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ABSTRACT 

Mesophyll cells in an intact leaf and those which had been enzymatically 

separated from whole leaves were compared on the basis of their ability to 

export photosynthetically labeled compounds. It was found th~t in the leaf 

about 7.5% of the total carbon fixed in a small illuminated area of the 

leaf was exported to a large surrounding dark area during a 1 hr incubation 

period; the main exported products being the free sugars: glucose. fructose 

and sucrose. In contrast to this, isolated mesophyll cells released only 

about 0.7% of the photosynthates formed under comparable conditions, and 

did so in a rather nonspecific manner. The results offer strong evidence 

in favor of a symplastic pathway for the transport of photosynthate between 

mesophyll cells. 
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INTRODUCTION 

The movement of metabolites from photosynthesizing mesophy11 cells 

to sieve elements is at present envisaged to involve one of three possible 

pathways. The first is a completely apop1astic pathway which would require 

movement of metabolites via diffusion through the cell walls (7). This 

pathway would probably require energy expenditure to move solutes across 

the plasmalemma of both mesophy11 cells and phloem cells. In addition, the 

flow of photosynthate to the vascular system would be against the direction 

of the transpiration stream. The second alternative involves a completely 

symp1astic pathway from mesophy11 to phloem cells along a concentration 

gradient (2,3,6,9). However, there is evidence that the sucrose concentra-

Ition in the phloem cells is greater than that in themesophyll symplast (8). 

This necessitates a permeability barrier together with an active transport 

system between the mesophyll cells and sieve elements. As a third possibi1ity, 

a combination symplastic/apoplastic pathvlay has been proposed in which 

solutes move symp1astically through ~he mesophyll cells to the phloem 

parenchyma cells and thence apoplastically to the adjacent sieve element 

where they are actively taken up (4). 

Breaking the symplastic continuity of leaf mesophyll cells without 

disturbing metabolism is an experimental possibility for distinguishing 

between apoplastic and symplastic transport in this part of the leaf. Geiger 

et a1. (4) attempted such a feat by subjecting photosynthesizing leaf tissue 

to extremely hypertonic conditions (0.8 f" osmoticum) \,/ith the intent of 

disrupting the symplast by plasmolysis. The net result was an inhibition 

of photosynthesis and hence little could be gained by this approach. 
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Recently Paul and Bassham (10) have succeeded in isolating intact, 

actively photosynthesizing mesophy11 cells from a C3 p1~nt, Papav~r 

somniferum. These cells remain viable for a number of days. More 
. 14 

importantly, when fed CO
2 

in the light their metabolism is found to 

resemble closely that of the mesophyll cells of the intact leaf, both 

qualitatively and quantitatively. Since the symplastic continuity has 

been interrupted in this system without disturbing the metabolism, the 

isolated photosynthesizing cells offer a means of distinguishing between 

apoplastic and symplastic transport. In the present paper, export of photo

synthate from actively photosynthesizing mesophyll cells in an intact leaf 

is compared with release of photosynthate from actively photosynthesizing 

leaf-free mesophyll cells. 

t~ATERIALS AND t~ETHODS 

Cultivation of J21ants. Papaver somniferum plants were grown from 

seed in sandy lDam soil. The greenhouse was maintained at a temperature 

regime which varied between 18° and 28°C, night and day. All plants used 

in these experiments were of prebolting age (generally about 5 weeks old). 

Whole-leaf experiments. Whole leaves with petioles in a reservoir 

of distilled water were placed in a closed chamber attached to a gas 

circulating system (13). Leaves were illuminated from both sides with 

incandescent lamps set at 20,000 lux each at the leaf slidace at a temper2-' 

ture of 25°C. The source/sink leaf was covered with a black plastic sheath 

in which a 0.7 cm hole had been cut. The plastic sheath was coated with 

aluminum foil to avoid overheating of the covered leaf. At the end of the 
from the 

experiment the illuminated disc (the source) could be quickly separated/rest of 



of the leaf (the sink) by cutting out \'lith an appropriate sized cork 

borer (Fi,g. 1). In addition alight control (source with no ~ink) was 
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run in which the entire leaf was illuminated and at the end of the experi

ment a disc identical in size and location to that from the source/sink 

was removed as before with a cork borer. A dark control was also u$ed in 

order to diffe~entiate dark fixation of carbon in the sink area from 

metabolites transported there from the illuminated source. 

To start the experiment, 14C02. in air (600 ppm CO2 with a specific 

activity of 13.5 llCi/\.lmole) \'laS turned into the chamber and maintained at 

its initial level throughout a 60 min incubation. At the end of the 

i ncubat ion, thel eaves \-Jere qui ckly removed from the chamber, and the source 

and sink were separated from each other and immediately plunged into liquid 

nitrogen. The frozen tissue was ground to a fine powder which was then 

extracted overnight with 50% ethanol. 

Leaf-free cell experiments. Mpsophyl1 cells from P. somniferum were 

isolated using the enzyme pectinase ~s described previously (10,11). The 

cells were isolated from leaves similar in age to those used in the whole

leaf experiments. After negotiating the stress-response period and enter

ing the nonnal stage of metabolism, approximately 24 h after isolation (10), 

the cel"1 suspension was placed in serum-stoppered 5 ml Erlenmeyer flasks 

and incubated at 22°C in a Plexiglass water bath illuminated from below . 
with fluorescent lamps. Photosynthesis was initiated by the addition of 

14 - ) 5 mM H C03 (10.3 vCi/~mo1e. After 60 min incubation, 200 lJl of the 

suspension was withdrawn and quickly centrifuged for 10 sec in a microfuge 

(Beckman). The supernatant (sink) was withdrawn and brought to 80% methanol 

and the pellet (source) was resuspended in 80% methanol. " 
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In order to test the effects of hypotonicity on release of cellular 

metabolites~ cell suspensions were pelleted just prior to one experiment 

and resuspended in assay buffer containing either 0.3, 0.2 or 0.1 M sorbitol. 

The respective suspensions were then placed in serum-stoppered 5 ml 

erlenmeyer flasks and treated as before. 

Chromatography and radioautography. Separation of the products of 

photosynthesis was effected by descending paper chromatography and radio

autography. Portions of the alcohol extracts were spotted on Whatman No. 

paper and developed in two dimensions as described previously (lO~12). 

The starch fraction was obtained from the origin of the chromatograms (10). 

All l4C . t' 1 d h b . f t f -lncorpora 10n resu ts are expresse on t e aS1S 0 ~g-a oms 0 

l4C incorporated per mg chlorophyll. The amount of l4C in the sink areas 

(dark portion of leaf or supernatant from cell suspension) are expressed 

in terms of chlorophyll in the respective source areas (illuminated disc 

or cell pellet). The area of the dark portion of the leaf (sink) was ahJays 

approximately 60 times the area of the illuminated portion (source). Chloro

phyll was measured according to the method of Arnon (1). 

RESULTS AND DISCUSSION 

In a whole plant, any kind of tissue that consumes more fixed carbon 

than it assimilates can be considered as a potential sink towards other 

tis sues in \'Ih i ch the\'(: is an eY.Ccs s of CE: n fixation over carbon cons 

tion. Therefore, sinks are not only starch- or sugar-accumulating storage 

tissues, e.g. fruits, but also the different, non-green tissues within a 

single, actively photosynthesizing leaf. (e.g. the epidermal layers. the 

phloem system or the meristematic tissues). It is therefore reasonable to 
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an illuminated area. If the darkened area is kept very large compared to 

the illuminated area, a significant export of fixed carbon from the latter 

can be expected, even if the system \'JOul d be "buffered" by a certa in amount 

of stored carbon (~s sucrose or starch) in the dark area. Based on these 

considerations we designed the experiment shown in Fig. 1 (for a detailed 

description se~ Materials and Methods). The amount of fixed carbon in 

a small illuminated area and a comparatively large dark area was measured 

and different metabolites were analyzed (ratio of illuminated area/dark 

area = 1/60). The inclusion of a dark control leaf allows one to subtract 

the products of dark fixation (principally related to anaplerotic reactions 

in the TCA cycle) from the products exported into the dark area (or formed 

in the dark area from exported photosynthate). 

Not surprisingly, the major part of the exported photosynthate was 

found to be composed of the free sugars, sucrose, glucose and fructose (Table 

1). rt is interesting to note that whereas in the illuminated area (source) 

the sucrose pool greatly predominate~ over the glucose + fructose pools, 

in the dark area (sink) the situation is exactly reversed. Unfortunately, 

it is not possible from this data to ascertain whether the two reducing 

sugars are exported preferentially to sucrose or whether an active sucrase 

in the sihk area is responsible for hydrolyzing exported sucrose. 

Of additional interest is the rather Significant pool of labeled 

polyglucan which we found in the sink area (Tabie 1). Apparently the 

labeled photosynthates exported from the illuminated area of the leaf are 

being assembled into starch. This might OCCUI' mainly in the amyloplasts 

known to be present in the phloem cells since starch synthesis in photo

synthetic cells is well known to be inhibited in the dark (5). 
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In striking contrast to the situation in the intact leaf, isolated 

mesophyll cells released a far smaller amount of photosynthate (Table 3) 

and this in a rather non-selective way (see Table 2). The medium surround

ing the isolated mesophyll cells is usually isotonic (0.35 M sorbitol), and 

as such it is presumably very different from the situation in the leaf. 

There, the cells are surrounded by the water layer within and on the cell 

walls, which might have a rather low osmotic value. One might therefore 

argue that the presence of an osmoticumwould prevent any export of photo

synthate, even if the isolated cells would potentially be able to do so. 

In order to test this consideration, the isolated mesophyll cells were 

suspended in a series of increasingly hypotonic buffers, and CO2 fixation 

and release of photosynthate were measured as before. As the concentration 

of sorbitol decreased, the net carbon incorporation was considerably 

inhibited and the release of carbon was stimulated (Fig. 2). An anlysis 

of the released products shows that increasing hypotonicity leads to a 

rather unspecific release of all 14C-labeled compounds formed in the cells 

(Table 2). If a decreased osmolarity would stimulate an export of carbon 

through the plasmalemma, however, one would expect an increased release of 

only a few specific compounds such as sucrose. Since this is obviously 

not the case (Table 2), we interpret our data as evidence of a general 

membrane deterioration and increased non-specific leakage resulting therefrom. 

In fact, after a s-light delay one can obsene with the light microscope the 

deterioration of cellular membrane integrity with decreasing osmolarity 

of the medium. 

Of the total carbon fixed in the illuminated area of the leaf during 

the 1 hr incubation, 7.44% was found in the dark area (sink). The 1eaf-

free rnesophyl-I celis, on the oLilcr fidtld,illt:uhated for ail equivalent til>: 

period in an isotonic medium released only 0.76% of their fixed carbon into 
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the medium (Table 3) and even this small amount might be attributed to a 

certain number of damaged cells present in our preparation. Thus disrupt

ing the symplastic 'continuity of the leaf mesophyll cells via enzymatic 

cell sepafation le~ to at least a 90% reduction in release of fixed carbon. 

This result offers strong evidence in favor of symplastic transport of 

photosynthate between mesophyll cells. 
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Table I. Export of photosynthate from the illuminated portion (source) to the 
dark portion (sink) of a leaf. Compounds are expressed as ug-atoms carbon per mg 
Ch1. 

A Ba Ca G - Ca 

Compounds III umi nated Dark Dark Net· 
Area Area Control Expo rt 

Po1yglucan 46.36 2.58 0.83 1 .75 
Sugar-P 0.54 0.54 o . r;flt 
Aspartate 0.70 0.90 0.86 0.04 
Glutamate 0.77 0.87 0.67 0.20 
Glutamine 0.27 
Alanine 3.57' 1.14 0.67 -0 ./f 7 
Citrate 0.88 0.87 0.86 0.01 
Malate 5.34 2.22 1.56 0.66 
Glucose 5.09 2.52 0.74 1. 78 
Fructose 4.77 1.81 0.34 1.47 
Sucrose 31.50 1.34 0.24 1. 10 

J The amount of fixed carbon in the dark area and dark control was dete~nined on 
the basis of the chlorophyll content of the illuminated area. If the dark CO? 
fixation is based on the chlorophyll content of the dark area, the real rate of 
dark fixation is very low (about 0.05 umole per mg Chl per h), i.e. < 1% of light 
f;xatiqn. 
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Table II. Ratios of respective compounds found outside of the isolated cells 
versus the amount remaining inside the cells. 

Results are expressed as ~moles of the respective compound~ found in the super
natant divided by the ~moles determined to be inside the cells. 
(e.g. [Sugar-P] t 'd /[Sugar-P]- -d = 0.0169 at 0.35 t~) ou S 1 e , ns 1 e . 

Osrno 1 a rity Sugar-P Malate + Citrate Free Sugars fl.mi no Ac ids 

0.35 M 0.0169 0.0054 0.0100 0.0358 
0.30 0.0229 0.0064 0.0121 0.0357 
0.20 0.0409 0.0273 0.0346 0.0748 
0.10 0.0703 0.0395 0.0418 0.0980 

<: 
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Table III. Comparison of photosynthetically fixed carbon released from source to 

sink with intact versus symplasticallydisrupted mesophy-Il cells. 

% Fixed 
Experimental ~ota1 a Carbon b Carbon Carbon d 

System Fixation in.·Source Re1easedc Released 

Intact Leaf 107.81 99.79 8.02 7.44% 

Leaf-free Cells 71.85 71.30 0.55 0.76% 

aTotal fixation is expressed as ~moles C fixed per mg Chl per h. 

bCarbon in source refers to that part of the total fixed carbon which f28ained in 
the illuminated disc (intact leaf) or the cell pellet (leaf-free cells). 

cCarbon released is that part of the total fixed carbon which was found outside of 
the source; i.e. the dark part of the leaf (intact leaf experiment) or in the 
supernatant (leaf-free cell experiment). The carbon found in the sink areas is 
expressed in terms of the chlorophyll in the respective sources from ~ihich that 
carbon came. 

dpercent of fixed carbon released is simply the percentage of the total fixed 
. carbon found in the respective sink areas. 
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LEGENDS TO THE FIGURES 

Figure 1: A method for measuring export·of photosynthetically fixed carbon 

from mesophyll cells in an intact, detached leaf. A leaf of 

of Papaver somniferum was posed between two plastic sheets covered 

~ith aluminum foil. On both sides of the plastic cover, holes of 7 

mm diameter were cut with a suitable cork borer, so that a small 

leaf area (about 1/60 of the total leaf area) could be exposed 

to illumination from both sides, whereas the rest of the leaf was 

kept dark. The illuminated leaf area (= the source) was cut out 

with a cork borer at the end of the experiment and analyzed 

separately from the rest of the leaf (= the sink). For further 

details see Materials and Methods. 

Figure 2: Total CO2-fixation and release of labeled compounds by isolated 

mesophyll cells from Papaver somniferum, suspended in reaction 

media of different sorbitol concentrations (i.e. at different 

osmolarity). For experimental details see Materials and Methods. 
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