit up by
Tissues Appearintg as C'402 in 5 Hours

Normal Autonomous
Substrate tissue tissue

(KX-l) (0-1)

%/c recovery*
Glucose-i-C14 23.3 ± 2.69** 25.9 ± 1.32
Glucose-2-C14 14.4 ± 2.66 17.6 ± 0.10
Glucose-3, 4-C"1 19.8 ± 2.00 40.6 ± 3.00
Glucose-6-C04 11.9 ± 1.35 13.7 ± 0.25
Glucose-U-C14 17.4 ± 1.91 22.3 + 0.83
* Average of 2 to

** SE of the mean.

4 replicate experiments.

5-hour period as a percent of the C14 taken up by
the tissue as glucose. The most striking dissimilarity
between the 2 strains is with respect to the recovery
of C1409. originally supplied in carbon atoms 3 and
4; in 5 hours approximately twice as much of the
label taken up as glucose-3. 4-C'4 is released as CO,
by the autonomous tissue as by the normal strain.
A smaller difference exists in the recovery of CO,
from uniformly labeled glucose (28 % greater re-
covery in the 0-1 strain), and this is probably due
for the most part to the C-3, 4 difference. There
may also be a slightly greater C140, recovery from
glucose-2-C14 in the autonomous strain.

This difference in the way the tissues handle car-
bon atoms 3 and 4 of glucose was first suggested by
studies in which the recovery of C140., was ascer-
tained only for G-l-C14, G-2-C14, G-6-C14 and G-U-
C14. Since the compounds were supplied at the same
specific activity (except for G-U-C14 which was sup-
p)lie(l at the same total activity but having, therefore,
onily a sixth of the specific activity per carbon), a
value for CO., recovery from carbon atoms 3 and 4
could be calculated by assuming that CO. recovery
from carbon 2 equals that from carbon 5 and by
using the following formula: 6(C-U)- [C-1+2(C-2)
+ (C-6)] = (C-3) + (C-4).

Making the further assumption that (C-3) = (C-
4), we calculated that CO, recovery from carbon 3
of glucose in normal tobacco tissue was about 82 %
of the observed C140, recovery from G-l-C14. In
the autonomous strain this figure was 140 %. Since
C14O., recovery from G-1-C14 is approximately equal
in the 2 strains (table II), it would appear that
CO, recovery from carbon 3 or 4 of glucose in 0-1
tissue is about 170 % of that in KX-1.

The data in table II, however, (based on nmeas-
urements of C140, output from tissues respiring
glucose-3 (4)-C14) indicate that this method of cal-
culation somewhat underestimates the actual value.
As shown in table III the ratio 3, 4/1 is 0.85 for
KX-1 tissue and 1.57 for 0-1. The discrepancy
could be explained if the distribution of label in
glucose-U-C14 was, in fact, not uniform. Our data
suggest the possibility that the specific activity of
carbons 3 and 4 is somewhat less than the average
specific activity of carbons 1, 2, 5 and 6 in uniform-
ly labeled glucose. An alternate explanation for the
discrepancy involves the assumption previously made
that CO, recovery from carbon 2 is equal to that
from carbon 5. Such an assumption is valid only

Table III. Ratio Values Derived fromii the Percent
Recoveries of C'10, Shown in Table II

Position Normal Autonomous
of tissue tissue

label KX-1 0-1

C6/C, 0.51 0.53
C3,4/Cl 0.85 1.57
C6/C2 0.83 0.78
C1/C2 1.62 1.47

IlI , , ,

lo- 8

9 - *-- Normal tissue

o-o Autonomous
8 - \Stissue

6 8 \.

5_"'

4 0 0

3 -8--- 0

20

l_ ~~~~(3)
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FIGS. 4, 5. Interval recovery of C' '0., from normal and autonomiious tol)acco) tissues respirinlg variously labeled gliu-
cose substrates. Values are correctedl for slight variationis in the specific activities of the samples of glucose use(l.

if the fraction of glucose catabolized by wNay of the
pentose pathway with a correspoondinig recycling of
the pentose so derived through the EMP (En-mden-
Meverhof-Parnas) pathway is small in relation to
total glucose catabolism. This, in fact, mav niot
be true in the tissues dealt with in this study, and
the formula could, by overestimatinig CO.. recovery
from carbon 5, underestimate that from carbons 3 and
4.

The preferential oxidationi of carbon I to CO.
over that of carbon 6 (figs 4, 5. table III ) in botth
strainis Iprovides evidence for the ol)eration of the
lentose pathway in these tissues (1). Sinice C,1C1
ratios are by themselves incadequate for ani estlimationi
of the exact proportion of the glucose metabolized
by the pentose pathway (8), no statemiienit can be
miiade as to the relative importance of this p)athwNay of
glucose degradation in normal anid autoniomiious tis-
sues. The C6 C1 as well as the C,/C., anid C, C.,
ratios observed here, however, suggests nio great dif-
fereince between the 2 strainis in non-EMIP pathways.

Table IV shows the distributioni of C14 after normal
and autonomous tissues wvere incublate(l for 5 hours
in the radliorespiromlleter in the presence of uniiform-
ly labeled glucose. CO. recoverx fromii glucose was
28 % greater in 0-1 tissue thani in KX-1 (table
IV\). These results are in reasonably goo(d agree-
meit with those from the \Warburg respirometer
studies (lescribed in preceding paragrap)hs in which
0( consumption (equal to CO. evolutioni in these
tissues respiring sucrose) was about 35 % greater
in the autonomous strain.

Seventy percent ethanol extracts from tissues
wAhich had been metabolizing variotusly labeled glu-
cose substrates were examieled lby paper chroinoto-

graphv anil( autoradiography. \NVhile differences in
the pIattern of ra(lioactive spots appeare(1 (lepending
uI)on the originalil positioIn of the label, ( )-1 and

Table IV. J)istriboition of Radioactivii/v of U niformlv
L(zbclcd (luhcose Mletabolizcd for 5 lIbo rs

Glucose -U-C'4 525.000 cpm was supplied. The oveni-
dried tissues were ground ini a mortar anid tlle powder
extracted for 24 hours at roomii temperature wx-ith 5 '/,
trichloroacetic acidl (10 ml per 30 mg of (Irie(I tissuie).
The solvenit wvas dlecanitecd andcl thle tisssues reextracte(d in
freslh triclhloroacetic aci(d for aniothler 24 hours ani(I the
extracts comnhbinied (cold triclhloroacetic aci(d fractioni).
The residue was then extractedI for 15 iminlutes in boiling
70 % ethanlol followed by a solutioni conltainiiiig 3 parts
95 % ethaniol to 1 part diethyl etlher (v/v). Finally
the tissues were air dried anid extracte(d for 15 miniutes
wvith 5 %/c trichloroacetic acid at 900 (hot trichloroacetic
acid fractioni).

Normal
tisstle

( KN-1 )

Recovered as

Cold trichloroacetie
acid soluble

Ethanol-diethyl
ether soluble

Hot trichloroacetic
acid soluble

Not extracted
(by dlifference)

Atitoiioti(ills
tissuleI
(0-1

'a o f radioactivity takena ul) by tissute
15 i)51 21.9(

39.24

2.14

0.85

42.27

34.443

2.23

0.24

41.2(0

The fig-ures in table II differ from these sinice they
are an average of four experiments while these data
are for a single experiment.
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KX-1 were similar in this respect in each case.
The methods used here were too crude to detect
quantative differences; it is clear, however, that no
major qualitative differences exist between the 2
strains with respect to glucose metabolites extractable
in 70 % ethanol. For extracts from tissues metabo-
lizing uniformly labeled glucose, radioactivity was
noted in at least 2 reducing compounds and in sev-
eral ninhydrin-positive compounds, the major ones
having RF values similar to alanine and valine. Be-
cause of the essential similarity between the 2 strains,
this line of inquiry was not pursued further.

Discussion

In many ways the autonomous tobacco tissue (0-1
straini) used in this study is the physiological equiva-
lent of tumorous or neoplastic plant tissues induced
by bacterial or viral activities. In fact, this tissue
differs in its biosynthetic capacities only in minor
details from fully autonomous crown-gall tumor
tissue described by Braun (2). 0-1 is a typical
neoplastic plant tissue in that, unlike the normal
tobacco tissue from which it was derived, it no
longer requires an exogenous supply of kinins and
auxins. Autonomic capacity appeared spontaneously
and there is no evidence of viral or bacterial involve-
ment (5). It is of some interest, therefore. to com-
pare the metabolism of this strain with that of tumor
tissues initiated by bacteria or viruses.

Higher oxidative activity of autonomous tissue
as compared to normal as found in this study has
also been reported in Datura crown-gall tissue cul-
tures by Brucker and Schmidt (3). Earlier studies
have generally shown reduced respiratory levels in
crown-gall tunmor tissues when these were compared
with niormal strains. Klein (9) indicated that
crown-gall tumor tissue of Partheniocissuis tricutspi-
datuis had a lower respiration rate than either habi-
tuated or norm-ial tissue from the same organism
even though the growth rate of the crown-gall strain
was substantially higher than that of the other two.
Tamaoki et al. (12) indicated that mitochondria from
crown-gall tissues of tomato had lower oxidative
activity and were lower in phosphorylating efficiency
than mitochondria from normal callus tissue although
the 2 strains grew at similar rates. Gentile ( 6)
reported similar findings in mitochondria from nor-
mal and tumor tissues of Rutmex.

Scott et al. (11) have suggeste(I that an enhaniced
oxi(lative decarboxylation of glucose to ribose takes
place in tumor tissues of Beta vuilgaris induced by
Agrobacteriun tumefasciens. This conclusion is
based primarily on their observation that certain
enzymes of the pentose pathway were much more
active in homogenates of tumor tissue as compared
with normal. The relationship of the activity of
extracted enzymes to their operation in vivo is. how-
ever, obscure as the authors pointed out.

The neoplastic tissue used in this study differs
rather markedly from a number of crown-gall tumor

tissues in its increased capacity for 02 uptake (35 %
greater on a dry wt basis than normal tobacco tis-
sue). This increased 02 consumption is paralleled
by a greater CO, evolution as showln by manometric
studies (table I). The RQ of tumor tissue is not
significantly different from normal callus. Our
data indicate that the difference in rate of 02 con-
sumption is probably not due to major differences
between the 2 strains in pathways of carbohydrate
catabolism.

The preferential conversion of carbon atom 1 to
CO, compared to carbon 6 suggests that the pentose
pathway is very likely operative in both strains of
tobacco tissue, but the C6/C1 ratios observed (table
III) suggest no great difference between the normal
and autonomous tissue. It is recognized, however.
that because of numerous side reactions it is not
possible to use the ratio of CO. evolution from C,
and C1 labeled glucoses as a direct estimate of the
amount of glucose catabolized by the pentose path-
way (8). Consequently, there may be a quantitative
difference in pentose pathway activity between 0-1
and KX-1 which is obscured by side reactions af-
fecting C6/C1 ratios, although if such a difference
exists, it is not likely to be large since the C,/C2,
and the CI/C2 ratios are also closely similar (table
III).

The much more extensive conversion of carbon
atoms 3 and 4 in glucose to CO, in the autonomous
than in the normal strain (table II) suggests that
the major metabolic difference between the 2 is
the rate at which oxidative decarboxylation of
pyruvate derived from glucose takes place; the in-
creased capacity for 02. uptake in the 0-1 strain
supports this conclusion. Presumably the acetate de-
rived in this manner would support an increase in
biosynthetic activities in the autonomous tissue. The
relative similarity in the 2 strains with respect to
recovery of C140., from C., anid C6, labeled gluicose
would argue against there being any great difference
in tricarboxylic acid cycle activity unless a greater
portion of the carbon were funlnele(d off durilng the
cycle for synthetic purposes in the 0-1 strain.

It appears, therefore, that the greater growth rate
and concomitant biosynthetic activities of the auton-
omous tobacco tissue used in this study cou'd be
explained on the basis of an increased rate of de-
carboxylation of pyruvate. Such an explanation of
course, says nothing about the underlying mechanisms
for this change. Furthermore, the relationship of
the metabolic change discussed here to the activation
of hormone synthesizing systems is not at all clear.
It is anticipated that this study will be the ground-
work for a more intensive treatment of these ques-
tions.

Summary

A pronounced difference in oxygen consumption
and glucose catabolism exists between an auxin-kinin
dependant tobacco tissue and a derived strain auton-
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omous for these growth regulators. On a (lrv weight
l)asis the latter takes up oxygeni at a rate roughly
half again as fast as the former althouigh the rate
of glucose uptake is about the same in the 2 strains.

By the use of glucose labeled with C'4 in different
positions and the recovery of CO., in a Warburg
mianometer modifie(d for radiorespirometry, it was
showni that peitose l)athway activity is lprominent in
1oth kinds of tissue to about the same degree. How-
ever, when glucose-3, 4-C'4 is respired. a imtuch
greater fraction of the radioactivity takeni til) per
mg (Irv weight is recovere(d as C(' O., in the auiton-
omous tissue than in the normal. The (lata stiggest
that the greater growth rate and increasedl oxygen
constlum)tion in the autonomotous tissue are associated
with anl enhaniced oxidative decarboxylation of pru-
vate derived from glucose.
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