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Introduction
Imimiature interniodes of sugar canie contain an

aci(l in% ertase witlh optinmuiim activity between pH
5.0 and 5.5 (1.2). The level of this enzynme shovws
marke(d seasonal variation, being high w-hen growth
is rapid an(l low otherwise. Acidl invertase is ab-
senit fromii mature interno(les of sugar cane varieties
wvith a high capacity for sugar storage, whiclh in-
stea(l containi a neutral invertase wvith optimuml
activity at 1)H 7.0. In this paper. we report meas-
tirements of acid and neutral invertase activities, rates
of elongation of internodes. ani( sugar contents of
plants which were subjected to different temipera-
ture and wvater regimiies in controlle(l environment
greenhouses.

Methods & Materials
Growth Conlditions. For ensvironnmental studies

-a hybrid canle (variety Pindar) xvas used. Plants
wvere grown from single bud sets planted oIn the same
(lay in a vermiculite and gravel mixture in 2 gallon
perforated containers. P'rior to the comlimencement
of the experimiient the plants were watered \\ ith a
full nutrient solution twice each day.

\When the plants were 15 -weeks ol(1 the experi-
ment wvas commence(l by random allocation of eight
plants to each comiibination of a five temperature.
three watering regimiie factorial design. The tem-
peratures used were 340, 30°, 26°, 220, and 180. For
each temperature. (lifferent groups of plants were
supplie( -with sufficient nutrient solution to saturate
the vermicuilite me(liumii either twice daily, four times
xxveeklv or txvice xveeklv. Txx o replicates. eaclh conI-
sisting of two plants, ere use(d for each treatmiient.

Selectioni of Tissu(e. Nodes were numbered by
regar(ling the no(le subtendling the leaf showiing the
last visible dlewlap as numiiber 1. Interinodles were
numbered accordingly. Immi-lature storage tissue was
selected by taking the 4 to 5 cim of tissue beloxv the
apical mleristemii. Partially mature tissue was fronm
internooles whliich had not fully expande(l. The sec-
ond atin(d third internlodes above the base of the stalk
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Nx-ere sanllpledl as fully imiature tissue. In figtures in

xvhich tlle internode numiiber is quoted the stage of
miaturity according to the above selection system is
also indicated. The rind xx as removed fromii the in-
terinodes and the tissue cut inlto smilall pieces. Por-
tioIns of the randomiized tissue w-ere use(d for the
various (letermiiiations.

Mlleastwrenent of Growth. Three (lays prior to
harv-esting, the stem of each plant \\as miarked by
pushling a holder cointaining 12 nee(dles spaced at
1 cml intervals through the leaf slheatlh. Upon lhar-
xvesting and(l remioval of the leaf sheatlhs the growtlh
r-ate \was mileasure(l by the increa.se in the dlistance
betxeen the nee(dle miiarks.

Determiination of Su(gar Contient. Thl-ee volumies
(x /v) of 95 6 ethalnol was a(d(le(l to a weiglhe(d
portion of the tissue contained in bottles which xvere
capI)ed and heated to 800 for 10 mlinutes. After
standing at room temperature for 3 (lays the bottles
wxere shaken for 8 hours. Reducing sugars were
(leternilille(l by the metlhodl of Hoffman (3) adapte(d
to use xvith a Technicon AAuto-Ainalyzer. Total
sugars were measure(d by the same metlhod following
hydrolysis wvith dilute HCI. Sucrose, glucose, and
fructose are the only sugars whiclh contribute sig
nificantlv to the total sugar content of sugar caine.

Determiiiinationi of Moistirc Conitent (aid DrY
IWeight. \Veighed samlples of the tissue xvere (lrie(l
at 700 for 5 (lays then rexveighedl.

luzertase Assays. juice xvas expresse(l fromii the
tissue and filteredl through fine miiuslin. Preliminary
experiments showxe(l that the metlhod of extractioni
did not alter the invertase conitent per unit volume of
juice. The juice x-vas tlhen (lialvze(l for 24 hiotu-s
against a large volume of 0.005 -r citrate buffer
(pH 7.0) at 20 to remiove endogenous sugars. Tlhe
lialvse(d juice \vas assayed at pH 5.4 anI(d pH 7.1
for acid and neutral invertase activity respectivelv
in reaction mixtures containiing juice, 0.3 mil, 0.2 Nt
sucrose, either 0.05 Mr phosphate buffer (pH 7.1
or 0.05 M\ citrate buffer (pH 5.4). and 0.05 lll of
toluieIne in a total volunie of I mfl. Reactions were
incuibatedl for 4 hours at 30°. The reactions were
stopped by the additioln of 2 nml of etlhanol and
xwere then heatedl at 700 for 5 mlinutes. Reducing
suigar formiiationi xv-as (leteriminie(l as previomslv de-
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scribed. Controls containing no sucrose were also
run. Invertase activities of the mature tissue of
different cane species was determinedl by the same

method after the activity was concentrated from the
juice by precipitation with (NH4)2SO4 (2).

Results

The rate of elongation of internodes, the activity
of the neutral and acid invertases and the total sugar

content of the storage tissue at the commencement
of the experiment are shown in figure 1. Expressed
as a function of the physiological age of the tissue,
internode elongation and acid invertase activity were

directly related as also were total sugar content and
neutral invertase activity.

Acid Invertase, Internode Elongation, and Suigar
Content of Immature Storage Tissue. After 10 days
in different environments the rate of internode elon-
gation and acid invertase content changed propor-

tionall by factors of up to 10 (fig 2). With ade-
quate water at 180 the acid invertase activity re-

mained approximately at the zero time level but in-
creased with increasing temperature up to 340 (fig
3). On the low water regime the activity of the
enzyme remained almost unchanged at all tempera-
tures. As can be inferred from the results shown
in figure 2 similar relationships are observed if in-
ternode elongation is plotted against temperature.

WVhen adequate water was supplied to the plants
the total and reducing sugar content of the tissue
after 10 days was directly related to acid invertase
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FIG. 1. Acid and neutral invertase activities, sugar

content, and rate of elongation of internodes of different
maturity at zero time. Zero time refers to the time the
15 weeks-old cane stalks were placed in different en-
vironmental conditions. Each value is the average of
two determinations. The sampling procedure is described
in the Methods and Materials section.

activity (fig 4). As the temperature and hence the
acid invertase activity decreased the ratio of sucrose
to reducing sugars increased from 0.4 to more than
2. On the low water regime sugar content was not
related to invertase activity, and at each temperature
was approximately twice the sugar content of tissue
from plants supplied with adequate water.

Qualitatively similar results were obtained after
30 days in the different environmental conditions.

Neutral Invertase Activity and Suigar Content of
Matuire Storage Tissue. The changes in the total
sugar content and neutral invertase activity of mature
storage tissue from plants grown for 30 days under
different environments are shown in figures 5 and 6.
WN'hen these data are plotted as change in sugar con-
tent against change in neutral invertase. a linear re-
lationship is obtained. The internodes examiiined in

Table I
Relatio)nship bctween Neutral Invertase & Sugar Con7tent

in Maturing Storage Tissue
Stalks were grown for 30 days at 180 under the

conditions shown. Tissue was from internodes which
had just attained full expansion.

Neutral invertase * Total sug-ar
Water regime Rep. 1 2 (% fr wvt)

Rep. 1 Rep. 2 Rep. 1 Rep. 2

2X /day
4X /week
2X /week

0.47 0.34 5.8
0.75 0.57 7.0
2.15 2.08 8.9

5.3
6.4

10.0

* /Amoles sucrose hydrolysed/g fr -vt-hr.

Table II
Activity of A4cid & Neuitral Invertases in Millatutre Storage

Tissuc of Different Sacchlarni, Species

No. of Invertase (m,umoles
varie- sucrose hydrolysed/ Suros Reducing Fiber**4ties g fr wt-hr)Aid crosetfr**J
ex- % %fw sugr %fN- v

amined* Neutral Acid0

6

2

7

1

2

6

Saccharuim officinarumn hybrids
0-151 0 11.0-15.8 0.2-0.6
Saccharum hybrid water shoots

15-75 6-134 3.7-3.9 2.0
Saccharum officinarum****

2-112 0-1 15.2-18.9 0.1-1.2
Saccharum sinense

53 0 13.5 0.1
Erianthus varieties

1.4-90 2.8-6.0 0.8-1.7 1.0-1.2
Saccharum spontaneum

0-130 6.1-120 3.8-6.5 0.3-0.9

10.8-14.0

5.2-6.2

9.5-13.0

15.7

26.9-29.9

28.2-42.0

* Where a number of varieties were examined the
extremes of the individual estimates are given.

** The procedure for the preparation and assay of
enzymes is described in the Methods and Materials
section.

*** Fiber is calculated as non-sugar dry weight. It
is mainly cell wall material. Tissue which in-
cluded rind was used for the determination of the
sucrose, reducing sugar, and fibre content.

**** Acid invertase was detected in only one variety.
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this stu(lv vere i(lentical with the initerniodles usedl
at zero timiie, being the secondl and(l thir(d internodes
tfromi the base of the stalk. In separate experiments
it was shown that during miaturation the appearance
of the ineutral inivertase prece(le(l the increase in
suguar cointent of the tissue.

Similar results vwere obtaiine(d with less mature
bLut fully expan(led tissue taken fromii the sixth and
;seventh initernode fronm the base of the stalk. How-
eVel. in coIntrast to fully mature tissue, the nieutral
invertase activity andl sugar content wvere (lepen(lent
upon xwater levels (table 13.

IIv.ertiise .Activ'itv in1 t1he Storage Tisste of Diffcr-
coit (Caic ! Xzrieties. Table II slhowvs the (listribuitioll
Of aci(d and nieutral invertase activities in dliffereint
sl)ecies of the Sacclharunm comlllex whicli have wvide-

0~~~~~~~~~~~

II

Lio

w 1
(A

t 5-
>

z
- 0

0.
>

ACID INVERTASE (ZERO TlI)
0'
,|
S0 100 150 200

GROWTH RATE % INCREASE / 3 DAYS)

ly varying capacities for sucrose storage. The miia-
ture tissue of varieties of Saccharitm officintrzl-l,
and hly)ri(ds thereof containe(d a neutral invertase but
Ino aci(l invertase. These varieties are clharacterize(l
hv a high capacity for- sugar storage. However, acidi
invertase vas p)resenlt in thle maczture storage tissue
of the water shoots (tillers wvhich develo) und(ler low
light intensity an(l are characterized by) having ab-
normall1 tlhick stalks & a low sugar & higlh vater
contenit ) Erianthus and(l Sac(IeCzriiIIi spon1tioiitii
varieties are wiLl canes with a relatively low capacity
for sugar storage. Aci(d inivertase w\as )resent in
the mlattire tisisue of all these varieties. Neutral in1-
vertase was (letecte(l in all but two varieties examine(l
all(l was distributed in a imianniier which was apparenit-
ly uirelated to sl)ecies. \ith the excel)tion of \vater
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IG. 2 (oipper left). Relationslhip hetween rate of
elhngation of immllature interniodes andl acid invertase ac-
tivity. Planits were groxx n for 10 (lays uncler (lifferent
conditions of temiiperature an(I water regimle.

FI;. 3 (zipper right). Effect of temperature and
water on the acid invertase activity of iimmature storage
tissue. Plants Nxere growxn under the conditions specified
for 10 (lays. High water antd lo\ water refer respec-
tively to plants watered twice each (lay and( plants wxater-
ed twice each x eek. Duplicate determiniationis are showx n.

FIG. 4 (lozcer left). Relationship between acid in-
vertase activity and sugar conitent of immiiiiature storage
tissue after 10 days in differenlt environimietal coniditions.
Duplicate (leterminations are showx n for plants growxn at
18, 22, 26, 30, and 34°. High and( (ox\\x water treatmiieints
wx ere as in figure .3.
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F-IG. 5. Total sugar content of mature tissue after 30 diys in differenit environments. Duplicate determinations
are showni. High and low water treatments were as in figure 3.

FIG. 6. Neutral invertase activity of mature tissue after 30 days in differeit environnments. Duplicate determinla-
tionis are showni. High and low water treatments vere as in figure 3.

slhoots the non-sugar dry matter content of the tissue
was miuch higher in varieties which containedl acid
invertase.

Discussion

\'e have suggested that invertases have a key
role in regulatinlg the nmovement of sucrose from con-

ductinig tissue and its subse(luent utilization for
growtll or storage (4). In our present studies, the
rate of elongation of internodes remained correlated
with acid invertase activity irrespective of whether

the in(lepetidenit variable was age of tissue (fig 1),
tenmperature or wvater regime (fig 2 & 3).

The sugar content of mature storage tissue was

closely related to the neutral invertase activity when
the in(lepenidenit variable was either tissue muaturit)
(fig 1) or temiperature (fig 5 & 6), being high
w-hen sugar wvas moving into storage and low other-
wise. e consider that this enzyme regulates move-

mient of sucrose from vascular to storage tissue in
mlature interilodes (4). Assuming a regulatory
function for neutral invertase. changes in invertase
activity anIi sugar content over a periodl wNould not
necessarily showv a close relationship. Influx of
sugar into storage would depend upon the average
invertase activity over the periodl while eflux would
vary depending upon the concentration of stored
sugar.

The major orgainic constituents of storage tissue
are sugars and cell wall material. Under environ-
mental conditions which gave rapid growth of inm-
mlature internodes, there was no net sugar storage

in the mature internodes of the same stalk. The re-

verse was also true, indicating that growth and stor-
age are reciprocally related, presumably because of
competition for the available photosynthate.

A theorv has been advanced (5) that transloca-
tion from leaves to other parts of the plant is faster
at lower temperatures i.e. has a negative tempera-
ture coefficient. The rapid increase of sugars in
sugar beet an(d in stenms of sugar cane following a

series of cold nighlts was considered to support this
thesis. A simlilar observation was made in the pres-
ent investigation. However we suggest that the
failure of planits to store sugars at high temperature
is dlue largely to the utilization of the available photo-
synthate for growth; thus, in the case of cane, the
negative temiperature coefficient is an artifact of
nmeasturemiienit.

Summary

After tranisferi-ing 3-month-old sugar cane plants
to comibiniations of a five temperature and tlhree
x-aterinig regimles. the chlanges in invertase activities
of storage tissue were measured and relatedI to

changes in grow-vth rates and sugar contents of the
tissue. WN'ith the hy-brid variety used for environi-
mental studies immiilature storage tissue contained ani

acidl invertase which disappeared as the tissue ma-

tured. A neutral invertase was present in mlatture
tissue but was not detected in inimature tissue.
Upon changes of environment the acid invertase level
of immiiiiature tissue chalnged by a factor of ul) to ten-
foldl in 10 dax x. The acid invertase content and
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rate of elongation of immnnature internodes were
linearly related, both increasing with increasing
temperature provided the plant had adequate water.
Changes in the total sugar content of mature tissue
were related to the neutral invertase activity of the
tissue. The neutral invertase activity and sugar
content of mature internodes increased as the tem-
perature was decreased. The results are dliscussed
in relation to the concept that invertases of sugar
cane storage tissue contribute to the partitioning of
available carbohydrate from photosynthesis between
the processes of sugar storage and growth.
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Introduction

Sugar cane storage tissules accumiulate sugar
against a concentration gradient using energy pro-
vided by respiration (2). Kinetic and tracer studies
show that tissue discs placed in suigar solutions have
three distinct compartments (6 7). These compart-
ments are redefined with specific reference to sugar
accumulation. The outer space which includes the
cell walls is the zone of the tissue in rapid diffusion
equilibriuml witlh sugars and1 ions in the bathing
solution. The metabolic compartment is a zone in
wvhich hexoses are phosphorylated and intercon-
verted. MIovement of anions including phosphoryl-
ated sugars between the batlhing solution and this
zone is restricted. It is also assumlled to be the
locus of synthesis of a sicro,e dlerivative termiied su-

1 Received Sept. 28, 1962.
2 Supported in part by Research Grant (G-9894) from

the National Science Foundation. Permanent address:
Los Angeles State College, Los Angeles 32, Cal.

crose-X, cleavage of which provides the necessary
energy for accumulation of sucrose against a gradient
into the storage compartnment. The storage com-
partment is the zone in which sucrose. glucose. and
fructose are accumulated and w\hich is bounded bv
a permeability barrier resistant to diffusion of sugars.

For tissue slice studies on sugar storage we use
the following termiis. Uptake describes the total
amount of sugar removed from the medium and re-
tained by the tissue after vashing. irrespective of
its form. That part of the total suigars taken up
which appears as sugar in the storage conmpartment
is defined as accumulation.

Sucrose is virtually the sole sugar transferred
from the metabolic to the storage comlpartment. Re-
ducing sugars in the storage compartnment are derived
froml hydrolysis ot accumulated sucrose (7). All
sugars diffuse slowly from the storage compart-
ment, reducing sugars diffusing more rapidly than
sucrose (6). Immature storage tissue contains an
invertase which is optimally active between pH 5.0
-and 5.5 (8, 11). The enzymlie is absent from more
mature tissue which containis higher total sugar but
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