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INTRODUCTION

Relationships have been observed in sugarcane between sucrose content
and abnormal activity of the enzymes amylase (7,2)3, invertase (2), the acid
phosphatases (1,3), and to a lesser extent the starch and sucrose phos-
phorylases (2,6). The question arises as to whether or not materials applied
to living cane might induce similar sucrose-enzyme relationships. Some suc-
cess has been achieved toward increasing sucrose content by use of acid
phosphatase inhibitors (§). This paper summarizes experiments in which
Mo, Ca, Fe, B, Pb, TCA, 8-GP and starch were supplied to cane in order
to evaluate their effects upon enzymes and sucrose content.

The first of three experiments employed Mo, Ca, and Fe in factorial com-
bination. Molybdenum, during an earlier study, showed promise as an in-
hibitor of cane phosphatase (§), and at that time it was learned that the
Mo effect was counteracted by high Ca. The present experiment was de-
signed to verify the Mo X Ca interaction, and to test the possibility that
Fe might also affect the Mo-phosphatase relationships. A second experi-
ment likewise included variable Mo, plus foliar applications of Pb and
starch. As a known inhibitor of the Q-enzyme in cane (7), it was postulated
that Pb might create more favorable reserves of glucose-1-phosphate for
sucrose production. Starch was supplied in an effort to clarify the role of
extremely active amylase encountered in cane (). It was suggested (6)
that amylase might serve as insurance against starch accumulation, and
thus prevent the polysaccharide from becoming a competitor of sucrose for
glucose-1-phosphate. If this were true, then a sudden increase in foliar
starch should stimulate an immediate increase of amylase activity.

A third experiment consisted of foliar treatments with B, 8-GP and TCA.
Dugger and Humphreys (13) have shown B to be intimately related to

' For convenience, the following abbreviations are used throughout this paper:
Molybdenum (Mo), calcium (Ca), iron (Fe), boron (B), lead (Pb), trichloroacetic
acid (TCA), beta-glycerophosphate (8-GP), milliequivalents per liter (meq./1.),
parts per million (p.p.m.), indoleacetic acid (IAA), molar (M), and glucose-1-phos-
phate (G-1-P).

2 Associate Plant Physiologist, Agricultural Experiment Station, University of
Puerto Rico, Rio Piedras, P.R.

3 Jtalic numbers in parentheses refer to Literature Cited, pp. 460-61.
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enzymes of the sucrose-forming pathways, while studies at this laboratory
(4) revealed that traces of B stimulate a sucrose-forming mechanism of
crude extracts previously inactivated by dialysis. The possibility that B
also affects enzymes which hydrolyze starch and sucrose, and their pre-
cursors, seemed to warrant investigation. B-glycerophosphate reportedly
acts as a noncompetitive inhibitor of muscle phosphorylase (14, p. 441).
It was of interest to learn whether or not this compound would inhibit
starch phosphorylase of cane, and whether acid phosphatase activity would
be stimulated by a sudden increase of the 8-GP substrate. Trichloroacetic
acid readily precipitates enzyme protein from solution and is frequently
used to terminate the action of enzymes #n vitro. This material was applied
to immature cane to determine whether it would arrest the action of en-
zymes in living tissues, and, if so, whether the balance between sucrose-
forming and sucrose-hydrolyzing catalysts could be altered in favor of
increased sucrose.

MATERIALS AND METHODS

GROWTH AND SAMPLING OF PLANT MATERIALS

All plants were of the varieties M. 336 or P. R. 980, and were grown in
the greenhouse in soil or sand culture. For experiment 1 (Mo X Ca X Fe),
one-eye cuttings of the variety M. 336 were planted in No. 2 quartz sand
which had been treated previously for 12 hours with 0.05 N HCl. The sand
was washed with tapwater and transferred to 2-gallon polyethylene con-
tainers, fitted with glass wool over the drainage outlets. The sand of each
container was thoroughly leached with distilled water prior to receiving 10
to 12 PMA-treated cuttings?. The seedlings of each container received 1
liter of distilled water daily for 4 weeks, at which time variable nutrition
treatments were initiateds,

Two levels each of Mo, Ca, and Fe® were supplied in a 2 X 2 X 2 factorial
combination, with 4 replicates for each of the 8 treatments. High and low
levels of each variable nutrient were supplied as follows: Mo, 1 and 0
p-p.m.; Ca, 9 and 1 meq./l.; and Fe, 6 and 0 p.p.m. All nutrient solutions

4 Cuttings were immersed in a 0.25-percent solution of PMA (phenyl mercury
acetate) and allowed to remain for 10 minutes. The treatment is a general antiseptic
against seedborne micro-organisms.

S Nutrient concentrations, expressed as meq./l., were provided to all plants as
follows: Nitrate, 10; phosphate, 6; potassium, 5; magnesium, 2; and sulfate, 2. Con-
stant micronutrients, expressed as p.p.m. were supplied as follows: Boron, 0.05;
copper, 0.02; manganese, 0.50; and zine, 0.05.

8 The following compounds were used as sources for the treatment materials of
these experiments: Sodium molybdate, caleium chloride, ferrous ammonium sulfate,
lead acetate, boric acid, sodium g-glycerophosphate, soluble potato starch,
and A.C.S. grade TCA.
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were prepared with once-distilled water and were supplied on Tuesdays,
Thursdays, and Saturdays at the rate of 1 liter per container. The plants
received 1 liter of distilled water per container on alternate days.

Treatments were continued until the plants were 12 weeks of age, at
which time one harvest was made of leaf and meristem tissue for sugar and
enzyme analyses. The basal 12 to 14 inches of leaves 0 to ™4 were frozen
and prepared for extraction in accordance with procedures deseribed previ-
ously (1). The tissue discussed herein as “meristem” consisted of an un-
differentiated cylinder, about 3 inches long and somewhat less than a lead
pencil in thickness, which remained after all true leaf and sheath tissue was
removed from the growing point. Meristem samples were frozen and
prepared for extraction in a manner identical to that described for leaves.

The plants for experiments 2 (Mo X Pb X starch) and 3 (3-GP X B X
TCA) were grown in a Vega Alta clay loam. The soil was screened and
steam-sterilized for 6 hours and then transferred to 13-inch clay containers.
Twelve to fourteen one-eye cuttings of the variety P. R. 980 were planted
in each container and received approximately 2 liters of tapwater at inter-
vals of 48 hours.

Experiments 2 and 3 were initiated when the plants were 12 weeks of age.
The following treatments were applied for experiment 2: Starch solutions,
1 percent and 0.1 percent; Pb, 500 p.p.m. and 50 p.p.m.; and Mo, 80 p.p.m.
and 20 p.p.m. Experiment 3 included 8-GP at rates of 1,000 and 160 p.p.m.,
B at 500 and 50 p.p.m., and TCA at concentrations of 1 and 0.1 percent.
All treatments were applied as foliar sprays with a Hudson 7.6-liter hand
sprayer, operated at about 40 pounds pressure, with the nozzle adjusted
for a broad, fine-mist pattern. Tween 20 was used as wetting agent at the
rate of 1 ml./liter of solution. Control plants for both experiments were
sprayed with distilled water-tween 20. Treatments were applied until all
above-soil areas were thoroughly wet and run-off had begun.

Experiments 2 and 3 were conducted in completely randomized designs,
with three replicates for each of the seven treatments. One harvest only
was taken for experiment 2, 20 days following treatment. Experiment 3 was
harvested a few moments prior to treatment and again at 10 and 30 days.
Leaf and meristem samples were taken and processed in like manner to
those collected from experiment 1.

LABORATORY ANALYSES

Sugars and enzyme protein were extracted from the freeze-dried tissues
with distilled water. Suspensions of leaf material were pretreated by ultra-
sonic disintegration with the aid of Branson Model 8-75 sonifier, equipped
with transistorized power supply and sonic converter probe., Meristenm sam-
ples were extracted directly with distilled water.
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Sugar assays were conducted with clarified water extracts. Total ketose
was determined colorimetrically by the resorcinol method of Roe (20), and
sucrose by the modification of Cardini et al. (11), which destroys fructose
by heating the samples for 10 minutes at 100°C. in 0.25 N NaOH. Fructose
was estimated by subtracting sucrose values from total ketose.

Enzyme protein was precipitated with ammonium sulfate between 30-
and 95-percent saturation, after the extracts had been adjusted to pH 7.0
with NaOH, in accordance with procedures described previously (). Leaf
enzyme preparations were dialyzed against distilled water for 2 hours.
Meristem preparations, which were the sole source of invertase, were not
dialyzed in order that maximum invertase action should be retained’. Pro-
tein was measured by the micromethod of Sutherland et al. (22).

Enzymes measured during the present studies included the acid phos-
phatases which hydrolyze g8-glycerophosphate, ATP, and glucose-1-phos-
phate. Also included were the enzymes starch phosphorylase, amylase, in-
vertase, peroxidase, and polyphenol oxidase. Assay procedures for phos-
phatases, polyphenol oxidase, and peroxidase were described in a previous
report (1), as were starch phosphorylase (6), amylase (10), and invertase
(9). The starch phosphorylase procedure was modified slightly by incorpo-
rating 0.001-umole of iodide per milliliter of digest as an amylase inhibitor.

All data collected during these experiments were subjected to analysis of
variance, and means were compared by the Student-Newman-Keuls Q test.
The results of the statistical analyses are presented in table 1.

RESULTS AND DISCUSSION

EXPERIMENT 1 (MOLYBDENUM X CALCIUM X IRON)

Mo vs. Ca and Fe, Leaves

Neither Mo, Ca, nor Fe appreciably affected leaf sugars as main effects,
although sucrose was influenced by Mo X Ca and Mo X Fe interactions.
Raising Mo from low to high caused an increase of sucrose (table 2, item 2),
but this happened only when Ca was low. This is in agreement with previous
observations (5). However, high Fe also prevented the Mo effect, even when
Ca was low, and, in fact, the Mo effect was reversed (.., high Mo suppressed
sucrose) when combined with low Ca and high Fe. No Mo effect upon
sucrose occurred when both Ca and Fe were high.

A relationship between Ca and Fe was also encountered, which, in turn,
depended greatly upon Mo for its expression (table 2). Under conditions of
low Mo supply, raising Fe from low to high appeared to increase sucrose
when Ca was low. No difference was found between low and high Fe when

7 Sugarcane invertase is inactivated by dialysis against distilled water (9).



TABLE 1.—Summary of significant mean differences among sugar and enzyme values in response lo variable {realments o
tmmature sugarcane!

Data classification
Experi- L i i
ment Tresteaemt H%qrzest caf sugars Meristem sugars Leaf enzymes Meristem enzymes
No. :
Total Fruc- | Total Fruc- | 8-GP- | ATP- | Amyl. | Sterch | Poly- 1 5 cp | ATp. | Amyl. | Invert-
ketose Sucrose tose ketose Sucrose tose ase ase ase ph;slgggr- g:iﬁ:::: ase ase ase ase
1 MoXCaXFe| 1 5> 6%*)6>5" 2> 7
§>1*16> 7 2 > 6*
2 Starch X Pb X 1 T>1%|7>5* T2>22|3>MT7T>2%5>3*|17>3|T>6**| 7>4 [4>34> 7T 4>T716> 3
Mo? 7> 247 > 1** 7> 1 T>1*6>6%|7T>4%| 7> 4* 4> 6%4 > 6*°*f4 > 6°%5 > 7*
7 > 3*%7 > 3* 7> 3 7> 4**5 > 4% 17> 06 7> 6** 4 > 3**4 > 3*%5 > G°**
7> 2% 7> 6 7> 3
7 > 3.. 7 > 2.‘
3 8-GP X B X 1 5> 6
TCA#
2 15> 35> 7T > 2 7> 2* 6 > 3** 7> 57 > 5T > 3¢ [T > 4¢
5> 7 7>1 7> 6* 6 > 2 7> 6%7 > 6*%7 > 2* {7 > 6*
7> 4 6 > 4** T > 4%7 > %7 > 4° |1 > |**
7> 1 7> 3%7T > 37 > 6* |7 > 3
7> 3 7> 297 > 2%%7 > 1* 17 > 2°*
72> 147 > 1**7 > 6°
3 4> 13> 1* T2>1%7 >3 |T> 4% 4> 2% 3> 4 1> 7 6> 216> 74 >3
T>8%7>2* 14> 7 6 > 1**|4 > ¢
72> 1°%7 > 3* 14 > 3* G > 34 > 1**
7T>1* > 1 6 > 4°%4 > 2¢*
7> 8**4 > 5 G > 2°%4 > 5+
6 > 5

1 Figures appenring in this table refer to treatment means from each experiment. One asterisk indicates that the difference between 2 mean values was significant at
the 5-percent level, and 2 asterisks denote a significant difference at the I-percent level. For example, the notation 5 > 6* tells us that the mean value for treatment 5
was greater than that of treatment 6, and that the mean difference was significant at the §-percent level,

2 The numerals 1, 2, 5, 6, and 7 refer to the following nutrient combinations in experiment 1: 1 = Moj Cai Fei; 2 = Moy Cai Fez ; 5 = Mos Ca1 Fer ; 6 = Moz Cai Fes ;
and 7 = Moz: Ca: Fe; .

3 The numerals 1 through 7 refer to the following treatments in experiment 2: 1 = control; 2 = low starch; 3 = high starch; 4 = low Pb; § = high Pb; 6 = low Mo;
and 7 = high Mo.

4 The numerals 1 through 7 refer to the following treatments in experiment 3: 1 = control; 2 = low 8-GP; 3 = high8-GP; 4 = low B; § = high B; 6 = low TCA; and
7 = high TCA.
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Ca was high. Under conditions of high Mo supply, however, high Fe def-
initely suppressed sucrose, as compared with low Fe, at the low Ca level,
and again no Fe effect was apparent at the high Ca level. It thus appears
that Fe was permitted a range of potential effects when Ca was low, the
expression of e then being dependent upon Mo, while Fe had little in-
fluence upon sucrose when Ca was high, at either of the Mo concentrations.

Our original interest in Mo lay in its ability to inhibit phosphatases, and
it was postulated that the element would promote sucrose formation by sup-
pressing enzymes which hydrolyze phosphorylated precursors of sucrose.
As main effects, high Mo suppressed slightly both B-glycerophosphatase
and ATP-ase (table 2, items 5 and 6). Yet individual Mo effects fluctuated
greatly in the presence of variable Ca and Fe, and did not yield the expected
sucrose responses. For example, the strongest suppression of both phos-
phatases occurred when Mo was raised from low to high, in conjunction
with low Ca and high Fe. This treatment caused a sucrose suppression rather
than an increase. Again, high Fe apparently stimulated phosphatase when
Ca and Mo were low, and this treatment caused a sucrose increase rather
than decline. The only Mo-phosphatase-sucrose relationship that coincided
with the proposed theory was shown by g-glycerophosphatase when Mo
was raised from low to high, in conjunction with low Ca and low Fe.

We are fairly certain that Mo was the only variable element directly af-
fecting phosphatase during this study. Previous work ¢n vitro has shown
that very minute quantities of Mo strongly inhibit phosphatase, whereas
Ca and Fe have little or no effect at any concentration (8). It is more prob-
able that high e was interfering with the uptake or translocation of Mo
by the young cane. If this were true, then the apparent stimulating effects
of high Fe upon phosphatase would simply reflect an Fe-induced shortage
of Mo. Little information is available concerning the effects of Fe on Mo
content of plants, although Warrington (23) has shown that high levels of
Fe counteract Mo toxicity in soybean, peas, and flax.

The possibility of Mo-Ca-phosphatase relationships in sugarcane has
been discussed in a previous paper (5), including the likelihood that Ca may
block reactive sites on the enzyme or substrate molecule, and thus “protect”
the reaction from Mo inhibition. The present study lends some support to
this contention in that the only severe phosphatase suppression recorded
for high Mo, when Ca was low and Fe high, was not repeated when Cg was
raised to the high level.

Leaf amylase was generally suppressed by Mo (table 2, item 7). This was
not anticipated on the basis of in vitro studies (10), but nevertheless the
response agrees with earlier observations of decreased amylase associated
with sucrose-promoting treatments (7). A relationship of Ca and Fe with
Mo, similar to that described above with regard to phosphatase, was also
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recorded. High Fe could stimulate or retard amylase, depending upon the
level of Mo, but this Fe potential was confined to those plants receiving
low Ca.

Mo vs. Ca and Fe, Meristem

Meristem data (table 3) indicate that sugar and enzyme values were
generally higher in meristem than leaves, but quite similar with regard to
treatment effects. High Mo again increased sucrose when Ca was low, and,
as reported for leaves, the Mo effect was curtailed when Ca was high. High
iron again interfered with the high Mo effect when Ca was low, whereas no
Fe responses were apparent when Ca was high, at either level of Mo.

Phosphatases were generally suppressed by high Mo in meristem. High Fe
again appeared to stimulate phosphatases in the presence of low Ca. How-
ever, in this instance the Fe effect appeared among high-Mo treatments
rather than low. The increased phosphatase activity was accompanied by
a moderate sucrose decline. The Fe effect here, as suggested for leaves,
possibly reflects interference by Fe with the supply of Mo to meristem tis-
sues. Molybdenum and Fe analyses of the various tissues would be an
excellent help in evaluating enzyme-nutrient responses of this type, since
one tissue may be far more effective than another in accumulating an ele-
ment, regardless of its concentration in the nutrient solution.

Amylase was suppressed in meristem by high Mo. Quite curiously, the
one high-Mo treatment which stimulated amylase in meristem (i.e. in
conjunction with low Ca and high Fe), was the same treatment which most
severely curtailed amylase in leaves. Since Mo is undoubtedly the agent,
closest to the enzyme reaction®, this supports our previous suggestion that
the tissue itself, rather than the nutrient treatment, has dictated the Mo.-
enzyme response. The particular combination of low Ca, high Fe, and meyi-
stem tissue source apparently prohibited Mo from accumulating to ap
inhibitory level in the fashion of other high Mo treatments.

Invertase, which was measured for meristem only, was stimulated b
high Mo, particularly in combination with low Ca and high Fe (table 3,
item 7). High Fe suppressed invertase when Mo and Ca were low, byt
markedly stimulated the enzyme when Mo was high. Any general relatior,.
ship between high Mo and invertase remains doubtful, since the effect,
noted during this study is practically confined to a single treatment,.

8 Three other treatments of meristem, and all 4 treatments of leaves tell ys that
high Mo suppressed amylase. In the single instance of amylase stimulation it ig
assumed that Mo is also the critical factor, and that Fe and Ca have interfered with
Mo rather than the enzyme.



TABLE 3.—Mean values for merislem sugars, in milligrams per gram dry weight, and enzyme specific activily of immature
sugarcane supplied with variable Mo, Ca, and Fe in sand culture!

UNVIUVONS TUNLVININI NI dIHSNOLLVIHY FINAZNT-AS0UDINS

Treatment?
Item No. Data classification
Mo Mo, Mo Mo Mo Mo Mo Moz Moz Moz
CaiFes CaiFez CasFar CazFes mean CaiFer CaiFe: CasFey CasFes mean
Sugars
1 Total ketose 237 234 259 249 245 273 283 263 277 274
2 Suecrose 104 124 118 117 116 129 112 124 123 122
3 Fructose 133 110 141 132 129 144 171 139 154 152
Enzymes
4 B-GP phosphatase 36.8 35.3 36.9 34.1 35.8 31.0 40.2 32.2 30.6 33.5
5 ATP-ase 78.1 69.4 80.7 66.8 73.8 60.8 81.3 66.2 61.9 67.5
] Amylase 143 129 139 128 135 114 142 109 95 115
7 Invertase 9.3 7.8 10.2 9.7 9.3 9.5 17.3 12.4 9.8 12.3
8 Peroxidase 18.4 18.3 20.9 17.3 18.7 17.8 20.0 15.9 15.2 17.2
9 Polyphenol oxidase 17.3 22.5 23.2 15.1 19.5 21.1 26.7 19.4 18.2 21.4
Enzyme means 50.5 47.1 51.8 45.2 48.7 42.4 54.06 42.5 38.5 44.5
Individual means Grand means for Ca and Fe
1 M 2 Moq M
ol P Y| G| | P | R | e | cm | Fa | Fe
Sugars
1 Total ketose 235 | 204 | 248 | 241 278 271 268 280 257 262 258 261
2 Sucrose 114 117 111 121 121 123 127 118 117 121 119 119
3 Fructose 122 137 137 121 158 147 142 163 139 142 139 142
Enzymes
4 B-GP phosphatase 36.1] 35.5| 36.9] 34.7] 35.6 | 31.4) 31.6 | 35.4| 35.9| 33.5 | 34.2| 35.1
5 TP-ase 73.8 73.8/ 79.4| 68.1] 71.1| G64.1| 63.5| 71.6 | 72.4| 68.9}f 71.5| 66.1
7 Amylase 136 134 | 141 129 | 128 102 112 118.5 | 132 118 126 124
7 Invertase 8.6/ 10.00 9.8 8.8 13.4| 11.1 11.0 13.6 10.9 10.5}| 10.4 11.2
8 Peroxidiase 18.4f 19.1] 19.7| 17.8 18.9 15.6 | 16.9 17.6 18.6 17.3 18.3 17.7
9 * Polyphenol oxidase 19.9] 19.2( 20.3] 18.8] 23.9| 18.8| 20.3 | 22.5| 21.9| 18.9( 20.3 | 20.6
\ Enzyme means \ 48.8| 48.6| 51.2| 46.2] 48.5( 40.5 | 42.6 | 46.5| 48.6 | 44.5| 46.8 | 45.8

! Each treatment value represents the computed mean of 4 replicates.
? The numerals 1 and 2 refer to low- and high-treatment levels, respectively, of Mo, Ca, and Fe.

1¢%
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EXPERIMENT 2 (STARCH X LEAD X MOLYBDENUM)

Mo and Pb vs. Sucrose

Highest sucrose values for both leaf and meristem tissues were obtained
from plants receiving 80 p.p.m. of Mo as a foliar spray (table 4, items 7 and
14). Molybdenum at 20 p.p.m. also induced greater sucrose content (table
4, items 6 and 13). G-1-P phosphatase was strongly suppressed among
plants receiving Mo, whereas g-glycerophosphatase and ATP-ase were only
slightly suppressed in meristem, and not at all in leaves. Both the Mo
effects upon sucrose and G-1-P phosphatase are in agreement with earlier
results (5).

Lead, at the rate of 50 p.p.m., and to a lesser extent 500 p.p.m., caused
moderate sucrose increases in both leaf and meristem (table 4, items 4 and
3, 11 and 12). G-1-P phosphatase was apparently suppressed by the Pb
treatments in both tissue sources, but ATP-ase and B-glycerophosphatase
appeared to be stimulated by Pb in meristem. Lead had been selected for
trial, primarily because it is known to inhibit the Q enzyme (7). Q enzyme
itself could not be measured during the present study because of the elabo-
rate preparation required of even a single sample, but nevertheless some
relationship between Pb and starch formation was expressed as a Pb-in-
hibitor of starch phosphorylase (table 4, items 4 and 5). A decreased starch
phosphorylase reaction and increased sucrose are logical side-effects of a
suppressed Q enzyme. Invertase of sugarcane is also inhibited by Pb in
vitro (9), but no invertase inhibition was recorded for Pb during the present
study.

Starch had been applied in an effort to stimulate amylase, thereby demon-
strating that a function of amylase is the removal of excess starch. Amylase
was not stimulated by the starch treatments, and in meristem amylase
decreased among those plants treated with a 1-percent starch solution
(table 4, item 10). This was the only relationship established between
applied starch and endogenous amylase.

EXPERIMENT 3 (8-GP X BORON X TCA)

The only treatment to seriously alter sucrose during experiment 3 was
the foliar spray of 1-percent TCA. This reduced sucrose in leaves at 10 and
30 days following treatment, and at 30 days in meristem (table 5, items 14
and 21; table 6, item 21). Trichloroacetic acid at 0.1 percent induced similar
effects in meristem at 30 days.

Trichloroacetic acid did not appear to behave as an enzyme inhibitor, as
it does so well in the test tube, but rather stimulated each of the five enzymes
measured. This effect was most apparent for both leaf and meristem en-
zymes at the 30-day harvest (tables 5 and 6, items 20 and 21). It is believed,
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TABLE 4.—Mean values for sugars and enzyme specific aclivity of tmmature

sugarcane 20 days following foliar application of starch, Pb, and Mo!

Data classification
Sugars
. Enzymes
Tissue Irtfg.' Treatment (mg./gm.ugry weight)
Total | Su- | Fruc- glygt;ro- ATP- gl;g-sl-) Am- spt!?;g‘- Enzyme
ketose| crose | tose pﬂ::?:;e ase | hatase ylase 1;’111:;; means
Leaf 1 | Control 9G6.1| 73.5{ 22.5/ 11.9 | 21.9{ 9.2 | 29.1| 30.0 | 20.4
2 | Starch, 0.1 87.3| 71.1] 16.1} 12.5 | 22.3| 6.7 | 27.4] 15.7 | 16.9
percent
3 | Starch, 1.0 85.9/ 73.1/ 12.9] 11.3 1 19.2] 4.5 | 25.2| 17.6 | 15.6
percent
4 | Pb, 50 p.p.m.|106.1] 92.5| 13.5| 11.6 | 18.2 5.1 | 25.2 19.8 | 15.9
5 | Pb, 500 102.3] 86.0] 16.2{ 14.9 | 25.0[ 6.9 | 30.8| 22.4 | 19.8
p.p-m.
6 | Mo, 20 p.p.m.{104.7| 91.9| 12.8] 11.5 | 18.8| 3.9 | 21.7} 17.9 | 14.8
7 | Mo, 80 p.p.m.|111.2| 99.5( 11.7| 16.4 | 21.7[ 4.5 | 34.4} 32.2 | 21.8
Means 99.1| 83.9| 15.1] 12.9 | 21.0! 5.7 | 27.71 22.2 | 17.9
Total [ Su- | Fruc- glyc;ro- ATP- ?,h’(;!)_ Am- | Inver- |Enzyme
ketose| crose | tose -pl{x):?:;c ase | hotase yl se ° tase? | means
Meri- 8 | Control 196.0; 98.3| 97.7| 22.0 | 33.5! 9.9 | 70.4] 7.7 | 28.5
stem 9 | Starch, 0.1 1190.7/100.8| 89.9| 25.1 | 38.3] 8.5 | G6.3| 9.2 | 29.5
percent
10 | Starch, 1.0 [193.1! 95.9{100.1} 19.1 | 27.5| 7.6 | 50.5| 6.8 | 22.3
percent
11 | Pb, 50 p.p.m.|208.0114.0{ 94.0| 27.8 | 41.7| 7.1 | 76.8| 8.3 | 32.3
12 | Ph, 500 207.2(108.7| 98.5( 26.9 | 39.1] 7.9 | 73.3| 9.5 31.3
p.p.m.
13 | Mo, 20 p.p.m.|207.7|120.9| 87.9| 19.0 | 28.2| 5.8 | 55.4| 5.3 | 99 7
14 | Mo, 80 p.p.m.[198.3!124.9| 73.0] 20.9 | 30.5| 5.9 | 59.0! 6.5 24.6
Means 200.1{109.1| 91.6) 23.0 | 34.3| 7.5 64.5! 7.6 | 27.3

1 Each figure represents the computed mean of 3 replicates.
2 Invertase for items 8 to 14, meristem.

however, that the initial effect of TCA upon enzymes must have been sup-
pression, that those enzymes actually exposed to the freshly applied TCA
were likely inhibited in much the same manner as they are in the test tube.
The plants must then have reacted to correct these effects by synthesizing
new enzyme protein. This cannot be done n vitro. Thus the measyrements
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taken 30 days after treatment appear to record a new physiological state
of affairs, one in which enzymes of sucrose metabolism are slightly pre-
dominant over those of sucrose formation. The fact that enzymes were

TaBLE 5.—Mean values for leaf sugars and enzyme specific acltivity of immature

sugarcane receiving foliar applications of 8-GP, B, and TCA!?

Days

Data classification

Leaf sugars _ Enzymes
follow- | 11em (mg./gm. dry weight 24

t\}gzﬁi No. Treatment — zl;?; _e

men tar
o . la.cp- -| Am- h means

E&?sle Sucrose I?:;f: ﬁa(gz A;EE ylase 3113';’-

ylase
0 1 | Control 63.2| 56.4] 6.8] 20.6| 48.8| 175 { 31.3] 68.9
2 | B-GP, 100 p.p.m. 65.9] 59.11 6.8| 19.6| 45.3| 187 | 32.0| 70.9
3 | B-GP, 1,600 p.p.m. 70.9| 61.6] 9.3] 24.0{ 56.1| 200 | 32.3] 78.1
4 | B, 50 p.p.m. 71.5| 64.1| 7.4] 16.8] 39.2| 145 | 24.3| 56.3
5 | B, 500 p.p.m. 76.9| 65.2] 11.6] 26.9] 58.9| 208 | 43.9| 84.4
6 | TCA, .1 percent 62.3| 56.0{ 6.3| 25.3] 65.1| 229 | 43.7( 90.8
7 | TCA, 1.0 percent 65.3| 56.5/ 8.8| 20.9| 50.2| 186 | 32.3| 72.4
Means 68.0f 59.8| 8.1| 22.0] 51.9| 190 | 34.3| 74.5
10 8 | Control 129.71 127.1] 2.6{ 11.5| 19.3] 97 | 15.3| 35.8
9 | B-GP, 100 p.p.m. 132.6| 129.6| 3.0] 12.3{ 21.1| 107 | 10.1{ 37.¢6
10 | 8-GP, 1,000 p.p.m. 119.6] 115.3| 4.6| 11.6] 19.2| 88 | 12.8| 32.9
11 | B, 50 p.p.m. 131.2| 123.4| 7.8/ 13.0[ 22.9] 88 | 7.5 32.9
12 | B, 500 p.p.m. 140.6| 132.0{ 8.6] 12.9) 21.7| 98 | 14.8| 36.9
13 | TCA, .1 percent 129.4| 121.4] 8.0| 12.5| 20.7| 101 | 18.9| 38.3
14 | TCA, 1.0 percent 96.0| 85.0| 11.3| 14.7| 22.6] 96 | 16.0| 37.3
Means 125.6 119.1| 6.6} 12.6| 21.1| 96 | 13.6| 35.9
30 15 | Control 120.1) 114.0{ 6.1 8.8 17.0; 74 | 16.6| 29.1
16 | 8-GP, 100 p.p.m. 123.9] 104.9| 18.9| 10.1] 18.7] 88 | 17.0 33.5
17 | 8-GP, 1,000 p.p.m. 123.2| 92.5/ 30.7[ 9.8} 18.4] 84 | 21.2 33.4
18 | B, 50 p.p.m. 119.4] 84.6| 34.7{ 11.4| 19.5| 106 | 14.5 37.9
19 | B, 500 p.p.m. 127.8| 107.1) 20.6] 8.8 16.0] 75 | 15.9 28.9
20 | TCA, .1 percent 119.4] 99.9] 19.4] 10.3| 20.6/ 98 | 20.4 37.3
21 | TCA, 1.0 percent 100.8] 82.5| 18.3; 12.5( 24.2| 85 | 20.7 35.6
Means 119.2] 97.9{ 21.2) 10.2( 19.2] 87 | 18.0 3;;

t Each figure represents the computed mean of 3 replicates.

more stimulated at 30 than at 10 days is evidence that we had measureq
the consequences of TCA rather than its immediate effects.
Boron, at the rate of 500 p.p.m., caused small increases of leaf sucroge at
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10 and 30 days (table 5, items 12 and 19). This treatment had stimulated
meristem invertase at 10 days (table 6, items 12 and 19), but at 30 days a
depression of both invertase and amylase was recorded for meristem. Leaf

TaBLE 6.—Mean values for meristem sugars and enzyme specific activity of
immalure sugarcane receiving foliar applicalions of 8-GP, B, and TCA?

Data classification
fDl:llys E
ollow-
ing I&e‘;n Treatment (mg./%:'ln.fj;lyg::\l:zight) (speciflilczzx:::lt?vity)
treat- : Enzyme
ment - ATP-| Am- !Inver- feans
13;?5;!: Sucrose F;;gg- GPase| ase | ylase | tase
0 1 | Control 146.6] 27.9| 118.8| 28.2| 41.2| 105 | 10.5] 46.2
2 | -GP, 100 p.p.m, 144.5| 22.3! 122.3| 29.1] 36.7| 115 9.1] 47.5
3 | 8-GP, 1,000 p.p.m. 161.5| 24.3| 137.2| 23.4| 29.4| 104 8.0] 41.2
4| B, 50 p.p.m. 152.1] 22.7| 129.5| 29.0| 43.1| 116 11.6] 49.9
5 | B, 500 p.p.m. 155.8] 23.7| 132.1] 25.5| 29.5] 102 10.3| 41.8
6 | TCA, 0.1 percent 133.8| 15.1| 118.4| 35.2] 57.1} 143 12.4| 61.9
7 | TCA, 1.0 percent 143.2| 18.5| 124.7( 29.1] 40.0{ 91 11.4] 42.9
Means 148.21 22.1| 126.1| 28.5( 39.6| 111 10.5| 47.3
10 8 | Control 176.3| 69.7| 106.5| 19.4| 17.2| 44.1] 6.9/ 21.9
9 | 8-GP, 100 p.p.m. 180.9| 72.9| 108.0| 20.3| 18.5| 45.6| 6.4| 22.7
10 | 8-GP, 1,600 p.p.m. 170.5| 66.0| 104.5| 20.4} 18.5 49.5[ 6.7| 23.7
11 | B, 50 p.p.m. 184.9| 70.4] 114.5| 22.4| 18.9] 44.9| 8.8| 23.7
12 | B, 500 p.p.m. 186.7| 79.5| 107.2| 23.4| 21.0] 44.9] 9.4 24.7
13 | TCA, 0.1 percent 184.4| 71.6| 112.8| 22.9] 20.2] 42.9| 8.6| 23.7
14 | TCA, 1.0 percent 200.3] 72.5| 107.7| 29.4| 28.8 58.2( 10.9| 31.8
Means 183.4| 74.7| 108.7| 22.6| 20.4] 47.2| 8.2 24.6
30 | 15 | Control 170.1} 102.8| 67.3| 25.1] 28.9( 74.0] 8.1 34.0
16 | p-GP, 100 p.p.m. 188.5( 105.5| 83.1f 20.7| 22.5| 61.1] 6.5 27.7
17 | 8-GP, 1,000 p.p.m. 203.2| 112.1] 91.1} 24.8| 25.6| 64.6| 9.1 31.0
18 | B, 50 p.p.m. 200.5| 101.7| 98.8) 28.6| 28.4| 63.7| 11.2| 329
19 | B, 500 p.p.m. 191.8; 112.4 79.5] 24.0| 25.7| 54.5| 6.2 27.6
20 | TCA, 0.1 percent 181.3| 88.5| 92.9( 29.9; 35.3| 89.3| 8§ 4| 40.7
21 | TCA, 1.0 percent 180.0| 87.2( 102.8; 29.1} 34.0 74.0 10.1| 36.8
Means 189.3, 101.5; 87.9| 26.0| 28.6{ 68.7 8—5 32.9

! Each figure represents the computed mean of 3 replicates.

enzymes were not affected by 500 p.p.m. of B, although B at 50 p.p.m.
suppressed invertase at 10 days and increased amylase at 30 days. A rela-
tionship apparently exists between B and the enzymes invertase and amyl-
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ase in cane, but the nature of this relationship will have to await further
studies.

SIGNIFICANCE OF INDUCED SUCROSE-ENZYME RELATIONSHIPS

Several points brought forward by the present experiments should now
be viewed in perspective, particularly the concept that enzyme-regulating
materials might be gainfully applied to cane. The complex consequences of
such treatments when applied to living tissues, as opposed to a strictly in
vitro environment, need also to be reviewed.

Perhaps the most important observation of this work is the fact that Mo
seems fully capable of stimulating sucrose formation, whether supplied
through roots or foliage. The mode of Mo action appears to be the suppres-
sion of G-1-P phosphatase, in accordance with earlier observations, although
evidence of amylase and invertase relationships is now available.

In another sense these experiments have emphasized an apparent futility
of seeking in vivo effects on the basis of in vitro observations, or on the basis
of another investigator’s observations with another plant species. Never-
theless, several concepts are evident which account for the unexpected
n vivo responses. First, the plant has resources at its disposal to counteract
the effects of an otherwise potent treatment, and these are not available
in the test tube. Molybdenum, for all its potential for suppression of phos-
phatases, can apparently be counteracted by other elements which in
themselves have little or no power over the enzymes. For the plant this is
probably just a routine matter of mobilizing and translocating other ele-
ments already within its tissues, or of drawing upon them from its nutri-
tional environment. The investigator may employ nutrient analyses to
help clarify such changes being made by the plant.

A second important feature of the living plant is its capacity to synthe-
size new enzyme protein when necessary. The loss of part of its normal
enzyme complement might well enable a plant to synthesize even more
enzyme, or more powerful enzyme, than was present before the inhibitory
treatment was applied. This seems to have happened here as a consequence
of the TCA treatments. The mechanism of enzyme synthesis is one of the
most fundamental of all biochemical problems, and remains basically un-
solved beyond the stages of essential precursors and energy supply (18, p.
369). Investigators have accomplished the in vitro synthesis of 8-galactosi-
dase (16) and socalled “false proteins” (19,12), but, to our knowledge, no
studies have been conducted of enzyme synthesisinsugarcane. The eventual
understanding of enzyme formation in cane will provide tools for investigat-
ing enzyme-sucrose relationships in far greater depth than is now possible.

A third factor of importance is the different behavior of enzymes accord-
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ing to tissue source. An enzyme-treatment response noted in leaves does
not necessarily appear in meristem, and a response observed in both tissues
might vary as to time of appearance or treatment level at which it isinduced.
In some instances the relative proportions of interfering nutrients may
account for such behavior, and, at such times, enzyme behavior is itself
an expression of the nutrient-element balance concept proposed by Shear,
Crane, and Myers (21). But it must not be supposed that there is normally a
uniformity of action between tissues, or even within the different parts of a
single tissue. An excellent example is presented by the work of Jensen (17),
who studied TAA-induced peroxidase formation in roots of Vicia faba.
Whereas cells of the rootcap, proepidermis, and vascular tissue, including
the protophloem and protoxylem, contained peroxidase, only the vascular
tissue clearly showed the induced formation of peroxidase. The maximum
response to TAA shifted from early provascular tissue at 10—8M to the
developing protoxylem at 10~"M. Furthermore, since it had already been
shown that peroxidase is an essential component of the IAA oxidase system
(16), the work of Jensen demonstrated that applied IAA can help induce
the means of its own destruction.

The preference of sugarcane enzymes for specific tissues is being estab-
lished. In previous studies at this laboratory, the Q enzyme has been shown
to predominate in mature leaves (7), and invertase in node and meristem
tissues (9). Phosphatases are highly active in meristem and 8 to 10 internodes
(8), and amylase in immature leaves (10). Enzyme source is a major prob-
lem when sampling sugarcane, since there is obviously a limit as to the
number of samples that can be accommodated. We have settled upon
leaves +1 to +4 as being the most representative single source of enzyme
protein in cane.

A final consideration when dealing with enzymes n vivo is the fact that
they are components of biochemical sequences, and do not exist as the iso-
lated, relatively independent entities they appear to be in the test tube.
Whether these sequences have a definite physical or spatial relationship is
debatable, but without question the action of a single enzyme depends
greatly upon the welfare of its biochemical ‘“neighbors”. Sucrose and
hexose levels in particular are related to enzymes of glycolysis and of the
Krebs cycle (1).

The existence of biochemical “chain reactions” accounts better than any
other concept for otherwise unaccountable enzyme-nutrient and enzyme-
sugar responses. During the present study, there were instances when
stimulated invertase appeared in tissues where sucrose increased, and phos-
phatase was stimulated by Mo treatments when we know that Mo is a
deadly inhibitor of phosphatase. Amylase was inhibited by Mo when it is
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known that this does not happen #n vitro. In all probability we were meas-
uring consequences of unmeasured (possibly unmeasurable) reactions
taking place at some other site in a single biochemical pattern.

Attempts to regulate plant enzymes toward one’s own ends is much like
a game of chess, in which the factors of time, experience, familiarity, and
depth of resources are overwhelmingly gathered on the side of the plant.
Some small and temporary successes are perhaps all the investigator can
hope for, and yet, in the instance of sugarcane, an increase of sucrose might
well be worth the effort.

SUMMARY

Variable levels of the elements molybdenum, calcium, iron, lead, and
boron, as well as trichloroacetic acid, g8-glycerophosphate, and starch, were
supplied to immature sugarcane grown in the greenhouse. Molybdenum,
calcium, and iron were provided in factorial combination to plants in sand
culture. Molybdenum, lead, and starch were applied as foliar sprays to a
second group of plants grown in soil, and boron, 8-glycerophosphate, plus
trichloroacetic acid were likewise applied to the foliage of plants grown in
soil.

The objectives of these experiments were to determine whether any of
the applied materials could alter the action of specific enzymes, and, if so,
whether significantly greater sucrose content would result. Leaf and meri-
stem tissues were assayed for sugars, and for the enzymes amylase, invert-
ase, acid phosphatases, starch phosphorylase, peroxidase, and polyphenol
oxidase.

Molybdenum significantly increased sucrose when applied as a foliar
spray (80 p.p.m.), and as a nutrient in sand culture (1 p.p.m.). The molyb-
denum effect was retarded or reversed when either high calcium (9 p.p.m.)
or high iron (6 p.p.m.) was supplied concurrently. Acid phosphatases and
amylase were suppressed by high molybdenum, although these effects were
greatly dependent upon calcium and iron supply. When applied as a foliar
spray, molybdenum suppressed amylase and the phosphatase hydrolyzing
glucose-1-phosphate, but not ATP-ase or 8-glycerophosphatase.

Invertase was suppressed by high iron (6 p.p.m.) when molybdenum and
calcium were low, but was stimulated when molybdenum was high.

Lead, when applied to leaves at the rate of 50 p.p.m., caused moderate
sucrose increases. Glucose-1-phosphate phosphatase was suppressed by
Jead in leaves and meristem, as was starch phosphorylase in the leaves.
Foliar starch application failed to stimulate amylase, while 8-glycerophos-
phate failed to inhibit starch phosphorylase or to induce greater phospha-
tase activity.

A number of enzyme responses were obtained which do not happen in
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vitro, and known n vilro effects did not always appear when specific mate-
rials were applied to living plants. Trichloroacetic acid, in particular, ap-
peared to stimulate rather than inhibit enzyme action #n vivo. This and other
consequences of applying enzyme-regulating materials are discussed in
detail.

RESUMEN

A caiia inmadura sembrada en invernaderos, se le aplic6 molibdeno,
calcio, hierro, plomo y boro a niveles variables, a la vez que dcido tricloro-
acético, B-glicerofosfato y almidén. A plantas sembradas en arena se les
aplicé molibdeno, calcio y hierro en combinaciones factoriales. Se hicieron
aspersiones foliares de molibdeno, plomo y almidén a un segundo grupo de
plantas cultivadas en tierra, e igualmente se les asperjé el follaje a plantas
sembradas en tierra usando boro, 8-glicerofosfato y 4cido tricloroacético.

El propésito de estos experimentos fue determinar si alguno de los mate-
riales usados podia alterar la accién de enzimas especificas y, de ser asf, si
tal cosa producirfa un aumento significativo en el contenido de sacarosa en
la cafia. Se analizaron tejidos de hoja y meristemo para determinar el
contenido de azicares y la presencia de las siguientes enzimas: amilasa,
invertasa, fosfatasas 4cidas, fosforilasa de almidé6n, peroxidasa y oxidasa
de polifenol.

El molibdeno aumenté la sacarosa significativamente al aplicarse como
aspersién foliar (80 p.p.m.), y como nutrimento en los cultivos de arena
(1 p.p.m.). El efecto del molibdeno se retardé o revirtié al hacerse conjun-
tamente, a niveles altos aplicaciones de calcio (9 p.p.m.) o de hierro (6
p.p-m.). El molibdeno aplicado a niveles altos suprimié la accién de las
fosfatasas y la amilasa, aunque tales efectos dependieron en gran medida,
del abastecimiento de calcio y hierro. Cuando se aplicé en forma de aspersién
foliar, el molibdeno suprimié la accién de la amilasa y la fosfatasa, hidroli-
zando el fosfato de glucosa-1, pero no asf la ATP-asa o la 8-glicerofosfatasa.

La accién de la invertasa se suprimi6 al tratarse ésta con altos niveles de
hierro (6 partes por millén) en presencia de bajos niveles de molibdeno y
calcio, pero se estimulé cuando el nivel del molibdeno era alto.

El plomo caus6é aumentos moderados en la sacarosa cuando se aplicé al
follaje, a razén de 50 partes por millén. La fosfatasa del fosfato de glucosa-1
qued$ suprimida en presencia de plomo en las hojas y el meristemo. Lo
mismo le ocurrié a la fosforilasa de almidén en las hojas. La aspersién del
follaje con almidén no tuvo efecto estimulante sobre la amilasa, mientras
que el B-glicerofostato no inhibi6 la fosforilasa de almidén ni indujo una
mayor actividad a la fosfatasa.

Se obtuvo un nimero de reacciones enzimiticas que nunea tienen lugar
in vitro, y por otro lado no aparecieron conocidas reacciones in vitro, cuando
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se aplicaron maleriales especificos a las plantas vivas. El dcido tricloroacé-
tico, en particular, aparentemente estimulé antes que inhibi6 la aceidén
enzimdtica in vivo. Se discuten detalladamente este y otros resultados que
siguieron a la aplicacién de materiales reguladores de las enzimas.
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