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Transfer cells and solute uptake in minor veins of Pisum sativum leaves
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Abstract. Morphometric and physiological studies were
conducted to determine whether the wall ingrowths of
transfer cells in the minor-vein phloem of Pisum sativum
L. leaves increase the capacity of the cells for solute
influx. Size and number of wall ingrowths are positively
correlated to the photon flux density (PFD) at which
the plants are grown. An analysis of plasmodesmatal
frequencies indicated that numerous plasmodesmata are
present at all interfaces except those between the sieve-
element—transfer-cell complex (SE-TCC) and surround-
ing cells where plasmodesmata are present but few in
number. Flux of exogenous sucrose into the SE-TCC
was estimated from kinetic profiles of net sucrose influx
into leaf discs, quantitative autoradiography, and mea-
surements of sucrose translocation. Flux based both on
the saturable (carrier-mediated) and the linear compo-
nents of influx was 47% greater in leaves of plants grown
at high PFD (1000 umol-m~2-s~ ') than those grown
in low PFD (200 umol-m~2-s~ ') and was paralleled by
a 47% increase in SE-TCC plasmalemma surface area.
Flux of endogenous photosynthate across the SE-TCC
plasmalemma was calculated from carbon balance and
morphometric data. The increase in flux in high-light
leaves over that in low-light leaves can be explained on
the basis of an increase in plasmalemma surface area.
In intact leaves, a ‘standing osmotic gradient” may facili-
tate transport of solute into transfer cells with extensive
wall elaborations.
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Introduction

It is generally accepted that wall ingrowths of transfer
cells increase the capacity for solute flux between the
apoplast and symplast (Gunning and Pate 1969, 1974).
This view is supported by three lines of circumstantial
evidence: anatomical distribution, development, and cy-
tochemistry. Transfer-cell locations generally coincide
with sites of known or assumed high solute flux such
as floral nectaries (Schnepf 1974; Kronestedt and Ro-
bards 1987), salt glands (Gunning and Pate 1969; Fara-
day and Thomson 1986), developing seeds (Gunning and
Pate 1974; Maze and Lin 1975; Willemse and Kapil
1981 ; Folsom and Peterson 1984 ; Tilton et al. 1984 ; Fol-
som and Cass 1986), and the minor-vein phloem of
source leaves (Gunning and Pate 1969, 1974; Pate and
Gunning 1969; Watson et al. 1977; Kuo 1983; Scheirer
1983; Bourquin et al. 1990). The development of wall
ingrowths begins with the onset of solute flux (Gunning
and Pate 1969 ; Gunning et al. 1974; Kramer et al. 1978;
Landsberg 1982; Folsom and Cass 1986). In Pisum sati-
vum leaves, for example, the transfer cells of minor-vein
phloem develop only after export of photoassimilate be-
gins (Gunning et al. 1968; Peterson and Yeung 1975).
Cytochemical evidence indicates that transfer cells are
highly active metabolically; the numerous mitochondria
may provide the energy required for active solute flux.
Further, ATPase activity has been localized at the plas-
malemma (Maier and Maier 1972; Hill 1975a, 1975b;
Bentwood and Cronshaw 1978), and a transplasmalem-
ma potential difference exists in haustorial transfer cells
(Renault et al. 1989).

However, direct quantitative evidence correlating
plasmalemma surface area with solute flux in transfer
cells is lacking. This is undoubtedly a consequence, at
least in part, of the difficulties involved in studying
transport in complex tissues. In addition, for compara-
tive purposes such studies require controls in which
transfer cells have few, if any, wall ingrowths. To obtain
quantitative and cell-specific solute-flux data, the experi-
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mental system must meet three requirements. First, so-
lute movement across the transfer-cell plasmalemma
must be discernible from that associated with other cell
types. Second, symplastic exchange must be absent or
minimal. Third, the degree of elaboration of the transfer-
cell wall ingrowths must be experimentally controllable.

We are particularly interested in the role of transfer
cells in phloem loading, i.e., the movement of photoassi-
milate from the mesophyll to the sieve elements of minor
veins. It is generally assumed that the route of sucrose
loading is at least partly apoplastic (for a review, see
Giaquinta 1983) and that, in some species such as Pisum
sativum, transfer-cell wall ingrowths facilitate uptake of
sucrose from the free space (Gunning et al. 1968).

Pea leaves are an effective material for the study of
transfer cells. While the phloem is complex, it is nonethe-
less open to direct analysis and manipulation: access
to the free space is relatively easy, the vascular tissue
is arranged in a two-dimensional reticulate network, and
the phloem is relatively close to the surface, permitting
quantitative analysis of the distribution of radiolabeled
compounds in mesophyll and vascular tissues (Turgeon
1987). In this paper we demonstrate that the develop-
ment of transfer-cell wall ingrowths in pea leaves may
be experimentally modified. We also present a compre-
hensive morphometric analysis of parameters required
for a quantitative study of solute-flux capacity, including
plasmodesmatal frequencies. Finally, we demonstrate
that phloem loading of both photoassimilates in intact
leaves and exogenously supplied sucrose in leaf discs
increase with increasing elaboration of transfer-cell wall
ingrowths. These experiments provide direct evidence
that wall ingrowths of transfer cells increase solute up-
take by increasing plasmalemma surface area.

-

Material and methods

Plant material. Dwarf-pea plants (Pisum sativum L. cv. Little Mar-
vel) were grown in 250-cm? plastic pots containing a mixture of
peatmoss, perlite, and sterilized soil (2:1:1, by vol.) in a tempera-
ture-controlled room. Seeds were obtained from Agway, Syracuse,
N.Y., USA. Illumination was provided 16 h per day with a combi-
nation of eight 40-W fluorescent and two 1000-W incandescent
metal-halide lamps (M1000/c/v metalarc; Sylvania, Danvers,
Mass., USA). All lamps were located 50 cm above plant level. Pho-
ton flux density (PFD) was controlled by shading the plants with
cheesecloth suspended 25 cm above the top of the plants. Four
PFDs were employed in some experiments (see figures) whereas
in others only ‘low-light’ and ‘ high-light > (200 and 1000 umol
photons-m~2-s7 ! respectively ; photosynthetically active radiation)
plants were compared. Air temperature was maintained at 20° £
2° C during the day, and 14°42° C at night. Air temperature at
leaf level during the day was 21°+2° C under the highest, and
20°+2° C under the lowest, light conditions. At night the air tem-
perature was uniform throughout the room. Air circulation within
the room was provided by three fans; one pair for input and ex-
haust, and one circulation fan to improve air flow around the
plants. The plants were watered daily with 20° C tap water, and
fertilized weekly with a 0.03% solution of 20/20/20 water-soluble
fertilizer (Peters Professional Water Soluble Fertilizer; W.R. Grace
Co., Fogelsville, Penn., USA). The soil was covered loosely with
aluminum foil to prevent the lamps from heating the soil to differ-
ent degrees under different PFDs and to maintain uniform soil
moisture levels. Soil temperature was 21° C at the highest, and

20° C at the lowest, PFD during the day; it was a uniform 14° C
during the night. The leaf plastochron index (LPI) was calculated
according to Erickson and Michelini (1957) using an index leaf
length of 10 mm.

Microscopy. Mature laminae were cut into 2-mm? pieces and fixed
in 4% (w/v) glutaraldehyde in 0.07 M sodium-cacodylate buffer,
pH 7.0, for 4 h at 23° C. The tissue was washed in buffer, postfixed
in 2% (w/v) OsO, for 2 h at 23° C, washed in buffer again, stained
in 2% (w/v) uranyl acetate for 20 min, dehydrated in ethanol, and
embedded in Spurr resin (Spurr 1969). Thin sections (50-80 nm)
were cut with a diamond knife and stained with lead citrate and
uranyl acetate. Grids were viewed and photographed on a Phillips
(Eindhoven, The Netherlands) 201 transmission electron micro-
scope. Thick sections (1.0 um) were stained with 1% (w/v) Tolui-
dine blue for light microscopy and photographed with a Leitz Orth-
olux microscope (Rockleigh, N.J., USA).

For quantification of cell-wall-perimeter length, cell-contact
lengths, and plasmodesmatal frequency, transverse sections of 80
minor veins, 20 each from four different PFDs (four different
plants within each PFD) were photographed at low magnification
(x 3000) and the transfer cells of those veins were photographed
again at medium magnification ( x 7000-10000). Micrographs were
projected at x 3 magnification onto a ZIDAS digitizer board (Carl
Zeiss, Thornwood, N.Y., USA). Low-magnification micrographs
of entire veins were used to determine the length of interface be-
tween various cell types and to count plasmodesmata. As noted
previously (Gunning and Pate 1969), the plasmalemma of transfer
cells frequently appears to have separated from the cell wall, leav-
ing an electron-translucent space. This is especially common
around the wall ingrowths, and is generally considered to be an
artifact of fixation. Measurements of the internal cell-wall perime-
ter are, therefore, probably a better indicator of original plasma-
lemma-perimeter length than those obtained from the retracted
plasmalemma itself. Plasmodesmatal frequency between cell types
was calculated according to Robards (1976), compensating for sec-
tion thickness and radius of the plasmodesmata.

To quantify vein length, and to analyze the anatomy of veins
of different sizes, it was necessary to develop a method in which
individual veins could be viewed paradermally and in cross section.
Large pieces of lamina (25 mm?) were cut and cleared in a 3:1
(v/v) mixture of 95% ethanol and glacial acetic acid at 23° C over-
night. The tissue was viewed and photographed paradermally with
phase-contrast optics using a x4 objective. The tissue was cut
transversely with a sharp razor blade and re-photographed. The
veins at the newly cut edge could then be viewed in cross section
and their position in the vein network determined from the para-
dermal view photographed before the cut was made. To obtain
cross sections the tissue was dehydrated in an alcohol series, embed-
ded in Spurr resin, and positioned in flat molds so that the newly
cut edge could be sectioned. Thick sections were cut and stained
as above for light microscopy.

Statistical analysis. All parameters are reported as the average of
at least ten samples; the exact numbers of samples are indicated
in the figure legends. Each sample represents the average of mea-
surements made on four minor veins and surrounding cells from
a single leaf. Cell-wall-perimeter lengths, cell cross-sectional areas,
and vein lengths at different PFDs were compared using the Stu-
dent t-test with a 95% confidence interval.

Plasmodesmatal frequencies were not normally distributed
since plasmodesmata tend to occur in aggregates. Therefore, thin
sections exhibit a wide range of plasmodesmatal frequencies with
a disproportionate number of samples grouped at or near zero.
Because of this non-parametric distribution, the Kruskal-Wallis
one-way analysis of variance by ranks, with a 95% confidence
interval, was used to compare frequencies between high and low
PFDs and between different cell interfaces (Daniel 1978).

Net carbon exchange. Net carbon exchange of leaf 5 was measured
by infra-red gas analysis at a flow rate of 2 L-min~!. The plant
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was allowed to equilibrate for 1 h before the system was closed
and measurements were begun. Air temperature within the assimi-
lation chamber was 22° 4+ 1° C. Relative humidity was maintained
at a dew point of 12° C.

Translocation rate. The average translocation (export) rate (TR)
was calculated by the equation:

TR =([DC-DS] +[NC-NS] - WC)- (DS +N8§) ~*-CS !

where DC and NC are the average net carbon-exchange rates dur-
ing the light and dark periods, respectively, measured in mot CO,-
s 1-cm™2; DS and NS are the lengths of the light (5.76-10* s)
and dark (2.88-10* s) periods, respectively; WC is the average dry-
weight change per 1 cm? of leaf area (at LPI 3.0) over a 24-h
period, and CS is the number of carbon atoms per sucrose mole-
cule. No dry-weight change was detected. The equation can be
further simplified by cancelling numerical values:

TR =(2DC+NC) 36!

Theoretical fluxes. The transmembrane flux of photoassimilates
(PF) (flux across the plasmalemma of the sieve-element-transfer-
cell complex (SE-TCC), assuming an entirely apoplastic loading
route) was calculated by the equation:

PF=TR-PM™!

where PM is the total area of the SE-TCC plasmalemma (m*-cm™
leaf area) of Class III and IV veins.

The transmembrane flux of exogenously supplied sucrose into
the minor-vein phloem (EF) was calculated (again assuming an
entirely apoplastic route of entry into the SE-TCC) as:

EF=S-VP-PM™!
where S is the rate of net sucrose influx (mol-s™*-cm ™2 leaf area),

and VP is the percentage of label in the minor veins (as opposed
to that in the surrounding mesophyll tissue).

2

Translocation of [**C Jsucrose. Plants were brought into a laborato-
ry fumehood illuminated by a water-filtered incandescent 1000-W
metal-halide lamp providing approx. 1000 umol-m~2-s™ ! at plant
level. A small area (approx. 8 mm diameter) of the adaxial surface
of the leaf was abraded with carborundum (320 grit) for 30 s, rinsed
briefly with distilled water, patted dry, and a small (8 mm inside
diameter, 5 mm deep) well cut from flexible plastic tubing was
attached over the abraded area with a thin bead of lanolin paste.
The well was filled with 200 ul 2(N-morpholino)ethanesulfonic acid
buffer (20 mM Mes plus 20 mM CaCl, adjusted to pH 5.5 with
KOH)+ 10 mM [**C]sucrose (4- 10'° Bq-mol ™ *) while the leaf was
supported in its normal position with a wire-mesh screen. In some
plants a red-hot dissection probe was used to scald the petiole
of the labeled leaf and thereby kill the phloem tissue. When this
was done the leaf remained completely turgid during the following
2 h.

Label was applied for 1 h, after which the radiolabeled sucrose
solution was removed and the well washed by five quick changes
of buffer solution before refilling the well with buffer +25 mM
unlabeled sucrose. After a 1-h chase period the well was removed
and a 1-cm-diameter disc including the abraded area was excised
with a cork borer. The disc was floated in buffer solution for
a total of 35 min with buffer changes (22° C) on a schedule of
1-, 5-, and 15-min intervals to remove free-space label. Meanwhile,
varous parts of the plant were prepared directly for liquid scintilla-
tion counting by the method of Sun et al. (1988). The nonlabeled
mature source leaves and the roots were frozen in liquid nitrogen,
ground to a fine pulp, lyophilized at 30° C (Virtis freeze-dryer:
Virtis Co., Gardiner, N.Y., USA) and weighed before scintillation
counting of representative weighed samples.

[14C]Sucrose uptake into leaf discs. Mature leaves (leaf 4 or 5,
LPI 2.5-3.0) were abraded and 5.6-mm diameter discs were re-
moved with a cork borer under the surface of Mes buffer (22° C).
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In most cases (exceptions are noted in Results) at least five leaves
(one from each plant) were used to provie 20 discs per treatment.
Discs were randomized and transferred to the surface of fresh
buffer (22° or 1° C) in small (3.5 cm diameter) plastic Petri dishes.
The buffer was removed and replaced with 2.5 ml of solution con-
taining Mes buffer +[1*C]sucrose at 22° C or 1° C for periods rang-
ing from 10 min to 2 h. The concentration of [**C]sucrose was
10 mM, except where noted, and the specific activity was 1-10% Bq-
mol ! except where noted.

At the end of the uptake period the [**C]sucrose solution was
quickly removed and the discs were washed with buffer (22° or
1° C) for 35 min. Changes of buffer wash were made on a schedule
of 1-, 5-, and 15-min intervals.

Autoradiography. Leaf discs were frozen in powdered solid CO,,
lyophilized, and autoradiographed. Details of these, and quantita-
tive autoradiography, procedures are given in Turgeon (1987).

Results

Leaf anatomy. A morphometric analysis of leaves grown
under low and high light (200 and 1000 umol photons-
m~2-s~!) conditions was conducted to provide the
quantitative data required for estimates of solute flux.
Overall leaf thickness is greater, intercellular spaces
smaller, and leaf area (18.4 cm? versus 23.0 cm?) smaller,
in plants grown at high PFD. Low- and high-light leaves
have one and two layers of palisade cells, respectively,
and two and four layers of spongy cells, respectively.
Total mesophyll volume in high-light leaves is 47%
greater than in low light leaves (47 and 32 mm?*-cm™2
leaf area, respectively).

Since vein order, as determined by branching pat-
terns, is a poor indicator of vein size and anatomy, veins
were grouped into four classes on the basis of width
(Table 1). Class III and IV veins delimit the majority
of areoles and form the blind endings within them, and
are therefore defined as minor veins.

Vein anatomy. Minor-vein anatomy is similar to that
described by Gunning and Pate (1968) for P. arvense.
Minor veins are collateral, consisting of a variable
number (one to five) of tracheary elements with or with-
out xylem parenchyma, sieve elements with associated
transfer cells, phloem parenchyma, and a chlorenchy-
matic bundle sheath entirely enclosing even the smallest
veins (Fig. 1). There is no consistent orientation of the
SE-TCC within the vein; in reference to its transfer cell,
the sieve element is as often peripheral as it is internal
and as often abaxial as it is adaxial. Sieve elements and
transfer cells both abut phloem-parenchyma and bundle-
sheath cells. Sieve elements are always juxtaposed to at
least one transfer cell, and there are frequently more
transfer cells than sieve elements. Interfaces between
transfer cells are common. Contact between sieve ele-
ments also occurs but is less common. Individual SE-
TCCs may be in direct contact or phloem parenchyma
may be present between them. Phloem parenchyma is
always present and each of these cells abuts at least one
bundle-sheath cell as well as sieve elements and transfer
cells. Phloem-parenchyma cells protrude from the bun-
dle sheath into, and often across, the vein; thus the vein
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Table 1. Morphometric analysis of four vein classes in mature Pisum sativum source leaves. Plants were grown under low or high
(200 or 1000 pmol photon-m~2-s™ 1, respectively) PFDs. Vein width and length were measured in cleared tissue. Number of sieve
elements were determined in 1-pm cross sections. Sieve-element and transfer-cell cross-sectional areas were measured in electron micro-
graphs of thin sections (#=250). Phloem volume was calculated as the product of vein length, number of sicve elements and transfer

cells, and their cross-sectional area. + Values=SE

Vein Vein No. Vein length Sieve-element Transfer-cell Phloem volume Phloem volume
class  width of sieve (mm-cm™?%) area (um?) area (um?) (mm3-cm~2x107%) (%)
(wmy) elements

High Low High Low High Low High Low High Low
light light light light light light light light light light

1 180 >9 12.4 8.8 10.0 9.9 30.6 28.9 0.3 0.2 7.0 5.0
+2.2 +1.3 +1.1 +1.2 +1.9 +1.9

11 90-179 7-9 23.5 24.0 8.2 8.3 343 331 0.8 0.8 18.6 20.0
+1.8 +2.1 +0.9 +0.9 +23 +2.1

I 45-89 4-7 36.0 43.2 7.0 7.0 38.2 37.5 0.9 1.1 20.9 27.5
+23 +3.7 +0.6 +0.5 +2.3 +3.1

v 2044 1-4 159.2 141.7 6.5 5.9 41.8 39.6 2.3 1.9 53.5 47.5
+10.3 +12.1 +0.5 +0.5 +3.0 +3.0
230.7 218.0 43 4.0

Fig. 1. Electron micrograph of a cross-section of a minor vein in
mature lamina tissue of P. sativum. Tracheary elements (X), phloem
parenchyma (P), bundle-sheath cells (B), and transfer cells with
associated sieve elements (7). Scale=10 um; x 3000

has a tiered appearance, phloem parenchyma in alter-
nate rows with the SE-TCCs (Fig. 1).

Larger veins (Classes I and II) are composed of the
same cell types as the smaller veins. In these veins the
SE-TCC orientation is more predictable. Sieve elements
may occur above or below their transfer cells (where
they may abut bundle-sheath cells), but are usually locat-
ed on the side toward the center of the vein, and are
never located external to transfer cells. The number of
transfer cells and sieve elements is equal and individual

complexes are not usually in direct contact. Phloem-pa-
renchyma cells are found between the complexes.

Ultrastructure of transfer cells. The transfer cells of mi-
nor veins of P. sativum leaves have been described by
Bentwood and Cronshaw (1978). According to Gunning
and Pate (1969) these are “A” type transfer cells, that
is they are primarily associated with the phloem, and
wall ingrowths are found along the enitre perimeter ex-
cept that relatively few are seen in the portion of the
wall abutting the sieve element. Wall ingrowths are
finger-like projections averaging 0.2 pm in diameter, and
ranging up to 2 um in length (Fig. 2). Ingrowths bend
and frequently fuse, especially in minor veins of high-
light leaves.

There is a positive correlation between the perimeter
length of tranfer-cell walls and the PFD under which
the plants are grown (Figs. 2 and 3). This is most appar-
ent in Class IV veins (Fig. 3). Both number and length
of ingrowths increase with increasing PFD.

Plasmodesmata frequency. All plasmodesmata, except
those between transfer cells and sieve elements, are un-
branched; they occur either singly or in aggregates. Lat-
eral sieve areas, not plasmodesmata, occur between con-
tiguous sieve elements.

Cell interfaces fall into three broad groups based on
plasmodesmatal frequencies (Table 2). Frequencies be-
tween groups are statistically different; those within
groups are not. The highest plasmodesmatal frequencies
are found between sieve elements and transfer cells, and
between pairs of phloem-parenchyma cells. Lowest fre-
quencies are seen at interfaces between the SE-TCC and
surrounding cells.

Uptake of exogenous sucrose. Concentration dependence
of [**C]sucrose uptake into leaf discs of both low- and
high-light plants is biphasic, as in many other systems
(Giaquinta 1983), consisting of a high-affinity saturable



Fig. 2 A, B. Electron micrographs of transfer cells of minor veins
in mature lamina tissue of P. sativum. Plants grown at 200 A or
1000 pmol-m~2-s~! B. 4rrow indicates electron-translucent area
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Fig. 3. Length of cell wall in transfer cells of mature leaves of
P. sativum plants grown at different PFDs. @——ae, Class III veins
(four to seven sieve elements); 0——0, Class IV veins (one to three
sieve elements)

component and a lower affinity, apparently non-satur-
able phase (not shown). Uptake of ['*C]sucrose
(10 mM) into abraded leaf discs is positively correlated
to PFD provided during growth (Fig. 4). Discs from
high-light (10* pmol photons-m?-s~!) plants accumu-
late sucrose at a rate approx. 50% greater than discs
from low-light (200 pmol photons-m~2-s') plants. The
rate of uptake is linear for 2 h and is not significantly
influenced either by PFD provided during the uptake
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between plasmalemma and wall protuberance. Note the more ex-
tensive wall ingrowths in transfer cells of the high-light plants.
Scale=2.0 um; x 12500 A, x 10500 B

Table 2. Plasmodesmatal frequencies between cell types expressed
on the basis of linear interface and area of interface. Frequencies
with different superscripts are significantly different (Kruskal-Wal-
lis one-way analysis of variance, 95% confidence interval, n=16)

Interface Plasmodesmata pm™?
pm™!
‘Transfer cell-sieve element 0.31* 2.23
Phloem parenchyma-phloem parenchyma 0.31° 2.23
Bundle sheath~mesophyll 0.14° 1.01
Phloem parenchyma-bundle sheath 0.13* 0.94
Mesophyll-mesophyll 0.11° 0.79
Transfer cell-transfer cell 0.10° 0.72
Bundle sheath-bundle sheath 0.09° 0.64
Transfer cell-phloem parenchyma 0.05°¢ 0.35
Transfer cell-bundle sheath 0.03°¢ 0.21
Sieve element—phloem parenchyma 0.01°¢ 0.07
Sieve element—bundle sheath 0.00°¢ 0.00

period, the osmotic potential of the uptake medium (0-
200 mM mannitol), or the time of day (or night) at which
the experiments were performed in discs from either
high- or low-light plants (data not shown).

The apparent rate constant (k) of the linear phase
was determined by linear regression of the last four
points in each curve (Table 3) and the K, and V,,,, were
calculated from Lineweaver-Burke plots of the saturable
component (Table 3). Uptake during linear phase is
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Fig. 4. Net sucrose influx into leaf discs from pea plants grown
at different PFDs. Leaf discs cut from abraded mature leaves were
floated on 10 mM [**C]sucrose for 30 min, and washed for 35 min,
before counting

Table 3. Kinetic parameters of ['*C]sucrose uptake in leaf discs
of pea leaves grown under low-light or high-light conditions

Component Low light  High light
Saturable K., (mM) 19 19

Vinax (nmol-em™2-h~1) 95 148
Linear k (nmol-cm™?2 14 20

-(mM sugar)"'-h™1)

greater in discs of high-light polants than in discs of
low-light plants. The K., values for the saturable compo-
nent is the same in low- and high-light plants while V.
is approx. 55% higher in high-light plants. The rate of
sucrose influx depends on leaf age (Fig. 5). No difference
in uptake is detected between discs of high- and low-light
leaves until after LPI 1.5. The uptake in discs from both
low- and high-light plants declines between LPI 1.5 and
2.0. A greater decline in uptake in discs from low-light
plants accounts for the difference in uptake seen in ma-
ture leaves. Uptake is relatively constant between LPI
2.0 and 3.0. The sink-source transition (Turgeon 1989)
occurs at LPI 1.5-1.8 and the leaves reach full expansion
at LPI 2.0-2.2 (data not shown).

To determine whether rates of uptake were stable
after leaves had matured, plants were moved from high
to low PFD or vice versa and uptake was measured
over the next 9 d. Uptake rates were stable for 6 d with
some evidence of change in response to the new light
conditions by the ninth day (not shown).

Vein loading and translocation of exogenous sucrose.
Since influx of sucrose occurs into mesophyil as well
as minor veins, it was necessary to estimate the propor-
tion of label accumulated by the latter. This was done
by analysis of autoradiographs. Distinct minor-vein im-
ages are apparent in autoradiographs of both low- and
high-light discs after 30 min of uptake. The percentage
of label in the minor veins was calculated from measure-
ments of label density and surface area occupied by the
veins. The ratio of label in the veins and in the interveinal
regions (V/I) was determined by microdensitometry
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Fig. 5. Net sucrose influx into discs from pea leaves of increasing
age. Discs were cut from abraded leaves of high-light (0—0)
or low-light (&——e) plants and were floated on 10 mM [!*C]suc-
rose. One plastochron equals approx. 3 d. Leaves reach 50% and
100% of final area at approx. LPI 1.2 and LPI 2.0, respectively.
Each datum point is the mean of ten discs from a single plant.
Bars=SE

(Turgeon 1987) in three separate experiments. This ratio
was not significantly different in autoradiographs of
discs from low- and high-light plants (Table 4). Vein area
(Table 4) was measured with a digitizer board in photo-
graphic enlargements made from the autoradiographs.
These vein-area measurements do not represent the true
area of the veins in the tissue since there is considerable
enlargement caused by scatter of B-particles; however
this is a reasonable method of determining the percent-
age of label in the veins, which is the same in both low-
and high-light plants (66-67%).

To determine how much of the label in the minor
veins entered the conducting elements of the phloem,
the percentage of exogenous sucrose translocated out
of the leaf was measured. [**C]Sucrose (10 mM) was
applied in a well to a small (8 mm diameter) abraded
area of the upper side of an attached mature leaf for
1h followed by a 1-h chase with unlabeled sucrose
(10 mM). Label was measured in the dissected parts of
the plant at the end of the chase period. The abraded
area of the labeled leaf was removed separately and
washed for 10 min before counting to remove label from
the free space. The percentage of the label present in
various parts of the plant is summarized in Table 5. Sev-
enty percent of the label is exported from the treated
leaf, a value that is close to the 66-67% value of label
found in minor veins after uptake of [**C]sucrose into
leaf discs (Table 4). To be certain that label leaving the
leaf was travelling in the phloem, the petiole of the treat-
ed leaf was heat-girdled in some experiments or p-chloro-
mercuribenzene sulfonic acid (PCMBS) (2 mM) was in-
cluded in the uptake solution; both treatments prevented
export (not shown).

Calculations were made of the flux of sucrose across
the plasmalemma of the SE-TCC assuming that all label
in the minor veins entered the conducting elements of
the phloem, i.e., the SE-TCC (see previous section). The
further assumption was made that symplastic loading
played a negligible role and, therefore, that all loaded
sucrose crossed the SE-TCC plasmalemma.
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Table 4. Distribution of **C in veins and interveinal tissue of Pisum
sativum source leaves following uptake of [**C]sucrose. Leaf discs
cut from abraded mature leaves of low- or high-light plants were
floated on 10 mM [**C]sucrose for 30 min and washed for 35 min
before freezing and lyophilization. Autoradiographs of dried,
pressed discs were used for microdensitometry measurements (V/I;
ratio of '*C in veins and interveinal space) and enlarged prints
of autoradiographs were used to determine vein area. The percent-
age of total label in the veins was calculated from V/I and vein-area
data. Means from three experiments + SE

v/ Vein area (%) Vein label (%)
High light 3.3+0.3 37.94+4.2 67%
Low light 3.5+0.3 352433 66%

Table 5. Percent of label in different parts of a pea plant after
[**C]sucrose (10 mM) was applied to a mature source leaf for 1 h
followed by a chase with unlabeled sucrose (25 mM) for 1 h. Aver-
age of three experiments, +SE

Organ % of label in plant
Labeled leaf 30.0+7.4
Petiole of labeled leaf 1.8+0.2
Stem 53+04
Immature leaves (LPI 0.0-1.0) 15.6+1.4
Apex 0.7+0.1
Roots 459422

These calculations indicate that, although leaf discs
from high-light plants take up considerably more sucrose
than discs from low-light plants, flux (per unit area of
SE-TCC plasmalemma surface area) is very similar
(Fig. 6). At low concentrations flux is the same; as su-
crose concentration increases, flux is slightly greater in
low-light leaves. These calculations indicate that the
higher values of sucrose uptake into the SE-TCC of mi-
nor veins of high-light plants is paralleled by a propor-
tional increase in the surface area of the SE-TCC plas-
malemma.

Vein loading and translocation of photoassimilate. Mea-
surements of net carbon exchange (NCE) were used to
calculate translocation, and thus phloem-loading, rates
in low- and high-light plants. Below 600 pmol photons-
m~2-s~!, NCE is the same in both groups (Fig. 7). At
higher PFDs the NCE of low-light leaves reaches a pla-
teau while that of high-light leaves continues to increase
(Fig. 7).

Net carbon exchange of high-light plants is approx.
3.5 times as high, at ambient PFD (1000 pmol-m™~2-
s~ 1), as the NCE of low-light plants at their ambient
PFD (200 pmol'm™2-s™1) (Fig. 8). These rates re-
mained the same throughout the day, as did the rates
of respiration during the night (replicate measurements
made on leaves of three plants at hourly intervals; data
not shown).

Total NCE over the 24-h period was calculated and
used to determine average translocation rates (Table 6).
Since leaf dry weight did not change significantly from
one day to the next it was assumed that NCE over the
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Table 6. Calculated sucrose translocation rates and flux of sucrose
in pea leaves across the plasmalemma of the SE-TCC, based on
measurements of net carbon exchange. Translocation rates are
averaged over a 24-h period and are expressed as mol sucrose-s™!-
(cm leaf area)” 2. Transmembrane flux was calculated assuming
negligible symplastic phloem loading and is expressed as mol su-

crose-s !-(m? SE-TCC plasmalemma surface area) !

Translocation rate Transmembrane flux

1.37-107°
2.93-10°¢

32.0-1071
1.17-1071°

Low-light plants
High-light plants

24-h period equalled the amount of carbon exported
during the same period. Calculations were made in moles
of sucrose since sucrose is the primary transport sugar
in pea (Pate 1966). The average translocation rate is
3.7 times greater in high-light plants than in low-light
plants.

Flux across the SE-TCC plasmalemma in low- and
high-light plants was calculated using values for pho-
toassimilate translocation (Table 6) and SE-TCC plas-
malemma surface area (Fig. 3). Again, as in the calcula-
tions of exogenous sucrose flux (previous section), the
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Table 7. Six species ranked in order of decreasing plasmodesmatal frequency at the companion-cell-phloem-parenchyma, and companion-
cell-bundle-sheath interfaces. Both absolute frequences (plasmodesmata per linear pm of interface) and relative frequencies (phloem
parenchyma—phloem parenchyma=1.0) are given. Data are from the following: dmaranthus retroflexus (Fisher and Evert 1982), Beta
vulgaris (Evert and Mierzwa 1986), Coleus blumei (Fisher 1986), Pisum sativum (this paper), Populus deltoides (Russin and Evert 1985),

Vicia faba (Bourquin et al. 1990)

Companion cell-phloem parenchyma

Companion cell-bundle sheath

Absolute Species Relative Species Absolute Species Relative Species
frequency frequency frequency frequency

0.40 P. deltoides 1.69 C. blumei® 1.33 C. blumei* 8.30 C. blumei®
0.27 C. blumei* 0.75 B. vulgaris 0.73 P. deltoides 1.06 P. deltoides
0.25 A. retroflexus 0.63 C. blumei® 0.11 A. retroflexus 0.38 B. vuigaris
0.12 B. vulgaris 0.58 P. deltoides 0.06 B. vulgaris 0.18 A. retroflexus
0.10 C. blumei® 0.42 A. retroflexus 0.03 P. sativum 0.12 V. faba

0.05 P. sativum 0.16 P. sativum 0.01 C. blumei® 0.06 C. blumei®
0.003 V. faba 0.07 V. faba 0.005 V. faba 0.06 P. sativum

? Intermediary cell
® ‘Ordinary’ companion cell

assumptions were made that symplastic phloem loading
is negligible and that only the minor veins (Class III
and IV veins) are involved in loading. The calculations
indicate that flux across the SE-TCC plasmalemma is
approximately twice as high in high-light plants as in
low-light plants (Table 6).

The concentration of exogenous sucrose that yields
an SE-TCC transmembrane flux equivalent to that of
photosynthetically-derived sucrose is S50 mM in low-light
plants and in excess of 200 mM for high-light plants
(compare Table 6 and Fig. 6).

Discussion

The purpose of these experiments was to test directly
the hypothesis that transfer-cell wall ingrowths increase
the capacity for solute flux by expanding the surface
area of the plasmalemma. Pea minor veins are suited
to this objective because uptake can be quantified by
a number of techniques including scintillation counting
of whole tissues, quantitative autoradiography, and
translocation. Furthermore, the relative paucity of plas-
modesmata connecting the SE-TCC to surrounding
cells, in comparison to species in which the companion
cells are not specialized as transfer cells, indicates that
uptake of sucrose by the SE-TCC is primarily, if not
entirely, apoplastic. Most importantly, the surface area
of the transfer-cell plasmalemma can be experimentally
changed by growing plant at different PFDs.

Of course, complex tissue systems are not ideal for
analyzing transport across the membrane of a single cell
type: there are many potential complications such as
disproportional and possibly varying rates of uptake by
different cell types and redistribution between cells dur-
ing the course of the experiment. However, since transfer
cells are most often found in complex tissues, and since
they are apparently an important component of loading
in the intricate tissues of the phloem of certain species,
their uptake characteristics must be dealt with in this
difficult context. The pea minor veins are at least man-

ageable if morphometric and physiological data are com-
bined.

One of the assumptions we have made in calculating
flux is that all loading of sucrose takes place from the
apoplast across the SE-TCC plasmalemma. This as-
sumption is based on three lines of evidence. First, vein
loading of sucrose in P. sativum is sensitive to PCMBS
(Turgeon and Wimmers 1988), a widely used inhibitor
of phloem loading that blocks influx across the plasma-
lemma from the apoplast (Giaquinta 1983). Second,
loading of exogenous sucrose occurs directly into the
minor veins without being routed through the mesophyll
(Turgeon and Wimmers 1988), an indication that the
minor veins are capable of preferential uptake of sucrose
from the apoplast. The third line of evidence, from the
work presented here, is that the frequency of plasmodes-
mata between the SE-TCC and surrounding cells is so
low as to cast doubt on the efficacy of a symplastic
pathway. In fact, this is not a straightforward argument:
we have shown that in any species the frequency of plas-
modesmata is expected to decline from the mesophyll
toward the minor-vein phloem to compensate for
changes in the surface-area to volume ratio of the var-
ious tissue types even if the pathway of solute diffusion
is entirely symplastic (Ding et al. 1988; Turgeon and
Beebe 1991). Therefore, low plasmodesmatal frequency
at the SE-TCC boundary is, in itself, not convincing
evidence for an apoplastic pathway. However, when
compared with data from other species, plasmodesmata
at this interface in P. sativum are seen to be especially
sparse (Table 7).

In Table 7, species are ranked in order of plasmodes-
matal frequency at the companion-cell-phloem-paren-
chyma, and companion-cell-bundle-sheath interfaces.
Both absolute and relative frequencies are given since
comparisons bases on absolute frequencies suffer from
the fact that plasmodesmatal structure and pore size
could differ significantly between species, requiring pro-
portionately more or fewer plasmodesmata for the same
solute flux. For example, the frequency at all interfaces
in Populus deltoides are at least twice those reported at
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the same interfaces in the other five species. We circum-
vented this difficulty by calculating relative frequencies
based on the phloem-parenchyma—phloem-parenchyma
interface as standard (equal to 1.0); this interface has
a consistently high frequency of plasmodesmata in the
species reported to date. Coleus blumei is listed twice
since the minor-vein phloem has both ‘ordinary’ com-
panion cells and intermediary cells (Fisher 1986). Inter-
mediary cells are large, specialized companion cells con-
nected to the bundle sheath by large numbers of plasmo-
desmata (Turgeon et al. 1975; Turgeon 1989).

In general, the symplast of the sieve-element—com-
panion-cell complex (SE-CCC) is relatively isolated from
that of surrounding cells (Table 7) with the notable ex-
ceptions of Populus deltoides and, especially, the interme-
diary-cell-bundle-sheath interface of Coleus blumei. The
SE-CCC symplast is most isolated in P. sativum and
Vicia faba, the two species in which the companion cells
are specialized as transfer cells.

Plasmodesmatal frequencies are especially low in Vi-
cia faba at almost all interfaces, even in comparison to
P. sativum (Table 7). These differences in species that
belong to the same family, and have the same transfer-
cell specialization, underscore the difficulty in compar-
ing plasmodesmatal frequencies (Fisher 1990). When rel-
ative frequencies are compared (phloem parenchyma—
phloem parenchyma=1.0), symplastic continuity at the
critical interface between the companion (transfer) cell
and bundle sheath in Vicia faba is not so low as it would
otherwise appear, based on absolute frequencies. Indeed,
relative frequencies are lower in both P. sativum and
Coleus blumei.

Undoubtedly the most striking differences between
species are those at the bundle-sheath—companion-cell
boundary, the most likely phloem-loading route, when
relative frequencies are assessed. This value for Coleus
blumei (intermediary cells) is approximately two orders
of magnitude higher than the value for the two species
with transfer cells. While issue can be taken as to subtle
differences that exist between plants, this difference ob-
viously supports the opinion that loading of photoassi-
milate into the SE-CCC may take place along an apop-
lastic route in some species and a symplastic route in
others. This concept has been explored in depth by Ga-
malei (1985a, b) in a survey of over 170 species in 56
families.

The role of the minor-vein phloem parenchyma
should also be considered. In P. sativum, phloem-paren-
chyma cells are often in direct contact with both bundle-
sheath and transfer cells and could, therefore, be part
of the loading pathway. The plasmodesmatal frequency
between phloem-parenchyma cells is very high. Frequen-
cies between phloem-parenchyma and bundle-sheath
cells are intermediate in value and there is a low but
significant number of plasmodesmata between phloem-
parenchyma and transfer cells. However, the tiered ar-
rangement of the parenchyma and SE-TCCs could be
a reflection of another function of the phloem parenchy-
ma: to transfer assimilates between SE-TCCs within the
same vein.

In summary, while the evidence is circumstantial, it
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strongly indicates that loading occurs primarily, and per-
haps entirely, from the apoplast of the minor vein into
the SE-TCC. We feel reasonably secure in making this
assumption in our calculations.

A second difficulty in making our flux calculations
is that of determining the percentage of exogenous, la-
beled sucrose that enters the SE-TCC, as opposed to
other cell types. To determine what this percentage is
we conducted quantitative autoradiography and translo-
cation experiments. Approximately two-thirds of the la-
bel from exogenous sucrose is localized in the minor-vein
network at the end of uptake studies. Some of this label
could have entered the mesophyll before it was subse-
quently transported to the phloem. This does not seem
to be a major factor however; previous studies indicate
that exogenous sucrose is taken up directly and preferen-
tially by the minor veins of pea leaves (Turgeon and
Wimmers 1988) and, in any case, passage of some label
through the mesophyll will not affect the calculations
if it is assumed that this label once again enters the
apoplast before it is taken up by the SE-TCC. Although
errors in measuring the proportion of label taken up
by minor veins could have been introduced by the quan-
titative autoradiography technique, the fact that this
proportion was the same in low- and high-light plants
tends to minimize errors in comparisons of the two plant
groups. Translocation experiments confirmed that ap-
prox. 70% of the label applied as exogenous [**C]suc-
rose enters the translocation stream. Therefore, in calcu-
lations of uptake rates it was assumed that two-thirds
of the [*C]sucrose accumulated by leaf discs entered
the SE-TCC.

Concentration isotherms for sucrose uptake in pea
leaf discs consist of saturable and linear components
as is typically the case in other species (Maynard and
Lucas 1982). Inhibition of saturable uptake by alkaline
solutions and PCMBS (data not shown) indicate that
the saturable component is probably identical to the car-
rier-mediated sucrose-proton cotransport system that
has been extensively studied (Giaquinta 1983).

The rate of sucrose uptake in leaf discs declines as
the leaf expands and begins to export. This is not surpris-
ing since the tissue is more compact when immature
and sucrose uptake is a feature of plant cells in general,
not only exporting tissue. In high-light leaves the decline
in rate of uptake with age is not as pronounced as in
low-light leaves so that, when mature, the uptake capaci-
ty of the former is greater than that of the latter. Sovon-
ick et al. (1974) found that uptake values for sink and
source tissues are similar, as we found here in high-light
leaves.

Does the greater surface area of the SE-TCC plasma-
lemma in high-light plants increase the net influx of su-
crose from solution? Our evidence indicates that it does.
Leaf discs from high-light plants accumulate approx.
50% more exogenous sucrose than those from low-light
plants at sucrose concentrations up to 200 mM. By com-
parison, the surface area of the SE-TCC is 47% greater
in low-light than in high-light plants. The transport ca-
pacity of both the saturable and linear components of
influx increase to approximately the same extent.
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Since the proportion of label entering the mesophyll
and minor veins is the same in both plant groups, net
influx of sucrose must increase in the mesophyll as well
as the vascular tissue in high-light plants. Morphometric
data indicate that leaves from high-light plants are
thicker, intercellular spaces between mesophyll cells are
smaller, and there is 47% more mesophyll volume than
in low-light leaves (Table 1). This indicates that an in-
crease in mesophyll plasmalemma surface-area or cell
volume is responsible for the greater uptake in that tis-
sue. This explanation does not suffice for the minor
veins, however. Minor-vein length, cross-sectional area
of the SE-TCC, and phloem volume per unit area of
leaf surface are the same in low- and high-light plants
(Table 1). The only obvious distinguishing feature of the
minor veins of the two plant groups that could account
for increased net solute influx in high-light leaves is the
increase in surface area of the SE-TCC plasmalemma.

Calculated rates of net sucrose influx per unit area
of SE-TCC plasmalemma are almost identical in low-
and high-light leaves at sugar concentrations below
150 mM. The simplest explanation for this is that in-
creased solute uptake is entirely the consequence of in-
creased plasmalemma area and that the number of carri-
ers per unit plasmalemma area is the same in both low-
and high-light leaves. It should be recognized, however,
that the complexity of the system and the assumptions
required in the calculations do not permit fine distinc-
tions to be made on the density of carriers. For example,
ingrowths could provide a microenvironment for local-
ized and steep reduction in apoplast pH, leading to in-
creased uptake, without an increase in carrier number.
The proportional increase in linear uptake in high-light
leaves indicates that this rate also remains the same per
unit area of membrane.

We also measured photoassimilate (as opposed to ex-
ogenous sucrose) transport into the phloem transport
stream in leaves of low- and high-light plants to deter-
mine whether this rate is proportional to SE-TCC plas-
malemma area. Translocation rates, and hence trans-
membrane flux, were calculated from net carbon-ex-
change data over a 24-h period based on the simplifica-
tion that carbohydrate is stored during the light period
and the rate of export remains approximately the same
throughout the day and night. Given this assumption,
the increase in transmembrane flux across the SE-TCC
in high-light leaves is greater than the increase in plasma-
lemma surface area (Table 6). In reality, the transloca-
tion rate in most plants drops markedly at night (Fondy
and Geiger 1982 ; Huber et al. 1985; Gordon 1986). That
drop may be greater in plants adapted to high-light con-
ditions (Gordon 1986). If this is true in pea, our data
lead to an underestimate of the difference in SE-TCC
transmembrane flux between high- and low-light leaves
during the day.

There are several possible explanations for the obser-
vation that the increase in flux of endogenous photoassi-
milate is greater than the increase in plasmalemma sur-
face area. The first is that the apoplastic concentration
of sucrose is low enough in low-light plants that carriers
are unsaturated and therefore a substantial increase in
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export sugar does not require a proportional increase
in carrier number (plasmalemma surface area). This
seems unlikely; uptake rates for exogenous sucrose a-
cross the SE-TCC plasmalemma that will account for
the amount of sucrose translocated by low-light leaves
requires an apoplastic concentration of 50 mM, above
the level of sucrose at which the carrier is saturated.
Another possibility is that our conclusion concerning
the number of carriers per unit area of membrane is
incorrect and there is, in fact, a greater density of carriers
on the SE-TCC plasmalemma in high-light leaves. A
third possibility is that wall ingrowths create a ‘standing
osmotic gradient’ in attached leaves. According to this
concept, if solute is rapidly removed from the apex of
a wall ingrowth by transport across the adjacent plasma-
lemma, and by subsequent export, a mass flow of solu-
tion toward the apex will result and this will overcome
the limitation of diffusion through the wall (Gunning
and Pate 1969; Hill 1975a). This effect would be greater
in high-light leaves than in low-light leaves since wall
ingrowths are more extensive in the former. A standing
osmotic gradient would presumable not be created by
exogenous sugars in leaf discs since the accumulated sug-
ar in the SE-TCC is not swept away by export.

No matter how this discrepancy between rates of up-
take of exogenous sucrose and endogenous photoassimi-
late is resolved, it is clear that experimental modification
of SE-TCC plasmalemma area by altering PFD is ac-
companied by corresponding changes in the rate of su-
crose transport into the cells. The results support experi-
mentally the hypothesis that wall ingrowths in minor-
vein transfer cells facilitate uptake of photoassimilate
by increasing plasmalemma surface area.

This research was supported by National Science Foundation
Grant DCB-9104159, U.S. Department of Agriculture Competitive
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