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ions in much the same manner as are the physical
properties of the cell wall itself. This suggests that
pectic materials of the coleoptile cell wall may be of
importance in determining the mechanical deform-
ability of the structure.
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During the course of investigation of the effect of
various osmotically active solutes on Avena coleoptile
section growth, it was found that galactose is more in-
hibitorv to such growth than are other solutes in gen-
eral. Mannitol for example is essentially without ef-
fect on section growth in concentrations up to 0.02 M,
but galactose is highly inhibitory at this concentra-
tion. The inhibition caused by galactose is thus not
due to the osmotic properties of the substance. Ear-
lier Burstr6m (2) found galactose to inhibit the
growth of wheat roots. He indicated indirectly that
galactose is respired but not apparently used syn-
thetically, i.e., not assimilated into structural com-
ponents. Thimann (11) also found that galactose
inhibits growth of pea stem sections but he supposed
galactose to be metabolically inert.

The galactose-induced growth inhibition of Avena
sections has now been further investigated. The ques-
tion is posed; is the inhibition exerted on energy pro-
ducing enzymatic steps of respiration or is it exerted
through an interference with cell wall metabolism,
such as the production of cell wall components. The
latter possibility is of inherent interest in connection
with studies of auxin action since it has been shown
that the primary act of auxin in cell elongation is
upon the cell wall (3). Auxin increases rate of meth-
ylation of a cell wall fraction which possesses the
properties classically ascribed to pectin (7).

The data presented here suggest that galactose
inhibits cell elongation primarily by interfering with
the synthesis of a cell wall fraction having the solu-
bility properties of cellulose rather than by inhibiting
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2 Report of work supported in part by the Herman
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respiration. The cellulose fraction of the cell wall is,
however, as shown earlier (7), not influenced directly
by auxin.

MIETHODS
The material used in this investigation consisted

of 5-mm sections cut 3 mm below the apex of Avena
(var. Siegeshafer) coleoptiles. The Avena seedlings
were grown as described earlier (6). All solutions
were made up with redistilled water. Primary leaves
were removed except in cases where elongation was
measured.

Respiration measurements were made in the stand-
ard Warburg apparatus by following oxygen uptake.
These measurements were made over a three-hour
period.

Cell wall metabolism was studied by incubating
sections in galactose-1-C14 or uniformly labeled glu-
cose-C14 and by analyzing the cell walls as described
by Ordin, Cleland and Bonner (7).

Aliquots of the hot water (pectin), hot acid (pro-
topectin) and hot oxalate (pectate) extracts were
plated on copper planchets. The alkali soluble frac-
tions (hemicellulose and non-cellulosic polysaceha-
rides) were neutralized with 0.5 N and 9 N H2SO4 be-
fore plating. The planchets were counted with a mi-
cromil window counting tube using Q gas. The final
residues (cellulose) were counted with a thin-window
GMI tube. All counts are corrected to infinite thin-
ness. The counts incorporated are expressed on a
10-mg cell wall basis.
The amount of radioactive substrate taken up by

the tissue varied somewhat from experiment to ex-
periment. Therefore a calibration experiment was
done in which the extent of incorporation into each
tissue component was determlned as a function of

212



ORDIN AND BONNER-GALACTOSE AND METABOLISM

amount of labeled substrate supplied and taken up.

The calibration curves so obtained have been used to
convert all of the data to incorporation per unit ab-
sorption of substrate. The data are expressed as

counts per minute incorporated per 80,000 cpm of
substrate absorbed.

The variability of Avena coleoptile section growth
rates under the present conditions has been consid-
ered by Cleland and Bonner (3). In general growth
increment differences greater than 0.06 mm are sig-
nificant at the 5 % level. Variability in the meas-

ured incorporation of metabolite into tissue fraction
is greater and differences in such incorporation of less
than 10 % are not considered in this paper as mean-

ingful. Each experiment here reported has been re-

peated many times.
The galactose-1-C14 was a gift from the National

Bureau of Standards and the glucose-C14 was pur-
chased from the California Foundation for Biochemi-
cal Research. Incubation of homogenized tissue with
the radioactive substrates, followed by extraction and
analysis indicated very little contamination of cell
wall fractions by adsorption or occlusion of substrate.

RESULTS
Figure 1 gives the results of an experiment which

examines the effect of galactose on section elongation.
Sections were placed in either 0.01 M galactose or
0.01 M mannitol. Potassium free indoleacetic acid
(IAA) was added at the point in time indicated by
the arrow. It may be seen that there is a marked
effect of galactose on auxin-induced growth. If the
galactose concentration is increased to 0.09 MI in the
presence of IAA, sections elongate only 0.09 mm in
20 hours whereas in a control solution of 0.09 M man-

nitol, elongation is 0.94 mm.

The effect of these two concentrations of galactose
on respiration was investigrated in order to determine
if galactose blocks the normal respiration of glucose.
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FIG. 1. Effect of 0.01 M galactose and of 0.01 M

mannitol on the elongation of Avena coleoptile sections

as a function of time in the presence of IAA. Five mg/l
K-free IAA added at arrow, no buffer, final pH 6.1.

TABLE I
EFFECT OF GALACTOSE AND OF MANNITOL SOLUTIONS ON

OXYGEN UPTAKE OF AVENA COLEOPTILE SECTIONS

SOLUTIONS CONC - IAA + IAA

M p1/20 sections x hr
Mannitol 0.09 13.0 21.0
Galactose 0.09 7.5 7.5
Mannitol 0.01 15.5 22.0
Galactose 0.01 24.0 27.0

Basal medium contains 5 mg/l K-free IAA, no buffer,
initial pH 5.0 to 5.3.

Table I shows that 0.01 M galactose has no inhibiting
effect on basal respiration but that 0.09 M galactose
does inhibit respiration somewhat. The auxin in-
duced increment in respiration is, however, almost
eliminated by the lower concentration of galactose.
This might be expected since the auxin induced res-
piratory increment accompanies elongation rather
than the presence of auxin alone (cf Ordin, Apple-
white and Bonner (6)).

The higher galactose concentration apparently in-
terferes with respiration. That this might occur at
the hexokinase stage is indicated by Hele (4) who has
shown that phosphorylation of sugar mixtures by
ATP in the presence of hexokinase yield lower rates
than are obtained in the presence of single acceptors.
Galactose in particular was found to be phosphory-
lated by intestinal mucosa at a slower rate than glu-
cose. A mixture of the two sugars was phosphory-
lated more slowly than either alone.

The basis of this behavior is unknown but might
account for the inhibition of respiration evident in
table I at the higher galactose concentration. At the
lower concentration however such inhibition does not
appear to be a factor of importance.

A further test of the hypothesis that respiratory
inhibition by galactose is not of primary importance

TABLE II
EFFECT OF VARIOUS TREATMENTS ON ELONGATION OF

GALACTOSE-PRETREATED AVENA COLEOPTILE
SECTIONS

TREATMENT ELONGATION, MM *

0.08 M Glycol 0.26
0.08 M Mannitol 0.14
0.08 M Sucrose 0.54
0.08 M Glucose 0.52
0.045 M Tartrate 0.12
0.045 M H2PO4 0.27
0.045 M Malate 0.12
0.045 M Fumarate 0.26
0.045 M Citrate 0.17
0.045 M Succinate 0.28

Pretreatment: Incubation for 5 hrs in 0.01 M galac-
tose, 0.0025 M potassium maleate, 3.5 mg/l IAA, pH 4.5.

Treatment: Incubation for 15 hrs in 0.01 M galactose
and potassium salts or carbohydrate with maleate buffer,
3.5 mg/l IAA, pH 4.5.

* Elongation after 15 hrs.
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TABLE III
C"02 RESPIRED BY AVENA COLEOPTILE SECTIONS INCUBATED

IN GALACTOSE-1-C"4 OR GLUCOSE-C'

SUBSTRATE CPM/1000 CPM INITIAL SUBSTRATE

Glucose-C", 0.004 M 54.1
Galactose-l-C'4, 0.004 M 9.3

Initial specific activity: Glucose-182 x 106 cpm/mM,
galactose-246 x 106 cpm/mM.

in the growth inhibition consisted in investigation of
the effect of acids of the tricarboxylic acid cycle and
of certain sugars on growth of galactose inhibited sec-
tions. Sections were pre-treated for 5 hours with
0.01 M galactose, 5 mg/l IAA and 0.0025 M potassium
maleate pl1 4.5. This was followed by 15-hour treat-
ment in IAA, galactose and 0.045 M solutions of the
acids or 0.08 M solutions of the sugars. The results
are presented in Table II. Only glucose and sucrose
had any effect in reducing the inhibition and even
their effects were relatively small.

That galactose is indeed respired can be shown
conclusively by incubating sections in a Warburg ves-
sel with galactose-1-C14. The CO2 absorbed by the
center well KOH was precipitated with BaCl2 and
counted as BaC1403. Table III compares the amount
of radioactive CO2 respired with galactose-1-C14 or
glucose-C'4 as the substrates. The results are pre-
sented as cpm per 200 sections per 1000 cpm of initial
culture solution. Each solution was 0.004 M with re-
spect to the given sugar.

If it is assumed that both the galactose and the
glucose are respired completely, then glucose is re-
spired 6 times as rapidly as galactose. Under these
conditions section growth is inhibited about 30 %.

Seegmiller, Axelrod and McCready (9) and Ordin,
Cleland and Bonner (7) have shown that glucose gives
rise to pectic substances in plant tissue. Because

TABLE IV
INCORPORATION OF C14 FROM GALACTOSE-1-C'4 OR FROM GLU-
COSE-C'4 INTO CELL WALL FRACTIONS OF AVENA COLEOPTILE

SECTIONS IN THE PRESENCE AND ABSENCE OF IAA *

GALACTOSE GLUCOSE
CELL WALL FRACTION

- IAA + IAA - IAA + IAA

Cpm/10 mg dry cell wall x 80,000
cpm absorbed by 150 sections

Hot water soluble 833 938 575 624
Hot 0.05 N HCI soluble 7,725 8,390 13,300 11,050
Hot 0.5 % ammonium

oxalate soluble 198 271 252 169
NaOH soluble, 4 % 2,210 2,345 2,370 1,560
NaOH soluble, 17.5 %o 688 1,384 295 321
Residue 578 701 1,360 1,375
Totals 12,232 14,029 18,152 15,099

* Conc IAA used = 3.5 mg/l.
Initial specific activity of culture solutions: Galac-

tose-142 x 106 cpm/mM, glucose-117 x 106 cpm/mM.

of the structural relationship between galactose and
the pectic substances, experiments were performed to
study the comparative incorporation of the two radio-
active substrates into the various cell wall fractions.

Table IV gives the results of an experiment in
which sections were incubated in 0.001 M radioactive
galactose or glucose. For purposes of comparison it
is assumed that the hexoses enter the cell wall frac-
tions intact, i.e., without being dissimilated and re-
organized. This concentration of galactose is non-in-
hibiting to growth. It may be seen that there is rela-
tively more activity in the hot water soluble fraction
(pectin) with galactose as substrate than with glucose,
but that relatively less activity goes into the residue
(cellulose) and hot acid soluble fractions (protopec-
tin) with galactose as substrate. In fact, the differ-
ences between the two substrates are such that all
fractions except cellulose and protopectin are more
radioactive with galactose as substrate than with glu-
cose as substrate. This is particularly marked for cel-
lulose. It may be noted that auxin treatment causes
an increase in the amount of galactose carbon incor-
porated into cellulose. Although in this particular ex-
periment auxin does not cause a significant increase in
cellulose activity with glucose as substrate, other ex-
periments indicate that when cell wall expansion oc-
curs, incorporation of glucose-C14 into cellulose is in-
creased significantly by auxin treatment. This has
also been shown by Boroughs and Bonner (1). The
effect of IAA upon the pectin fraction is small both
for the galactose and glucose cases. The small effects
have been shown, in the glucose case, to be due en-
tirely to the effects on a saponifiable substituent, pre-
sumably methoxyl (8).

Although the data imply interconversion of galac-
tose to glucose, at least for the formation of cellulose,
they also imply that this conversion is slow. That
cellulose synthesis is essential to continued growth is
indicated by the work of Wardrop (12) and of O'Kel-
ley and Carr (5). The possibilitv may be considered
therefore that galactose inhibits growth by being not

TABLE V
EFFECT OF 0.004 M GALACTOSE OR 0.004 M GLUCOSE ON
INCORPORATION OF C' FROM GLUCOSE-C'4 INTO CELL
WALL FRACTIONS OF AVENA COLEOPTILE SECTIONS

CELL WALL FRACTION GALACTOSE GLUCOSE

Cpm/10 mg dry cell wall x 80,000
cpm absorbed by 150 sections

Hot water soluble 453 528
Hot 0.05 N HCl soluble 2,270 3,040
Hot 0.5 % ammonium

oxalate soluble 84 111
NaOH soluble, 4 %o 1,204 968
NaOH soluble, 17.5 % 352 187
Residue 194 681
Totals 4,557 5,515

The culture solutions contained 3.5 x 10' cpm per 3.5
ml of C'4-labeled glucose in both cases; incubation for
3 hrs.
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only itself a relatively poor substrate for cellulose
synthesis but also by inhibiting glucose utilization for
this purpose. An experiment was carried out to de-
termine the effect of galactose on incorporation of
glucose-C14 into the cell wall. To unlabeled glucose
or galactose solutions, each 0.004 M, equal amounts of
labeled glucose were added. Table V shows that the
presence of galactose slightly inhibits incorporation of
glucose carbon into pectic substance and slightly in-
creases incorporation into the 4 % NaOH soluble frac-
tion (hemicelluloses) and the 17.5 % NaOH soluble
fractions (non-cellulosic polysaccharides). Most re-
markable, however, is the fact that incorporation of
glucose carbon into cellulose is severely inhibited by
the galactose. This experiment was carried out in
the absence of IAA to reduce artifacts due to elonga-
tion. Thus galactose not only is poorly utilized in
cellulose synthesis itself but also inhibits glucose utili-
zation in formation of this fraction of the cell wall.
The inhibition is even greater than the growth inhibi-
tion under these circumstances.

DISCUSSION
In contrast to Burstrom's finding that galactose is

not used synthetically, it has been shown above that
in the Avena coleoptile, galactose carbon is incorpo-
rated into the cell wall. Galactose is respired, as
found by Burstrom, but not as rapidly as is glucose.
Most noticeable is the fact that galactose carbon is
not incorporated into cellulose as rapidly as is glu-
cose. In low concentrations of galactose, auxin treat-
ment causes radioactive galactose carbon to be incor-
porated more rapidly into cellulose than in the ab-
sence of auxin. Galactose also inhibits incorporation
of radioactive glucose into cellulose. These lowered
rates of incorporation are noticeable even when
growth inhibition is small or nil.

Respiration is unaffected by growth inhibiting con-
centrations of galactose and the Krebs cycle acids are
completely ineffective in overcoming the growth inhi-
bition. Respiratory effects are not therefore involved
in the inhibition of growth.

The depression of cellulose synthesis caused by ga-
lactose could be a factor of importance in limiting
growth, albeit of a secondary nature as far as the
auxin mechanism of elongation is concerned. War-
drop (12) has shown that as Avena coleoptiles grow
the cellulose microfibrils tend to disperse. New mi-
crofibrils are, however, interpolated over the entire
surface. This means that new synthesis does occur, a
conclusion supported by the isotope incorporation
data presented here as well as that of Boroughs and
Bonner (1). O'Kelley and Carr (5) have found that
the density of microfibrils appears unchanged in cot-
ton fibers as they elongate suggesting that in this case
synthesis keeps pace with elongation.

It would be of some interest to trace the route of
galactose interference in cellulose synthesis more

closely since this might help to illuminate the mecha-
nism of cellulose biosynthesis.

SUMMARY
Galactose at a concentration of 0.01 'M inhibits

elongation of Avena coleoptile sections quite markedly
without affecting non-auxin induced respiration.

In lower concentrations which permit growth, car-
bon-14 derived from galactose-C14 is incorporated
into all cell wall constituents except cellulose and pro-
topectin as readily as in carbon-14 from glucose-C14.
Incorporation of carbon-14 from galactose-C14 into
cellulose is markedly slower than is incorporation of
carbon-14 from glucose C14.

Galactose at 0.004 M has little effect on the incor-
poration of carbon-14 from glucose into cell wall frac-
tions other than cellulose. Incorporation of glucose
carbon into cellulose is strongly repressed by the
presence of galactose.

Galactose is respired to carbon dioxide but at a
lower rate than is glucose.

It is suggested that galactose specifically inhibits
cell elongation by interfering with cellulose synthesis.
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