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We report on the export capability and structural and ultrastructural characteristics of leaves of the sucrose export defectivel 
(sedl; formerly called sulí) maize mutant. Whole-leaf autoradiography was combined with light and transmission elec- 
tron microscopy to correlate leaf structure with differences in export capacity in both wild-type and sedl plants. Tips 
of sedl blades had abnormal accumulations of starch and anthocyanin and distorted vascular tissues in the minor veins, 
and they did not export sucrose. Bases of sedl blades were structurally identical to those of the wild type and did export 
sucrose. Electron microscopy revealed that only the plasmodesmata at the bundle sheath-vascular parenchyma cell in- 
terface in sedl minor veins were structurally modified. Aberrant plasmodesmal structure at this critical interface results 
in a symplastic interruption and a lack of phloem-loading capability. These results clarify the pathway followed by pho- 
tosynthates, the pivotal role of the plasmodesmata at the bundle sheath-vascular parenchyma cell interface, and the 
role of the vascular parenchyma cells in phloem loading. 

INTRODUCTION 

Control of photosynthate export and carbon partitioning is com- 
plex (Geiger, 1979; Turgeon, 1989) and can be influenced by 
a range of factors, for example, growth stage of the plant (Eastin, 
1969), source activity, sink strength, and the vascular connec- 
tions between source leaves and nearby sinks (Wyse, 1986; 
Wardlaw, 1990). A critical step in supplying growing regions 
of the plant with reduced carbon is phloem loading in source 
leaves. Therefore, understanding the pathway of photosynthate 
transport and mechanisms of phloem loading is important for 
understanding carbon export, partitioning, and sink-to-source 
transition in leaves. 

Two opposing routes are generally recognized both for path- 
ways of photosynthate transport and for phloem loading in 
source leaves: symplastic and apoplastic. The great variation 
in source leaf structure and physiology suggests that neither 
route is universal (Delrot, 1987; van Bel, 1987, 1993; Turgeon, 
1989; Turgeon and Beebe, 1991). Plasmodesmata play a prom- 
inent role in the symplastic transport of photoassimilates from 
the mesophyll to the region of the vascular bundle. In some 
species, they may play a direct role in the process of sieve 
tube loading (Turgeon, 1989; Beebe and Evert, 1992). Plas- 
modesmal frequency (e.g., Evert et al., 1977; Botha and Evert, 
1988; Botha and van Bel, 1992; Evert and Russin, 1993) and 
developmental modifications in plasmodesmal structure and/or 
number (Ding et al., 1988; Beebe and Evert, 1992) may have 
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a strong influence on the mode and rate of phloem loading 
(van Bel, 1993). 

Initially, plasmodesmata were thought to be simple struc- 
tures that functioned mainly as passive channels (Lucas et 
al., 1993a; Epel, 1994). However, current evidence indicates 
that plasmodesmata are both structurally (Botha et al., 1993; 
Gamalei et al., 1994) and functionally complex. They play an 
integral role in the transport of a variety of substances, includ- 
ing nutrients and small signaling molecules (Oparka, 1993), 
as well as in the trafficking of various macromolecules (Lucas 
et al., 1993a, 1995; Epel, 1994; Waigmann and Zambryski, 
1995). Plasmodesmata apparently transport substances selec- 
tively based on the size, charge, and structure of the transport 
molecule (Tucker and Tucker, 1993). Furthermore, plasmo- 
desmal structure, composition, and regulation may differ in 
different cells and tissues (Robinson-Beers et al., 1990; Epel, 
1994; Waigmann and Zambryski, 1995). 

Maize is an excellent plant for studying sucrose transport 
and phloem loading because of its high rates of photosynthesis 
and sucrose export (KaltTorres et al., 1987) and our extensive 
knowledge of its vasculature and ultrastructure (Evert et al., 
1977, 1978, 1985, 1996; Russell and Evert, 1985; Evert and 
Russin, 1993; Bosabalidis et al., 1994). In the maize leaf (Fritz 
et al., 1989) and in wheat leaves (Altus and Canny, 1982), there 
is a division of labor among vein orders. The major veins func- 
tion mostly in the long-distance transport of photosynthate out 
of the source leaf and into the sink organ. In contrast, minor 
veins are mostly involved with loading photosynthate from 
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surrounding mesophyll. The data available on phloem load- 
ing in the maize leaf indicate that photosynthates most likely 
follow a symplastic pathway from mesophyll cells to the bun- 
dle sheath cells and that the sieve tubes are loaded 
apoplastically (Evert, 1986). In minor veins of the maize leaf, 
the vascular parenchyma cells occupy most of the interface 
between the bundle sheath and sieve tubes (Evert, 1986). Be- 
cause of this close spatial association, the vascular 
parenchyma cells probably are the first cells of the vascular 
tissue to receive photosynthate from the bundle sheath cells 
(Evert, 1986). 

Numerous experimental methods have been used to study 
the control of carbon partitioning and the mechanism of phloem 
loading. These methods include mechanical manipulations of 
source or sink (e.g., Allison and Weinmann, 1970; Thiagarajah 
et al., 1981; Tollenaar and Daynard, 1982) and use of proton- 
sucrose symport-inhibiting compounds (e.g., Heyser, 1980; 
Bourquin et al., 1990). Dye transport studies have been used 
to determine the extent of symplastic continuity (Madoreet al., 
1986; van Bel et al., 1988) and the size exclusion limit and selec- 
tivity of plasmodesmal transport (Tucker, 1993; Tucker and 
Tucker, 1993). 

Recently, molecular techniques using transgenic plants have 
yielded a great deal of information on the involvement of su- 
crose carrier protein in phloem loading (Bush, 1993; Reismeier 
et al., 1992, 1993, 1994), on sink-source relations (Sonnewald 
et al., 1994), and on the metabolism and compartmentation 
of carbohydrates (Stitt and Sonnewald, 1995). Similar tech- 
niques have been applied to studies of plasmodesmal function. 
These studies have used both the transgenic plant approach 
(Wolf et al., 1989; Moore et al., 1992; Ding et al., 1993; Lucas 
et al., 1993b) and microinjection of vira1 movement proteins 
(Waigmann and Zambryski, 1994, 1995) to modify plasmo- 
desmal structure. Transgenic tobacco plants have been used 
to study the influence of the tobacco mosaic virus movement 
protein (TMV MP) on carbon metabolism and photosynthate 
partitioning (Lucas et al., 1993b). 

ldentification and characterization of naturally occurring mu- 
tants have long been important methods for gaining insight 
into biological processes (Koch et al., 1982; Nelson and Pan, 
1995). Numerous maize mutants have been identified. Some 
of these have been used to study developmental and physio- 
logical processes, such as bundle sheath defective (Langdale 
and Kidner, 1994) and the KNOTTED family of genes (Jackson 
et al., 1994; Lucas et al., 1995). Use of mutant varieties to study 
transport phenomena has some potential advantages over the 
previously mentioned methods: (1) experimental alteration does 
not involve invasive and possibly injurious procedures, and 
(2) no inhibitors with potential secondary effects are neces- 
sary (Koch et al., 1982; van Bel, 1993). The limitation to this 
method is the identification and characterization of a mutant 
variety that is appropriate for the given study. 

A naturally occurring maize mutant has been identified with 
characteristics that indicate a reduced capacity for sucrose 
transport (S.P. Briggs, unpublished data). In plants exhibiting 

the mutant phenotype, overall height was reduced by 25 to 
5Oo/o (Figure 1A). As leaves developed, anthocyanin accumu- 
lated in a nonclonal pattern soon after leaves had emerged 
from the sheaths of older encircling ones. The appearance 
of anthocyanin began at the tip of the leaf and then progressed 
basipetally and laterally toward the margins (Figures 16 and 
1C). Basipetal progression of anthocyanin rarely, if ever, ex- 
tended fully to the base of the lamina (Figures 1A and 16). 
The mutant leaves contained a higher than normal leve1 of 
sugar (S.P. Briggs, unpublished data). 

This maize mutant was originally named sucme fransportl, 
with the abbreviation sufl (Neuffer et al., 1996). However, sev- 
era1 well-characterized sucrose transporter genes also have 
been named sut(e.g., Reismeier et al., 1992,1993,1994). Be- 
cause we have no evidence that this maize mutation is directly 
related to a sucrose transporter gene, we have chosen to re- 
name our mutant sucrose exporf defectivel (sedl) to avoid 
possible confusion. 

We report on the export capability and structural and ultra- 
structural characteristics of leaves of the sedl maize mutant. 
Transport patterns were studied by feeding I4CO2 to source 
leaves of both wild-type plants and sedl mutants and then by 
assessing their capacity for exporting photosynthate. We 
correlated these transport characteristics with structural differ- 
ences in the sedl plants by using light and electron microscopy. 
The sedl mutation appears to affect a critical interface of mi- 
nor veins. This characteristic allowed us to investigate the 
importance of this class of plasmodesmata in sucrose export 
and presumably phloem loading. 

RESULTS 

Transport of Labeled Carbon 

Blades of wild-type plants used in the labeling studies lacked 
abundant anthocyanin (Figure 1C). Feeding 14C02 to the tip 
of a source leaf (either leaf 1 [Ll] or leaf 3 [L3]) of the wild-type 
plants resulted in labeled carbon being fixed in the fed region. 
Labeled photosynthate was subsequently exported to sink 
regions in both shoots and roots (Figures 2A and 26). Autora- 
diography of wild-type plants in which the tip of L1 was fed 
showed that labeled photosynthate was transported to the base 
of L3 and L4, most of L5, and the roots (Figure 2A). A similar 
distribution of label was obtained when the tip of L3 of a wild- 
type plant was fed. Labeled photosynthate was exported from 
the tip of L3 and distributed to the sheath of L3, the base of 
L4, the entirety of L5, and the roots (Figure 26). 

In the sedl plants, the leaf tips that were fed had abundant 
anthocyanin (Figure 1C). As in wild-type plants, when 14C02 
was fed to the tip of L1 or L3 in sedl plants, labeled carbon 
was fixed in the fed area (Figures 2C and 2D). However, auto- 
radiography of the sedl plants showed that the label remained 
confined mostly to the region that was fed. Unlike wild-type 
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Figure 1. sedl Plants.

(A) sedl plant in a field plot showing reduced overall plant stature, abundant anthocyanin, and tassel.
(B) Fully expanded field-grown sedl leaf showing obvious anthocyanin along leaf margin (tip of leaf toward right).
(C) Plants at the growth stage used in this study. L3 (arrow) of a wild-type (WT) plant at left shows normal pigmentation. L3 (arrow) of a sed?
plant has conspicuous anthocyanin.

plants, no label was found in sink regions in the sedl plants
(Figures 2C and 2D). Nearly identical results were obtained
for L1 or L3.

Liquid scintillation counting of leaf samples confirmed that
a substantial amount of carbon was fixed in the fed regions
of both wild-type and sec/7 plants. Samples taken from within
the regions that were fed (both L1 and L3) from both wild-type
and sec/7 leaves showed appreciable amounts of radioactivity
(Table 1). However, there were large differences in radioactiv-
ity from sink leaves of sec/7 plants when compared with that
in similar samples of wild-type plants. A substantial amount
of 14C was present in samples taken from sink leaves of wild-
type plants, regardless of which leaf was fed (Table 1). In con-
trast, comparable samples taken from sink leaves of sec/7 plants
contained very little labeled photosynthate (Table 1). Sink leaves
of sec/7 plants in which L1 was fed contained approximately

one-tenth the label of sink leaves of wild-type plants (Table 1).
In contrast, sink leaves of sec/7 plants in which L3 was fed con-
tained almost no 14C (Table 1).

Examination of the x-ray films revealed that the fleshy roots
had stuck to and damaged the photographic emulsion, com-
promising our interpretation (Figures 2A to 2D). Data from liquid
scintillation counts, however, showed that the roots of sec/7
plants had at most 5% of the amount of 14C present in roots
of wild-type plants. The data were similar regardless of which
leaf was fed (Table 1). The combined results of autoradiogra-
phy and liquid scintillation counting indicate that carbon was
fixed in the tips of source leaves of sec/7 plants, but virtually
none of that carbon was exported to any sink region.

Fully expanded L3 blades from sec/7 plants had abundant
anthocyanin at the tips but lacked anthocyanin at the base.
The lamina base of L3 from a sec/7 plant looked similar to the
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Figure 2. Autoradiography of Wild-Type and sec/7 Plants That Were Fed 14CO2.

Wild-type (WT) plants export labeled photosynthate from the fed areas (A) and (B), whereas sed7 plants do not export labeled photosynthate
(C) and (D). White lines indicate areas sampled for scintillation counts. B, base of lamina; R, roots; S, sheath; T, tip of lamina.
(A) Wild-type plant: L1 fed area.
(B) Wild-type plant: L3 fed area.
(C) sedl plant: L1 fed area.
(D) sed7 plant: L3 fed area.
Bar in (D) for (A) to (D) = 10 mm.
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Table 1. Amount of Labeled Photosynthate Contained in
Different Portions of Both Wild-Type and serf) Plants8

Sample Position13

L1 tip (fed)
L4 base
Root

L3 tip (fed)
L3 base
L4 base
Root

WT (dpm)c

6,259
3,445
5,847

7,297
3,039
5,373
6,924

serf? (dpm)
7,636

407
300

12,666
108
19
84

"The amount of labeled photosynthate was determined by liquid
scintillation counting.
b Sample positions are indicated in Figures 2A to 2D.
c The average background radiation during scintillation counting
was 69.4 ± 45.8 dpm; this value was determined by counting
blanks containing only scintillation cocktail. WT, wild type.

Light microscopic examination of transverse leaf blade sec-
tions showed that wild-type leaves, regardless of sampling
region, had a structure consistent with that reported for other
maize leaves (described above). The size and distribution of
mesophyll and bundle sheath cells in wild-type leaves are con-
sistent with previous reports (Figures 4A, 4C, and 4E). The
mesophyll cell chloroplasts contained few small starch grains,
whereas the bundle sheath cell chloroplasts contained numer-
ous large starch grains (Figures 4A, 4C, and 4E). All vein orders
from all sampling regions of wild-type leaves had a structure
typical of that found in other maize leaves.

At the tip of sedl blades, the mesophyll cells and bundle
sheath cells were somewhat enlarged and distorted (Figure
4B). Starch grains were abnormally large and abundant in both
the mesophyll cell chloroplasts and bundle sheath cell chlo-
roplasts (Figure 46). In addition, starch grains appeared to be
equally abundant in both the mesophyll and bundle sheath

lamina base of L3 from wild-type plants. We fed 14CO2 to the
basal region of the blade of L3 on a sed7 plant to determine
whether this region could export photosynthate. Autoradiog-
raphy with L3 lamina in which the base was fed showed heavy
label throughout the fed region, indicating that carbon was
being fixed (Figure 3). Abundant label also was found in the
sheath below the fed region (Figure 3), providing evidence that
radioactive photosynthate is exported from the normal-appearing
lamina base of a sedl leaf. These results demonstrate that
the normal appearance of the sedl leaf base is correlated with
export competence, whereas the aberrant appearance of the
sedl leaf tip is correlated with a lack of export competence.

Description of Leaf Structure

The arrangement of tissues in the lamina of both wild-type
(Figures 4A, 4C, and 4E) and sed7 (Figures 4B, 4D, and 4F)
leaves is similar to that described for other maize cultivars (e.g.,
Evert et al., 1977,1978; Russell and Evert, 1985). Maize leaves
have the anatomy typical of a C4 NADP-malic enzyme-type
species: mesophyll cells radially arranged around a chloren-
chymatous bundle sheath that, in turn, surrounds the vascular
tissue (Evert et al., 1977). Three orders of longitudinal vas-
cular bundle can be recognized in the maize leaf: large,
intermediate, and small. For the purposes of this study, how-
ever, the longitudinal veins are referred to simply as either major
or minor (Bosabalidis et al., 1994). Major veins (large) are
characterized by the presence of large metaxylem vessels on
either side of protoxylem or a protoxylem lacuna and by the
presence of both protophloem and metaphloem. Minor veins
(intermediate and small) lack large metaxylem vessels and
protoxylem, and in most, the phloem consists entirely of
metaphloem (Russell and Evert, 1985).

Figure 3. Autoradiography of sedl L3 Lamina Base.
A normal-appearing lamina base of a sedl plant was fed labeled car-
bon (fed, at arrow), and labeled photosynthate was subsequently
exported through the sheath (sheath, at arrow). The asterisk indicates
a small portion of the fed region where L3 was cut to fit on x-ray film.
Bar = 20 mm.
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Figure 4. Light Microscopy of Transverse Sections from the Three Sampling Regions of Both Wild-Type and sed7 Blades.

The wild-type (WT) blades in (A), (C), and (E) show mesophyll cells (M) radially arranged around the large bundle sheath cells (BS). Wild-type
blades in (A), (C), and (E) show abundant starch accumulation in the bundle sheath cells (arrows in [A] and [C]), but virtually no starch in mesophyll
cells, sedl blades are structurally similar to those of the wild type. The mesophyll cells and bundle sheath cells at the tip of the sec/7 lamina
appear distended. Abundant starch is found in the mesophyll (arrows) and bundle sheath cells at the lamina tip of sec/7 leaves (B). The mid-region
samples of sedl blades in (D) have abundant starch in the bundle sheath cells but less in the mesophyll cells (arrows) compared with the tip.
The bases of wild-type (E) and sedl (F) blades are virtually identical structurally.
(A) Wild-type tip.
(B) sec/7 tip.
(C) Wild-type mid-region (mid).
(D) sec/7 mid-region.
(E) Wild-type base.
(F) sec/7 base.
Bars in (A) to (F) = 10 urn.



sedl Plasmodesmata and Sucrose Export 651 

cells (Figure 46). In the mid-region of the lamina, mesophyll 
and bundle sheath cells were still enlarged and distorted. How- 
ever, starch grains were smaller and less abundant in the 
mesophyll than in the bundle sheath (cf. Figures 4C and 4D). 
Structurally, the base of the sedl lamina was virtually indistin- 
guishable from the base of the wild-type lamina (cf. Figures 
4E and 4F). 

The vascular tissues of sedl leaves also were structurally 
modified. These modifications were expressed differentially, 
depending on both sampling region and type of vein. No per- 
ceptible differences were detected in the vascular tissue of 
the major veins of either wild-type or sedl plants, regardless 
of sampling region (Figures 4E and 4F, base; Figures 5A and 
5B, tip). In the minor veins at the tip of sedl blades, however, 
there were conspicuous modifications to the vascular tissues. 
The vascular parenchyma cells that abut the bundle sheath 
cells were greatly enlarged and distorted, and they appeared 
to be plasmolyzed (Figure 5D). At the mid-region of the lam- 
ina, the minor veins were less distorted than minor veins at 
the tip, but the vascular parenchyma cells still appeared to 
be plasmolyzed (Figure 5E). Minor veins from the basal re- 
gion of sedl blades were virtually identical with those found 
in wild-type leaves (cf. Figures 5C and 5F). Therefore, the over- 
all expression of the sedl-conferred phenotype is greatest at 
the tip of the lamina and least at the base. In addition, the ex- 
pression of sedl in the vascular tissue is restricted almost 
exclusively to the minor (small and intermediate) veins. 

Plasmolysis of the vascular parenchyma cells in minor veins 
of the sedl lamina tip is not a fixation artifact. There was no 
evidence of plasmolysis in vascular parenchyma cells of ma- 
jor veins from the sampling region. In addition, no plasmolysis 
was observed in any of the cells from wild-type tissues. 

Ultrastructure of Plasmodesmata 

Previous studies indicate that, in maize, photosynthates most 
likely follow a symplastic pathway from mesophyll cells to the 
vascular parenchyma cells (Evert et al., 1977; Evert and Russin, 
1993). To determine whether the characteristics of sedl plants 
might include a symplastic interruption or block, we examined 
plasmodesmata at pertinent cell interfaces, from mesophyll 
to phloem, in both wild-type and sedl leaves. This examina- 
tion was restricted to the tip and basal lamina regions to obtain 
a clear-cut comparison of plasmodeSmal structure between 
a region shown to be incapable of export (sedl tip) and a re- 
gion that is capable (sedl base). 

The plasmodesmal structures observed at all interfaces in 
wild-type leaves were consistem with previous descriptions 
(Evert et al., 1977) (Figures 6A, 6C, and 6E). In samples from 
the tip of sedl leaves, plasmodesmata at the mesophyll 
cell-mesophyll cell, bundle sheath cell-bundle sheath cell (not 
shown), and mesophyll cell-bundle sheath cell (Figure 66) 
interfaces were similar in appearance to those of the wild type. 
The only interface at which the plasmodesmata differed 

between the wild type and sedl was at the bundle sheath- 
vascular parenchyma cell (BS-VP) interface of minor veins (Fig- 
ure 6D). The plasmodesmata on the bundle sheath cell side 
of the interface appeared contorted and discontinuous. Ex- 
amination of seria1 sections showed that in most cases, the 
plasmodesmata were completely covered by a layer of wall 
material through which they did not extend. At the base of the 
sedl leaf, all plasmodesmata, including those at the BS-VP 
interface, appeared identical to those of the wild type (cf. 
Figures 6E and 6F). 

There is evidence that the observed plasmodesmal modifi- 
cation is quite specific to the 6s-VP interface of the minor veins. 
First, within a single bundle sheath cell of a minor vein, nor- 
mal plasmodesmal structure has been observed at the bundle 
sheath cell-mesophyll cell and bundle sheath cell-bundle 
sheath cell interfaces. In the same cell, the plasmodesmata 
at the 6s-VP interface had aberrant structure. Second, the plas- 
modesmata at the BS-VP interface in major veins at the tip 
of sedl leaves were apparently unmodified (Figure 7). 

DlSCUSSlON 

We found that tips of sedl leaves did not export photosynthate 
and had modified plasmodesmal structure at the BS-VP in- 
terface. The structural modifications observed at the light 
microscope leve1 in sedl plants were not expressed uniformly 
throughout the leaf; we found a strong tip-to-base gradient. 
Accumulation of anthocyanin and starch as well as structural 
abnormalities in the vascular tissues of minor veins were mOst 
prominent at the tip of the lamina, with a gradual decline to- 
ward the base. The structurally modified sedl lamina tips 
apparently do not export photosynthate. The small amount of 
labeled photosynthate detected by liquid scintillation count- 
ing in the sedl sink regions (plants in which L i  was fed) could 
be accounted for. It is possible that major veins in L1 have a 
limited ability to load photosynthate. In contrast to the tip, the 
structurally unmodified lamina base of sedl leaves apparently 
exports photosynthate. Determination of a continuous gradient 
of plasmodesmal modifications was beyond the scope of this 
article. We did find, however, that the only modified plasmodes- 
mata occurred at the BS-VP interface at the tip of sedl leaves. 
At the base of the sedl lamina, all plasmodesmata were simi- 
lar in structure to those in the wild type. Therefore, our results 
demonstrate a strong correlation between structural features 
and export competence in the sedl leaves. 

Maize leaves normally export -80% of assimilated carbon 
as sucrose, whereas .V%% is incorporated into starch (Kalt- 
Torres et al., 1987; Rocher, 1988). In fact, under most condi- 
tions, maize leaves accumulate starch in bundle sheath cell 
chloroplasts but not in mesophyll cell chloroplasts (Rhoads 
and Carvalho, 1944; Downton and Hawker, 1973). Low starch 
accumulation in wild-type maize leaves has been attributed 
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Figure 5. Light Microscopy of Representative Major and Minor Veins from Both Wild-Type and sedl Blades.

The vascular tissues are similar in major veins at the tip of wild-type (WT) (A) and sed7 (B) blades. Compared with the vascular tissues of minor
veins at the lamina tip of wild-type leaves (C), those of minor veins at the lamina tip of sed7 leaves (D) are strongly affected. The vascular paren-
chyma cells (arrows) are conspicuously distorted and appear plasmolyzed. The deformed vascular parenchyma cells are less apparent in mid-region
samples (arrows in [£]). Finally, at the base of the sedl blade, the minor veins are comparable structurally with minor veins of the wild-type (cf.
[C] and [F]).
(A) Major vein in a wild-type tip.
(B) Major vein in a sedl tip.
(C) Minor vein in a wild-type tip.
(D) Minor vein in a sedl tip.
(E) Minor vein in a sedl mid-region (mid).
(F) Minor vein in a sectt base.
Bars in (A) and (B) = 10 urn; bars in (C) to (F) = 5 urn.
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WTtip MC sedl tip

Figure 6. Transmission Electron Microscopy of Plasmodesmata along the Symplastic Pathway from Mesopnyll Cell to Bundle Sheath and Vascu-
lar Parenchyma Cells in Both Wild-Type and sedl Blades.

The structure of plasmodesmata at the mesophyll cell-bundle sheath cell (MC-BS) interface is similar in tip samples of both wild-type (WT) (A)
and sedl (B) blades. Compared with the wild-type structure at the BS-VP interface in tip samples (C), the plasmodesmata at the BS-VP interface
in minor veins of the sed7 lamina tip (D) are greatly distorted and covered by cell wall material (arrow). In contrast, the plasmodesmata at the
BS-VP interface of minor veins at the base of both wild-type (E) and sed7 (F) blades are structurally similar.
(A) Wild-type lamina tip at the MC-BS interface.
(B) sed? lamina tip at the MC-BS interface.
(C) Wild-type lamina tip at the BS-VP interface.
(D) sectt lamina tip at the BS-VP interface.
(E) Wild-type lamina base at the BS-VP interface.
(F) sec/7 lamina base at the BS-VP interface.
Bars in (A) to (F) = 200 nm.
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Figure 7. Transmission Electron Microscopy of Plasmodesmata at an
Interface in a Major Vein at the Tip of a sedl Lamina.

This interface is the equivalent of the BS-VP interface in a minor vein.
Bar = 200 nm.

to high export rates (Kalt-Torres et al., 1987) and the proximity
of active sinks (Koch et al., 1982).

In studies in which the balanced source-sink ratio of maize
plants is experimentally disturbed, the plants apparently
compensate through changes in carbohydrate partitioning
(Tollenaar and Daynard, 1982). For example, the upper leaves
of maize plants from which developing ears had been removed
contained more than twice as much sugar and three times
as much starch as in leaves of control plants (Allison and
Weinmann, 1970). The elevated sucrose concentration in such
areas would most likely affect starch accumulation (Geiger,
1979). Soluble sugars are converted into starch in bundle
sheath cells when the rate of sugar movement into the bundle
sheath cells is greater than the rate of transport into the vascular
tissue (Rhoads and Carvalho, 1944). Maize leaves accumulate
starch in mesophyll cells when treated with sugar solution
(~0.3 M) (Rhoades and Carvalho, 1944; Kutik and Benes, 1981)
or when exposed to continuous illumination (Downton and
Hawker, 1973). In addition to starch, anthocyanin accumulates
in maize leaves when sugar concentrations are abnormally
high, such as when a major sink is absent or removed (Allison
and Weinmann, 1970; Thiagarajah et al., 1981; Tollenaar and
Daynard, 1982). We predict that (1) the accumulation of starch
and anthocyanin observed in sed7 leaves is likely to be caused
by abnormally high sucrose concentrations, and (2) the struc-
tural modifications seen in the vascular tissues at the tip of
sed7 leaves had an effect similar to that of mechanical sink re-
moval by preventing movement of photosynthates into vascular
parenchyma cells and hence the sieve tubes of minor veins.

We have demonstrated differential expression of sedl based
on vein order. The vascular tissues of the major veins appear

structurally unaltered in all areas of the sed7 lamina. These
veins are the first to be initiated and to mature (Evert et al.,
1978; Russell and Evert, 1985; Evert and Russin, 1993). Also,
all major veins in the maize leaf are continuous with the stem
vasculature (Russell and Evert, 1985). In contrast, the vascu-
lar tissues of the minor veins in the tip and mid-leaf regions
of sed7 leaves are strongly affected. Minor veins are initiated
later in leaf development and differentiate basipetally. The vast
majority of the minor veins ultimately fuse with adjacent veins
above or in the region of the blade joint (Russell and Evert,
1985). These structural characteristics, in combination with
results of autoradiographic studies (Pristupa, 1964; Hofstra and
Nelson, 1969; Fritz et al., 1989), indicate a specificity of func-
tion for the different vein orders. Major veins function primarily
in long-distance transport of photosynthate both into imma-
ture, importing (sink) leaves and out of mature, exporting
(source) leaves. Minor veins in the maize leaf are concerned
primarily with loading of photosynthate from the mesophyll and
shunting it to the large veins for export. Considering that the
major (transport) veins of sed7 leaves are unperturbed and
the minor (loading) veins are strongly perturbed, we conclude
that the sed7 mutation probably affects phloem loading rather
than long-distance transport.

Visual inspection of growing sed7 leaves indicates that they
develop normally up to a point that correlates loosely with the
initiation of sink-to-source transition (W.A. Russin and R.F.
Evert, unpublished data). Results from a recent autoradio-
graphic study have shown that regions of maize leaves stop
importing at approximately the time they become unen-
sheathed or exposed (Evert et al., 1996). Because the effects
of the sed7 mutation are specific to vein order, it is possible
that the timing of vascular initiation/maturation may play a role
in development of the mutant phenotype. Cessation of pho-
tosynthate import associated with sink-to-source transition has
been correlated with closure or alteration of plasmodesmata
along the symplastic pathway (Turgeon, 1989; Beebe and Evert,
1992) and with a decrease in plasmodesmal frequencies dur-
ing the transition of the leaf tissue from an importing to a
nonimporting state (Ding et al., 1988). The lack of export com-
petence in sed7 plants may be a gradual process resulting
from progressive modification of plasmodesmal structure,
perhaps because of a pressure-mediated closure of plas-
modesmata (Oparka and Prior, 1992). Alternatively, the
plasmodesmata at the BS-VP interface simply might never
develop correctly. In that case, the gradual onset of the sed7-
conferred phenotype indicates that plasmodesmata may play
different roles during the importing and exporting phases of
leaf development.

In maize leaves, there are considerable numbers of plas-
modesmata in the walls between mesophyll and bundle sheath
cells (Evert et al., 1977). In addition, the continuous, imperme-
able suberin lamellae in the outer tangential and radial walls
of the bundle sheath cells (Hattersley and Browning, 1981; Evert
et al., 1985) act as effective barriers to movement of apoplas-
tic solutes (Heyser, 1980; Evert et al., 1985). At the inner
tangential wall, suberin lamellae are found only at the site of
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plasmodesmal connections to vascular parenchyma cells. Al- 
though the compound middle lamella of the radial walls of the 
bundle sheath cells may serve as an apoplastic pathway from 
vascular bundle to mesophyll (Evert et al., 1985), it is likely 
to be a minor route at best. Therefore, the major transport path- 
way of primary assimilates between the mesophyll and bundle 
sheath cells must be symplastic (Heyser, 1980; Evert, 1986). 

Current evidence indicates that phloem loading (and unload- 
ing) in the maize leaf is apoplastic (Heyser, 1980; Evert, 1986; 
Evert and Russin, 1993). The BS-VP interface contains numer- 
ous plasmodesmata but lacks suberin lamellae, except in the 
region containing plasmodesmata. Because the inner tangen- 
tia1 wall of the bundle sheath cells is mostly nonsuberized, the 
potential exists for photosynthate to exit the symplast from ei- 
ther the bundle sheath cells or the vascular parenchyma cells. 
Because of the high plasmodesmal frequency at the BS-VP 
interface, transport of sucrose from bundle sheath cells to the 
vascular parenchyma cells in minor veins could be either 
apoplastic or symplastic (Evert et al., 1978). 

Our results help to clarify the pathway of photosynthetic me- 
tabolites from the mesophyll to the vascular tissues. Disruption 
of plasmodesmal connections and, hence, symplastic conti- 
nuity at the BS-VP interface in sedl plants appear to block 
the loading of photosynthates. The plasmodesmata at the 
BS-VP interface apparently are critical in the transfer of photo- 
synthate from bundle sheath cells to vascular tissue. Therefore, 
it is likely that the vascular parenchyma cells, not the bundle 
sheath cells, mediate the entry of photosynthate into the apo- 
plast for loading into the sieve tube-companion cell complexes. 
Vascular parenchyma cells in the maize leaf are not symplasti- 
cally isolated, however, from thick-walled sieve tubes or from 
other vascular parenchyma cells (Evert et al., 1977; Evert and 
Russin, 1993). Although the vascular parenchyma cells were 
severely plasmolyzed, plasmodesmata at the other interfaces 
(except at the BS-VP interface) appeared structurally normal. 
From this evidence, we conclude that photosynthates most 
likely follow a symplastic route from the mesophyll to the vas- 
cular parenchyma cells. The vascular parenchyma cells then 
unload photosynthates into the apoplast, from which they are 
loaded into the sieve tube-companion cell complexes. 

It is tempting to postulate that the sedl gene directly con- 
trols plasmodesmal development; however, recent work with 
transgenic tobacco plants suggests otherwise. Plasmodesmal 
structure has been modified by expression of genes as diverse 
as yeast acid invertase (Ding et al., 1993) and TMV MP (Wolf 
et al., 1989; Ding et al., 1992; Moore et al., 1992). Although 
the sedl mutation itself may directly affect some process other 
than plasmodesmal development (such as cell wall deposition 
or production of a signaling molecule), we believe that informa- 
tion gained from the sedl plants will be useful in the unraveling 
of plasmodesmal function and development. There are strik- 
ing parallels between the effects of sedl and those produced 
by the 30-kD TMV MP in tobacco (Lucas et al., 1993b). The 
TMV MP apparently modifies plasmodesmal structures, thereby 
increasing their size exclusion limit (Ding et al., 1992). L5 and 
L6 of transgenic tobacco plants expressing TMV MP had a 

higher than normal leve1 of sugars (sucrose, glucose, and 
fructose) and an increased quantity of starch (Lucas et al., 
1993b). Structurally modified plasmodesmata have been found 
at the mesophyll cell interfaces with other mesophyll cells, with 
epidermal cells, and with bundle sheath cells. However, the plas- 
modesmata at the BS-VP interface were unaltered, even though 
the protein is present in these plasmodesmata (Ding et al., 1992). 
Our results lend support to the suggestion that the plasmodes- 
mata at the BS-VP interface are in some way unique and that 
they may play a pivotal role in a variety of processes (Ding et 
al., 1992; Leisner and Turgeon, 1993; Lucas et al., 1993b). 

We recognize that physical disruption of plasmodesmal 
connections does not necessarily lead to cessation of plas- 
modesmal transport. For example, vascular bundle strands 
have been mechanically isolated from severa1 C4 grasses (in- 
cluding maize). The plasmodesmata of these isolated strands 
have been physically separated from the surrounding tissues, 
yet they apparently are still capable of transport (Burnell, 1988; 
Weiner et al., 1988; Valle et al., 1989). However, in sedl plants, 
the plasmodesmata are not only contorted and discontinuous 
but are also covered by a layer of cell wall material. This im- 
poses an additional physical barrier between bundle sheath 
cells and vascular parenchyma cells. Currently, we are address- 
ing these issues in a series of dye-coupling experiments and 
adetermination of the nature of the occluding cell wall material. 

Considering this evidence, we suggest the following 
hypothetical scheme of development for the sedl-conferred 
phenotype. Initially, sink leaves develop normally because the 
major (importing) vein structure is unaffected by the sedl mu- 
tation. Aberrant plasmodesmal structure at the BS-VP interface 
in minor veins imposes a structural interruption in the sym- 
plast, thereby preventing sucrose transport and subsequent 
loading and export from the leaf tip. Carbon continues to be 
fixed, but photosynthate cannot be exported. Sucrose (and 
possibly other intermediates) accumulates in the mesophyll 
and bundle sheath cells. Elevated sucrose concentrations in 
these cells leads to abnormal starch accumulation and dis- 
tended cells. Osmotic stress causes the cells to accumulate 
anthocyanin. 

METHODS 

Plant Material 

All plants used were from a non-inbred line of Zea mays ssp mays seg- 
regating for sedl (Pioneer Hi-Bred International, Johnston, IA). Seeds 
were planted in flats filled with vermiculite. After germination, the seed- 
lings were transplanted to plastic pots filled with Metro-Mix that was 
mixed with Osmocote 14-14-14 pellets (Grace-Sierra Horticultural Prod- 
ucts Co., Milpitas, CA) and grown in a greenhouse with supplemental 
light. Leaf numbers were assigned from the base of the plant. Once 
the plants reached 20 to 25 cm and the fourth leaf (L4) was extended 
>5 cm above the sheath (-2 weeks old), they were sorted into wild- 
type (control) and mutant (sedl) classes. Plants were assigned to the 
sedl category based on the persistent presence of anthocyanin near 
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the tiplmargin of their leaves and on their slightly reduced overall stat- 
ure (compared with the wild type). 

Feeding of 14C-Labeled C02 

On the day of labeling, the plants received an average of 400 pmol 
m+ sec-’ for 4 hr before feeding began. Two sedl plants and one wild- 
type plant were used in each experiment. For one experiment, the first 
leaf (Ll) of each plant was fed (the average lamina length of L1 from 
tip to blade joint was 4.7 & 0.7 cm for sedl plants and 5.7 k 0.1 cm 
for the wild type). In the other experiment, the tip of the third leaf (L3) 
was fed on each plant (the average lamina length of L3 from tip to 
blade joint was 16.4 k 2.5 cm for sedl plants and 19.7 k 4.9 cm for 
the wild type). Each of these experiments was replicated. In addition, 
the base of L3 (lamina length from tip to blade joint was 32.5 cm) from 
an older sedl plant was fed. 

Methods of feeding, autoradiography, and scintillation counting were 
modified from those used in a previous study on sugarcane (Robinson- 
Beers et al., 1990). Each leaf was clamped into a water-cooled alumi- 
num leaf chamber. Light was supplied to the adaxial surface of the 
leaf through the glass window in the chamber at an intensity of 550 
pmol m-2 sec-’ with xenon arc lamps. Assimilation of unlabeled COn 
was monitored using an infrared gas analyzer (model Li-6262; Li-Cor, 
Inc., Lincoln, NE) until steady state was attained. The leaf was then 
fed I4CO2 for 1 hr, followed by a 10-min chase with unlabeled C02. 
Before and after feeding, the rate of photosynthesis was the same (within 
10%). The plants were returned to greenhouse conditions for 5 hr, af- 
ter which they were rapidly dissected. L1 through L5 and the root system 
of each plant were taped to an 8 x 10 inch sheet of heavy paper stock. 

Under safelights, these preparations were placed into a photographic 
paper box. A sheet of Kodak SB x-ray film was laid emulsion-side down 
over the plant material, followed by a sheet of corrugated cardboard. 
Foam sheets were laid on top of the cardboard to appress the film tightly 
to the plant parts, after which the boxes were closed and taped shut. 
These preparations were placed in a freezer at -80% for 1 week, af- 
ter which the film was removed and developed. 

In addition, samples (-1 cm2) of the fed leaf (L1 or L3), the base 
of an immature sink leaf (L4), and the root system (R) were taken from 
both wild-type and sedl experimental plants (Figures 2A to 2D). As 
a check to determine whether labeled photosynthate was exported 
from the fed tip of L3, a 1-cm2 sample was taken from the base of L3 
(Figures 2C and 2D). The tissue samples were placed into scintilla- 
tion vials containing BioSafe II scintillation cocktail (Research Products 
International, Mount Prospect, IL). The vials were then gently shaken 
at -75 rpm for 12 hr on a rotary platform shaker. These samples were 
counted with a liquid scintillation counter (model Ls7800; Beckman 
Instruments, Fullerton, CA). 

Tissue Preparation and Microscopy 

Samples were taken from the base, mid-, and tip region of L3 lamina 
from both sedl and wild-type plants. The samples were diced in 50 mM 
sodium cacodylate buffer, pH 7.1, transferred to vials of fixative con- 
sisting of 4% glutaraldehyde, 1% p-formaldehyde, and 0.3% Tween 
20, and then vacuum infiltrated (-190 torr) for 3 hr. After thorough wash- 
ing in 50 mM cacodylate buffer, the samples were postfixed with 2% 
osmium tetroxide overnight in a refrigerator. These tissues were de- 
hydrated in a graded acetone series and then embedded in Spurr‘s 
epoxy resin (Spurr, 1969). 

To describe the anatomical differences between leaves from the two 
genotypes, thick sections ( ~ 2  pm) were cut with glass knives and heat- 
fixed to glass slides. The sections were stained with either 0.05% tolu- 
idine blue O or 1% toluidine blue O with 1% borax, depending on the 
affinity of the material for the stain solution. All tissues were viewed 
and photographed on an Ultraphot II light microscope (Carl Zeiss, Inc., 
Thornwood, NY)., 

For electron microscopy, thin sections (-70 to 90 nm) of the above 
material were cut with a diamond knife (Diatome, Fort Washington, 
PA) and then lifted on 200-mesh copper grids. These sections were 
stained first with 3% uranyl acetate in 30% ethanol and then with Rey- 
nolds lead citrate. Thin sections were viewed and photographed with 
a transmission electron microscope (model JEM 1200-EX; JEOL Corp., 
To kyo) . 

Portions of five mutant leaves and two wild-type leaves were fixed 
for this work. Twenty sections from each of the sampling regions of 
each leaf were used for light microscopy. Plasmodesmal ultrastruc- 
ture was determined by electron microscopic examination of 20 major 
veins, 50 minor veins, and contiguous tissues of sedl plants. Ten ma- 
jor veins, 20 minor veins, and contiguous tissues of wild-type plants 
were examined. 
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NOTE ADDED IN PROOF 

While this article was in proof, sedl was published as the acronym 
for a senescense diminished mutant of maize. Therefore, we will re- 
tain sucrose export defectivel as the name for this mutant but will use 
the acronym sxdl in all further work. We thank Dr. Ed Coe (University 
of Missouri) for his help in selecting and approving sxdl as the appro- 
priate designation. 




