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ABSTRACT

Enzymatically separated leaf tissues of Nicotiana tabacum
L., exhibiting good metabolic irtegrity, were used to evaluate
the kinetics of sugar accumulation over the concentration
range of 10 to 100 mM. Mesophyll cells exhibited Km values
of 16 and 30 mM for glucose and sucrose, respectively; minor
veins showed a reverse relationship, with Km values of 58 and
16 mM for glucose and sucrose, respectively. This would sug-
gest that sucrose is preferentially absorbed by the minor vein
net. Analysis of Vmax data indicates a reduction in the ability
of isolated minor veins to accumulate substrate, implicating a
symplastic rather than apoplastic route for intercellular trans-
port. Competition studies demonstrate a common carrier for
sucrose and glucose in both tissue types and suggest the pres-
ence of a "transport compartment," entry to which is regu-
lated by a critical intracellular sucrose concentration.

Photosynthate produced by fully expanded leaves is the
primary source of sucrose for long distance transport. Al-
though the processes by which sucrose is mobilized in the
lamina of the leaf and accumulated in the phloem of the
minor veins prior to transport are not well understood, they
are crucially important in over-all plant growth.

Metabolic conversions of carbohydrates, as they exit the
sieve element and are accumulated by metabolic sinks, have
been extensively investigated. Through the use of sink tissues
such as bean endocarp (22), immatuLre storage tissues of sugar-
cane (3, 4, 5, 23), and cell suspensions of sugarcane paren-
chyma (20). models have been proposed for accumulation of
carbohydrate by storage tissues. These models suggest a move-
ment of carbohydrate through suLccessive compartments. with
invertase playing a critical role in the passage of carbohydrate
from one compartment to another and in its subsequent im-
mobilization in the storage compartment.
The problem of intercellular transport and subsequent load-

ing of carbohydrate into the phloem of minor veins within
the source leaf has been confounded by an inability to spatially
separate carbohydrate-producing cells (mesophyll) from the
loading or accumulating cells of the minor veins. Attempts to
study the uptake or movement of sugars in heterogeneous leaf
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disks or primary vein segments have led to conflicting data
(10, 16). Attempts to determine the mobile carbohydrate. (i.e.,
sucrose or hexose) and its uptake kinetics have been compli-
cated by the necessity to study uptake phenomena in leaf sam-
ples containing not only minor veins, but extensive amounts
of photosynthetic mesophyll tissue. Such studies have yielded
little information on the kinetics of uptake, because each com-
ponent tissue possesses its own distinct affinity for substrate
and potential for accumulation.

Although the minor vein net is extensive within the lamina
of a dicotyledonous leaf, diffusion alone cannot account for
the rapid export of photosynthate from leaves (16, 29). The
movement of carbohydrate from photosynthetically active
mesophyll cells to sieve elements can be via one of two possi-
ble pathways. The first consists of an apoplastic pathway for
movement of carbohydrate from mesophyll cells to the phloem
of minor veins. This involves expenditure of energy in crossing
the plasmalemma of both mesophyll cells and the phloem cells
involved in accumulation of carbohydrate prior to transport.
The second involves a wholly symplastic pathway via plas-
modesmata. Tyree (26) has studied the movement of solute
molecules over short distances in various tissues and concluded
that plasmodesmata were of sufficient frequency and diameter
to enable the symplastic movement of solutes from cell to cell
to be the pathway of least resistance. However, the possibility
exists that both the apoplast and symplast may be involved.
Sovonick et al. (25) suggested that, prior to vein loading,
sugars move via the symplast within the mesophyll, enter the
apoplast at the mesophyll-phloem parenchyma interface, and
are subsequently transferred to the symplast of phloem cell
types where they are actively accumulated.
The ubiquitous presence of plasmodesmata in plant tissues

has prompted many workers to assign their function to inter-
cellular communications and symplastic transport (21). There
are two basic forms of plasmodesmata, examples of which are
readily found in higher plant leaves. The common walls be-
tween mesophyll cells generally contain a simple form which
is unbranched, whereas plasmodesmata between adjacent walls
of phloem parenchyma, companion cells, and sieve tubes pos-
sess a much more complex. branched form. These branched
forms in the minor veins have been implicated as possible
sites of active transport prior to loading of carbohydrate into
the sieve elements (13. 24). The precise role of the symplastic
system in movement of carbohydrates between mesophyll and
minor vein tissues is not yet clear.
The importance of understanding processes involved in

movement of carbohydrate from areas of production to re-
gions of utilization and storage is paramount if we ever expect
to control the movement of photosynthate and remobilized
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materials into plant organs of economic value. In the present
study, enzymatically isolated leaf tissues were used to resolve
uptake kinetics of mesophyll and minor vein tissues separately,
in an effort to elucidate the problem of intercellular transport
and vein loading.

MATERIALS AND METHODS
Plant Material. Nicotiana tabacum L., 'Wisconsin 38,' was

grown under greenhouse conditions and maintained as previ-
ously described (9). Uniform leaf material was obtained by
selective newly expanded leaves from 8- to 10-week-old plants.

Leaves of similar developmental age were selected from the
same plant at mid-morning and thoroughly washed in tap
water before use. The lower epidermis was stripped from the
interveinal lamina to enable rapid penetration of the digestive
enzyme into the leaf disks. This enabled a comparison of
short-term uptake kinetics for leaf disks with isolated meso-
phyll and vascular tissues, by minimizing the diffusional bar-
rier presented by the lower epidermis to penetration of carbo-
hydrate into the intact disks. Leaf disks of 0.6 cm2 were
sampled from the lamina, avoiding any large veins, and placed
in an incubation medium containing 0.6 M sorbitol, 20 mM
K.SO, 1 mM KNOI, 0.2 mM KH2PO4, 0.2 mM MgSO4, 1 mM
CaCl2, 1 ,uM KI, 0.01 ,uM CuSO,, and 5 mM KHCO:,.

Isolated tissues were obtained using procedures previously
described (9). Young fully expanded leaves were washed, the
lower epidermis was removed from the lamina between the
primary leaf veins, and 0.6 cm2 disks were excised. Tissue
(1.0-1.5 g) was placed in 20 ml of the maceration medium
(incubation medium containing 1 % Macerozyme, Calbio-
chemical Inc.), vacuum infiltrated, placed in fresh maceration
medium, and transferred to a reciprocating shaker bath (ap-
proximately 30 excursions per min) for 1.5 to 3.0 hr at 25 C
and 10,800 lux of illumination. The mixture was next gently
swirled for 30 sec on a "Vortex Genie" (Scientific Products)
to separate the mesophyll cells from the minor vein net. The
resultant suspension was filtered through a 40-,um nylon mesh,
and the filtrate containing single mesophyll cells was centri-
fuged at 50 to 80g for 2 min to collect whole mesophyll cells.
The minor vein bundles retained by the nylon mesh were
washed and sorted, with only those bundles not containing
mesophyll cells still attached being collected. Isolated tissues
were resuspended in an incubation medium as per leaf disks.

Carbohydrate Uptake. Accumulation of 14C-labeled sucrose,
glucose, and fructose was followed over several concentration
ranges (1-50, 10-150, and 100-500 mM) in the above incuba-
tion medium (containing 0.6 M sorbitol) at 25 C and 16,200
lux, with sorbitol levels being adjusted to compensate for the
osmotic effect of the sugar under study. Disks and isolated
tissues were allowed to accumulate sugars for various periods
of time, and sugars were removed from the free space by
leaching tissues for 4-min intervals in three changes of incuba-
tion medium. These three successive washes resulted in the
removal of approximately 95% of the "free space" sugar. Tis-
sues incubated or washed in solutions containing less than
0.05 M osmoticum appeared to be leaky. However, the addi-
tion of 1 mm CaCI2 to the medium resulted in minimal leakage
of sugars.
Uptake Kinetics. Kinetics of accumulation were followed

with respect to time and substrate concentration. Determina-
tions of the substrate concentration required to give half-
maximal velocity (Km) and the maximum velocity at saturating
substrate concentration (Vm,x) were made using Lineweaver-
Burk plots (19).

Quantitative Analysis of Carbohydrates. The use of "4C-su-

crose, -glucose, and -fructose of known specific radioactivities
(0.103, 0.10, and 0.12 ,umole'/c, respectively) allowed a rapid
conversion of dpm accumulated to ,umole values. Uptake rates
were routinely calculated as 1imoles dm2 hr-1 based on radio-
activity in whole leaf disks and in disks of vascular tissues
alone (leaf disks with mesophyll cells removed), each having
an area of 0.6 cm2, and in isolated mesophyll cells. The rela-
tive leaf area represented by suspensions of isolated mesophyll
cells was estimated on a Chl basis from differences in Chl
content between whole disks of laminae and isolated disks of
bundles. Chlorophylls a and b were determined according to
Arnon (2).

Radioactivity was determined using a Packard 2420 liquid
scintillation spectrometer, using a scintillation mixture contain-
ing dioxane, 10% naphthalene, 0.7% PPO, and 0.03%
POPOP (w/v). All counts were corrected for background and
quenching.

RESULTS AND DISCUSSION

Parameters of Sugar Accumulation Using Leaf Disks. The
effect of varying osmotic concentration of bathing media on
uptake and subsequent leakage of sucrose was evaluated. The
rate of sucrose uptake from graded sorbitol solutions contain-
ing 50 mM "4C-sucrose was maximal with a bathing medium
containing 0.05 M sorbitol. Increasing the osmoticum to 0.6 M
inhibited uptake by 14%, whereas incubation on water con-
taining 50 mM sucrose inhibited uptake by 33%. Removal of
label from the free space was nearly complete after 10 min of
washing in the presence of osmoticum, while leaching from the
symplast continued after 20 min in disks incubated on water.
This would be expected when tissues with an over-all negative
water potential are placed in water alone, resulting in an in-
crease in pressure potential (turgor) and a possible disruption
of the plasmalemma.
Much of the controversy concerning an apoplastic versus

symplastic pathway for movement of carbohydrate from meso-
phyll cells to the phloem revolves around the presence of an
invertase in the cell walls of both sink tissues (23) and leaf
tissues (7, 8). Although the presence of invertase in the "outer
space" or cell wall is not refuted, its role in vein loading, as
implicated by efflux experiments, is questioned. Kursanov and
Brovchenko (18) demonstrated that 20 to 30% of the sugars
accumulated by sugar beet mesophyll tissue can be washed
from leaf tissues during a 30 min wash period. The leached
sugars were in ratios similar to those found in the tissue. It is
possible that these sugars, rather than representing an inter-
cellular transport pool, may represent an abnormal leaching of
sugars from the symplast as a result of excessive osmotic shock
and membrane rupture resulting from incubation of small leaf
pieces in water.

Mesophyll cells and vascular bundle isolates present a spe-
cial problem in that they are osmotically fragile. In 0.3 M
sorbitol, they exhibited a tendency to rupture and leak their
cellular contents. For this reason they were maintained in an
incubation medium containing 0.6 Mosmoticum for all uptake
studies. Isolates incubated in 50 mm'4C-sucrose for 1 hr and
placed in 0.6 M sorbitol medium showed the same reduced
level of leakage from the symplast as seen with disks (unpub-
lished data).

Preliminary studies evaluated the characteristics of sugar
accumulation in leaf disks from solutions of sucrose, glucose,
or fructose between 1 and 50 mm. Triphasic uptake curves
were obtained for each of the sugars (Fig. 1, a and b). Sucrose
exhibited apparent saturation of the carrier at concentrations
of 25, 100, and 400 mm. Both glucose and fructose showed
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FIG. 1. Sugar accumulation curves for leaf disks incubated I

hr on "C-sucrose, -glucose, or -fructose. Rates determined over
the concentration range i to 30 mm (a), and 10 to 500mo (b).
Osmotic concentration of sugar and sorbitol in bathing media was

adjusted to 0.6 m with sorbitol. Duplicate samples of three disks,
each 0.6 CM2, were used for each treatment and the counts aver-
aged.

saturation at 8 and 100 mm. There was a linear increase in

uptake of glucose and fructose which does not conform to

Michaelis-Menten kinetics at substrate concentrations above

150 mms. A biphasic uptake curve has been described for su-

crose uptake by cotyledons of excised bean seedlings (14, 15).

However, the cotyledons did not show linear uptake above 150
mM.

Linear uptake (constant slope) of "4C-labeled sucrose, glu-
cose, and fructose from 30 mm solutions was observed for 15
hr for leaf disks. Intracellular concentrations of these sugars
in leaf disks prior to uptake studies were calculated, based on
enzymatic analysis procedures and estimates made of pool
distribution within the cell. Assuming that sugars were uni-
formly distributed throughout the cell, internal concentrations
of sucrose, glucose, and fructose were 120, 30, and 50 mm,
respectively. Thus, accumulation from a 30 mm solution for
15 hr would necessitate uptake against a concentration gradi-
ent and the expenditure of metabolic energy. Addition of 1

mM KCN, a metabolic inhibitor, resulted in an immediate ces-
sation of uptake, suggesting an active, energy-dependent
process. Sugar uptake by isolated mesophyll cells and vascular
bundles resulted not only in a cessation of accumulation but
also a slight leakage of the labeled sugar in the presence of 1
mM KCN (unpublished data).

Kinetics of Sugar Uptake by Leaf Disks and Their Isolated
Tissues. Previous studies have either disregarded the specificity
of individual tissues and considered the leaf as a functional
organ, or else, arbitrarily defined interveinal lamina (mesophyll
and minor veins) as mesophyll, and dissected bundles (level 3
and 4 vascular bundles [11]) as having functions comparable
with the minor vein net. Lack of techniques that yielded
homogeneous systems of mesophvll cells and minor veins

previously necessitated use of these indirect approaches to
study kinetics of sugar accumulation.
The ability to physically study sugar uptake by minor veins

devoid of adjacent mesophyll cells should provide an excellent
system to study symplastic versus apoplastic uptake. If sym-
plastic uptake predominates, uptake by isolated minor veins
should be low when compared with that of intact disks, while
it should be equal to or greater than that of intact disks if
apoplastic uptake is the preferred pathway. This is based on
the assumption that the disks of isolated veins are intact except
for the disruption of plasmodesmata between border paren-
chyma cells and adjacent mesophyll cells, which are critical
in symplastic transport and less significant in apoplastic trans-
port occurring via the common cell walls.

Kinetic parameters (Kin, Vma.) were calculated from double
reciprocal plots, to evaluate the ability of leaf disks and iso-
lated tissues to accumulate exogenously supplied carbohydrate.
Preliminary studies showed efflux of both labeled and un-
labeled sugars to be negligible compared to influx of the
labeled species over a 4-hr period (unpublished data). The
magnitude of Vn,X is then dependent on the number of carrier
sites. Assuming that the number of active carrier sites remains
constant for any experimental treatment, then changes in VmaX
with time reflect the ability of the carrier to release and com-
partmentalize the released substrate in such a way as to mini-
mize the inhibition of uptake caused by product accumulation.
Analysis of sugar accumulation rates by both disks and iso-
lated tissues showed uptake to be linear for at least 1 hr. Sub-
sequently, 1-hr uptake periods were employed in all kinetic
experiments to evaluate the ability of leaf tissues to handle
physiological quantities of carbohydrate, since initial uptake
kinetics would not serve this purpose.

Preliminary experiments using 10 to 100 mm 14C-carbohy-
drate indicated that the affinity (Kin) of disks and tissues for
glucose and sucrose varied substantially with physiological age
of leaf tissue and made kinetic analysis difficult, because linear
relationships could not be obtained using Lineweaver-Burk
plots. Leaves at 50% expansion, the physiological age at which
they first become exporters of photosynthate, exhibited a
high affinity for exogenously supplied sugars (Kin = 3-8 and
10-20 mm for glucose and sucrose, respectively). At full ex-
pansion, the apparent affinity of disks for sugars is reduced to
15 to 25 and 30 to 40 mm for glucose and sucrose, respec-
tively. The Kmii obtained for sucrose was comparable to that
obtained for bean leaf tissue by Vickery and Mercer (27, 28).
Disks and their isolates were taken from the same leaf for each
experiment to eliminate problems of variability. A newly, fully
expanded leaf was chosen in each case.
A comparative analysis of Kin and V,,,,, for glucose and

sucrose uptake by disks, mesophyll cells, and minor veins re-
vealed that Kit values for disks and isolated mesophyll cells
were similar, with both showing a higher affinity for glucose
than sucrose. Isolated minor veins had a higher affinity for
sucrose (Table I). This difference suggests that previous stud-
ies comparing leaf segments and larger leaf veins may not have
evaluated the loading process per se, but compared accumula-
tion patterns of mesophyll versus transport tissues not directly
associated with the loading process. Kursanov et al. (17) and
Brovchenko (6, 7) have consistently shown that vascular traces
(not minor veins) dissected from the lamina of sugar beet ac-
cumulated glucose to a greater extent than sucrose; yet the
minor veins of tobacco enzymatically isolated in these experi-
ments showed a greater affinity for sucrose (Km = 16.1 mM).
Assuming that tobacco and sugar beet leaves possess a similar
loading system, it is plausible that the uptake patterns obtained
by the above authors may have resulted from accumulation by
lateral storage cells (sinks) present in the larger veins, and did
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Table I. Kinetic Data for Sugar Uptake (10 to 150 mm1) by Tobacco
Leaf Disks and Separated Tissues

Uptake period was 1 hr. The units are Km = mM; Vmax =
,,moles dm72 hr-'.

Sucrose Glucose
Tissues

Km, max Km Vmax

Disks 32.3 109.5 16.7 20.1
Mesophyll 31.3 9.1 16.7 3.9
Minor veins 16.1 11.8 58.8 5.3

not represent absorption by phloem tissues of the minor vein
(11-13).
At saturating concentrations of glucose and fructose, Vm..

for sugar uptake by tobacco leaf disks was distinctly higher
than for either of the isolated tissues (Table I). Based on the
metabolic integrity of these isolates (9), it is doubtful that the
plasmalemma (site of carrier-mediated transport) was damaged,
aside from a severance of the intercellular plasmodesmata.
With this assumption, and assuming a minor role for the
plasmodesmata in sugar accumulation by the minor veins in
apoplastic transport, isolated bundles should have had a Vm.,
for exogenous sugar at least approximating the rates measured
for disks. Since this was not the case, the data suggest a minor
role for apoplastic movement of sugars from mesophyll cells
to adjacent minor veins.

Specificity of the Transport Site. The observation that dis-
tinctly different Km values exist for glucose and sucrose in
each of the isolated tissues leads to several possibilities con-
cerning active transport of sugars in these tissues. Is it possi-
ble that the carriers for carbohydrates differ between meso-
phyll cells and minor veins, or are the differences in affinity
the result of compartmentalization and substrate modification
following release from the carrier site? Two approaches were
selected in evaluating the carrier system in these two tissues.
The first involved an analysis of the pattern of competition be-
tween glucose and sucrose for the carrier site; the second
approach was to follow the uptake velocity (Vmax) with time
in an effort to assess whether there were obvious compart-
mentalization differences.

Disks, mesophyll cells, and minor veins were incubated in
a graded series containing 10 to 100 mm '4C-sucrose, with and
without added glucose (Fig. 2). These plots are typical of
competitive inhibition and suggest that glucose and sucrose
compete for the same carrier site in the two tissue types. When
these tissues were incubated in 10 to 100 mm 14C-glucose, with
and without added sucrose (Fig. 3), the presence of sucrose at
concentrations below 5 mm gave the typical competitive inhibi-
tion plots. However, at concentrations above 6.6 mm (appar-
ently saturating at 10 mM), the presence of sucrose in the
incubation media resulted in a decrease in Km and an ac-
celerated uptake of glucose. Although these results were con-
sistently obtained for disks and bundles, mesophyll cells ex-
hibited erratic results under similar conditions (unpublished
data).

Assuming that compartmentalization of cellular metabolites
is essential to operation of the metabolic machinery, these up-
take patterns suggest a dynamic change in the access of cellular
carbohydrates to one or more metabolic pools. Apparently,
glucose, a metabolic intermediate essential for normal opera-
tion of cellular metabolism, and sucrose, a specialized com-
pound not readily accessible to metabolic processes (1), must
be spatially separated. Although a common carrier is utilized,
intracellular concentrations of glucose and sucrose may be

closely regulated with excess hexose being shunted (as sucrose)
from normal metabolic compartments to a special transport
compartment for export out of the leaf. This hypothesis is re-
inforced by data showing that glucose absorbed by leaf cells

Km Kp Kp I/S
16.2 23.8 37.1

-r I A S
-60 -40 -20 0 20 40 60 80 100

Km Kp Kp I/S
41.5 61.7 83.3

FIG. 2. Competitive inhibition of sucrose uptake by glucose in
leaf disks (a), mesophyll cells (b), and isolated minor vein (c). Disks
and isolated tissues were incubated in 10 to 100 mm sucrose alone
(A), or in the presence of 6.6 or 20 mm glucose (B and C, respec-
tively). Uptake velocity (v) = Aimoles dm-2 hr-', and S = concentra-
tion (M) of sucrose in the medium. Km and Kp represent the
Michaelis constants in the absence and presence of a competitive
inhibitor, respectively.

Plant Physiol. Vol. 53, 1974 915



Plant Physiol. Vol. 53, 1974

is rapidly converted to sucrose, though the reverse is not true
for absorbed sucrose (unpublished data). In the competition
experiments using "4C-glucose, the presence of 10 mm sucrose
may increase the intracellular level of sucrose sufficiently to
permit accumulated glucose to be diverted from the metabolic
compartment to the transport compartment. The inability of
isolated mesophyll cells to exhibit accelerated uptake of glu-
cose in the presence of sucrose may have resulted from the
absence of a sink (minor veins) and hence utilization of the
transport compartment.

The kinetics of sugar uptake by leaf disks and isolated tis-
sues were followed over a 4-hr period to investigate the theory
of multiple compartments. Disks exhibited a high, relatively
sustained Vnt,ax for sucrose uptake (Table 11), whereas the
velocity of gltucose uptake at saturating substrate concentration
increased over the 4-hr period and is consistent with the theory
of multiple compartments. Isolated mesophyll cells and minor
veins showed a decrease with time in the Vn,,. for both glucose
and sucrose uptake. The inability of these isolated tissues to
maintain sucrose uptake and to exhibit an increased time de-
pendent uptake of glucose would result if the transport com-
partment, extending between producing cells (mesophyll) and
transport cells (minor veins), is relatively small.

Kp Kp Km Kp
10.5 11.4 17.2 28.6

I/S

'80 -60A -40 -20 0 20 40 60 80 100

Kp Km Kp i/S
11.9 18.5 28.6

FIG. 3. Competitive inhibition of glucose uptake by sucrose in
leaf disks (a) and isolated minor veins (b). Disks and isolated minor
veins were incubated in 10 to 100 mm glucose alone (A), and in
the presence of 1.3, 6.6, or 50 mm sucrose (B, C, and D, respec-
tively). Uptake velocity (v) = ,Amoles dm 2 hr-', and S = concentra-
tion (M) of glucose in the medium. Km and K, represent the
Michaelis constants in the absence and presence of a competitive
inhibitor, respectively.

Table Il. Chaniges ini V1W, Associted wit/i Timi1e of Accunmulation
bY Disks anid Isolatedl Tissiues, Kmn alid V",(lx Determined ftroi

Lineweav'er-Burk Plots

Duration of Accumulation
Tissue Labeled Sugar K

Present h2- hr 3 hr hr
Ilhr 2hlr 3 hr 4blr

Disks Sucrose
Glucose

Mesophyll Sucrose
Glucose

Minor veinis Sucrose
Glucose

III -if I 7tax ('A?o1tlCS dn- 2 IZ,-
33.7 121.1 120.9 110.6 99.6

19.1 10.2 11.9 20.4 26.8
34.5 10.2 9.0 6.1 5.7

18.9 4.6 4.0 2.7 2.0

15.2 12.1 11.3 8.4 8.2
52.7 5.7 5.3 3.9 3.1

If vein loading occurs via a symplastic route, as the data
suggests, then the role of both the plasmalemma and the
plasmodesmata must be considered. Either of these membrane
structures may contain the sites for carrier-mediated transport.
A symplastic transport compartment would not only serve to
isolate sucrose from metabolic utilization, but would provide
a direct route for the rapid movement of carbohydrate from
producing cells to the phloem. Isolated minor veins with their
severed channels may be incapable of effectively accumulating
sucrose into the transport compartment as can the intact
disks. Under these conditions, glucose and sucrose may have
access only to the metabolic compartment via the plasma-
lemma.
The use of enzymatically isolated leaf tissues has permitted

a kinetic analysis of the processes involved in the intercellular
transport of carbohydrate into and between the mesophyll cells
and minor veins in leaves of tobacco. Leaf disks and isolated
mesophyll cells exhibited a Kmii of 16 mm for glucose and 30
mM for sucrose. Isolated minor veins showed a reverse affinity
with a Kmii of 58 and 16 mm for glucose and sucrose, respec-
tively. With minor veins exhibiting a higher affinity for su-

crose, it is difficult to rationalize a system where hexose would
be the sugar absorbed by the minor veins prior to long-distance
transport in the sieve tubes. Competition studies using glucose
as a competitor with "'C-sucrose uptake indicated a competitive
type inhibition and, therefore, a common carrier for uptake of
both sucrose and glucose. When sucrose was used as a competi-
tive inhibitor with 'C-glucose uptake, a decrease in Kmn for glu-
cose (increased affinity of the carrier for substrate) was observed
at sucrose concentrations above 6.6 mm. This increased affinity
of the carrier suggests a modification in either the carrier or the
cellular disposition of accumulated glucose. It is possible that an
alternate carrier for glucose is present in the membrane and is
activated by the presence of sucrose. The data can also be ex-
plained by postulating the transfer of excess glucose to a special
metabolic compartment for subsequent transport to the minor
veins when sucrose is in high concentration.

Analysis of the absolute velocity for accumulation at sat-
urating substrate concentration (V.,.x) indicated that isolated
mesophyll cells and minor veins no longer accumulated carbo-
hydrate to the extent exhibited by leaf disks. This suggests that
physical disruption of the symplast (plasmodesmata) limits the
ability of minor veins to actively absorb sugar, and therefore
supports the hypothesis that intercellular transport within the
lamina occurs via a symplastic rather than apoplastic route.
Subsequent analysis of V,,,x for glucose and sucrose over a
4-hr period using disks and isolated tissues support the pres-
ence of a hypothetical transport compartment (endoplasmic
reticulum and plasmodesmata system) which requires a degree
of symplastic integrity for its function.

0 B

0.0030

I/v ...- C

0.0015

'-30 -60 -40 -20 0 20 40 60 80 100
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The data support a symplastic pathway for movement of
photosynthate from mesophyll to vascular tissues. It is pro-
posed that sugars, following uptake or produced by photo-
synthesis, are taken into a transport compartment, consisting
of the endoplasmic reticulum. rapidly moved via plasmodes-
mata to the border parenchyma where they are subsequently
transported to companion cells and then deposited in sieve
elements for long-distance transport. The form of the mobile
species is most likely sucrose, but the data do not exclude the
possibility of interconversions such as phosphorylation (i.e.,
sucrose phosphate or hexose phosphate) along the transport
pathway.

LITERATURE CITED

1. ARNOLD, W. N. 1968. The selection of sucrose as the translocate of higlher
plants. J. Theor. Biol. 21: 1-20.

2. ARNON-, D. I. 1949. Copper enzymes in isolated chloroplasts. Polyphenoloxi-
(lases in Beta vtulgaris. Plant Physiol. 24: 1-15.

3. BIELESKI, R. L. 1962. The physiology of sugar cane. V. Kinetics of sugar ac-
cutmulation. Aust. J. Biol. Sci. 15: 429-444.

4. BOWEEN, J. E. 1972. Sugar transport in immature internodal tissue of sugar

cane. I. 'Mechanism and kinetics of accumulation. Plant Physiol. 49: 82-86.
5. BOW.NEN-, J. E. AND J. E. HUNTER. 1972. Sugar transport in immature internodal

tissue of sugar cane. II. iMechanism of sugar transport. Plant Physiol. 49:
789-793.

6. BROVCHENIKO, M. I. 1965. On the movement of sugars from the mesophyll to
the conducting bundles in sugar beet leaves. Sov. Plant Physiol. 12: 230-237.

7. BROVCHE-NKO, 'M. I. 1967. Some proofs of splitting of sucrose during its trans-
location from the mesophyll to the thin buLndles of sugar beet leaves. Soy.
Plant Physiol. 14: 352-359.

8. BROVCHE-NKO, M. I. 1970. Sucrose hydrolysis in free space of leaf tissues and
localization of invertase. Sov. Plant Physiol. 17: 24-30.

9. CATALDO, D. A. AND G. P. BERLYN. 1974. An evaluation of selected physical
characteristics and metabolism of enzymatically separ-ated mesophyll cells
and minor veins of tobacco. Amer. J. Bot. In press.

10. CRAFTS, A. S. AND C. E. CRISP. 1971. Phloem Transport in Plants. Freeman
an(d Co., San Francisco. pp. 318-320.

11. ESAU, K. 1967. 'Minor veins of Beta leaves: structure related to function. Proc.
Amer. Phil. Soc. 111: 219-233.

FAKE BY LEAF TISSUES 917

12. GEIGER, D. R. AN-D D. A. CATALDO. 1969. Leaf structure and translocation in
sugar beet. Plant Physiol. 44: 45-54.

13. GEIGER, D. R., J. NMALOXNE, AND D. A. CATALDO. 1971. Struettural evi(lence for
a theory of vein loadling of translocate. Amer. J. Bot. 58: 672-675.

14. KRIEDEMANN, P. AND H. BEEVERS. 1967. Sugar uptake an(d translocation in
the castor bean seedling. I. Characteristics of transfer in intact and excisedl
seedlings. Plant Physiol. 42: 161-173.

15. KRIEDEMANN, P. AN-D H. BEEVERS. 1967. Sugar uptake and translocation in the
castor bean seedling. II. Sugar transformations during uptake. Plant Physiol.
42: 174-180.

16. KURSANOV, A. L. 1963. 'Metabolism and the transport of organic substances
in the phloem. Adv. Bot. Res. 1: 209-274.

17. KuaRSAN-ov, A. L., 'M. I. BROVCHEN-KO, AND E. P. BUTENKO. 1967. Transforma-
tions of sugars absorbed by the leaf tissues of sugar beet. Soy. Plant Phys-
iol. 14: 684-691.

18. KURSAN-Ov, A. L. 4N-D 'M. I. BROVCHENKO. 1970. Sugars in the free space of
leaf plates: their origin and possible involvement in transport. Can. J. Bot.
48: 1243-1250.

19. LINEWVEAVER, H. AND D. BUiRK. 1934. The determination of enzyme dissocia-
tion constants. J. Amer. Chem. Soc. 56: 658-671.

20. MARETZKI, A. AND 'M. THONI. 1972. 'Membrane transport of sugars in cell sus-
pensions of sugar cane. I. Evidence for sites and specificity. Plant Physiol.
49: 177-182.

21. NEWCOMB, E. H. 1963. Cytoplasm-cell wall relationships. Annu. Rev. Plant
Phiysiol. 14: 43-64.

22. SACHER, J. A. 1966. The regulation of sugar uptake and accumulation in bean
pod tissue. Plant Physiol. 41: 181-189.

23. SACHER, J. A., MI. D. HATCH, AND K. T. GLASZIOU. 1963. Sugar acculmulation
cycle in sugar cane. III. Physical and metabolic aspects of cycle in immature
storage tisstues. Plant Physiol. 38: 348-354.

24. SHIH, C. Y. AND H. B. CURRIER. 1969. Fine structure of phloem cells in rela-
tion to translocation in the cotton seedling. Amer. J. Bot. 56: 464-472.

25. SovoNIcK-DU-NFoRD, S. A., D. R. GEIGER, AND R. J. FELLOWS. 1974. Evidence
for active phloem loading in minor veins of sugar beet. Plant Physiol. In
press.

26. TYREE, MI. T. 1970. The symplast concept. A general theory of symplast trans-
port according to the thermodynamics of irreversible processes. J. Theor.
Biol. 26: 181-214.

27. VICKERY, R. S. AND F. V. 'MERCER. 1964. The uptake of sucrose by bean leaf
tissue. I. The general nature of uptake. Aust. J. Biol. Sci. 17: 338-347.

28. VICKERY, R. S. AND F. V. MERCER. 1967. The uptake of sucrose by bean leaf
tissue. II. Kinetic experiments. Aust. J. Biol. Sci. 20: 565-574.

29. WVEBB, K. L. AND P. R. GORHAM1. 1964. Translocation of photosynthetically
assimilated 1 C in straight-neck squash. Plant Physiol. 39: 663-672.

Plant Physiol. Vol. 53, 1974


