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A sucrose (Suc) transporter cDNA has been cloned from Alonsoa meridionalis, a member of the Scrophulariaceae. This plant
species has an open minor vein configuration and translocates mainly raffinose and stachyose in addition to Suc in the
phloem (C. Knop, O. Voitsekhovskaja, G. Lohaus [2001] Planta 213: 80-91). These are typical properties of symplastic phloem
loaders. For functional characterization, AmSUT1 cDNA was expressed in bakers’ yeast (Saccharomyces cerevisiae). Substrate
and inhibitor specificities, energy dependence, and K, value of the protein agree well with the properties measured for other
Suc transporters of apoplastic phloem loaders. A polyclonal antiserum against the 17 N-terminal amino acids of the A.
meridionalis Suc transporter AmSUT1 was used to determine the cellular localization of the AmSUT1 protein. Using fluores-
cence labeling on sections from A. meridionalis leaves and stems, AmSUT1 was localized exclusively in phloem cells. Further
histological characterization identified these cells as companion cells and sieve elements. p-Chloromercuribenzenesulfonic acid
affected the sugar exudation of cut leaves in such a way that the exudation rates of Suc and hexoses decreased, whereas those
of raffinose and stachyose increased. The data presented indicate that phloem loading of Suc and retrieval of Suc in A.

meridionalis are at least partly mediated by the activity of AmSUT1 in addition to symplastic phloem loading.

Assimilates produced during photosynthesis in
mature leaves are distributed by the phloem system
to support the growth of heterotrophic organs. The
flow of assimilates such as Suc starts with symplastic
cell-to-cell transport through mesophyll cells and
bundle sheath cells, after which they are loaded into
the sieve element (SE)-companion cell (CC) complex.

Plasmodesmal frequencies between the SE-CC
complex and the adjacent cells in minor veins have
been studied in many plant species. Gamalei (1989)
defined two types of minor veins, an open type 1
with numerous plasmodesmal connections between
the SE-CC complex and the adjacent cells and a
closed type 2 with a reduced number of plasmodes-
mal connections. The minor vein phloem of angio-
sperms is composed of phloem parenchyma cells,
SEs, and CCs. In type 2 species, the CCs are often
specialized as transfer cells. These are defined as cells
with cell wall ingrowths and an enlarged plasma
membrane surface area (Gunning and Pate, 1969)
increasing the capacity to take up photo-assimilates
from the apoplast. On the other hand, minor veins of
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type 1 species often contain two types of CCs: two
large, peripherally located intermediary cells and
also some smaller, usually more internal, ordinary
CCs (Turgeon et al., 1975, 1993; Fisher, 1986;
Hoffmann-Thoma et al., 2001). This is also the case
for Alonsoa meridionalis (Knop et al., 2001). Interme-
diary cells contain enzymes for the synthesis of raf-
finose oligosaccharides (a 1-6 galactosyl,-Suc) in Cu-
cumis melo, Coleus blumei, and Ajuga reptans (Holthaus
and Schmitz, 1991; Turgeon and Gowan, 1992;
Sprenger and Keller, 2000), and those plants translo-
cate these sugars in addition to Suc.

The minor vein structure is correlated with the
mode of phloem loading. Based on the plasmodesmal
connections between the phloem and the surround-
ing cells and the presence of intermediary cells, trans-
fer cells, or ordinary CCs, two types of phloem load-
ing have been proposed: the apoplastic (Giaquinta,
1983) and the symplastic (Turgeon, 1991) phloem
loading mode.

The apoplastic phloem loading mode is based on:
(a) the steep uphill Suc gradient between the phloem
sap and the cytosol of the surrounding cells (Geiger
et al., 1973; Riens et al., 1991; Lohaus et al., 1995), (b)
the relative symplastic isolation of the SE-CC com-
plex from adjacent cells, (c) the active Suc transport at
the plasma membrane of the SE-CC complex (So-
vonick et al., 1974; Komor et al., 1977; Delrot, 1981),
and (d) the inhibition of Suc export by p-chloro-
mercuribenzenesulfonic acid (PCMBS) treatment
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(Giaquinta, 1983; Turgeon and Gowan, 1990; van Bel
et al.,, 1992, 1994). PCMBS acts as a membrane-
impermeable SH modifier in the leaf apoplast and
impairs the Suc transporters involved in apoplastic
phloem loading (Giaquinta, 1983).

In apoplastic phloem loaders, the long-distance
transport form of carbohydrates is almost exclusively
Suc. In the last decade, several genes of the proton-
coupled Suc uptake transporter (SUT) family have
been cloned and characterized from apoplastic
phloem loaders (Riesmeier et al., 1992; Gahrtz et al.,
1994; Williams et al., 2000). Expressed in bakers’
yeast (Saccharomyces cerevisiae), they have been
shown to catalyze the energy-dependent uptake of
Suc across yeast plasma membranes. In several plant
species, such Suc transporters are localized in CCs
(Stadler et al., 1995; Stadler and Sauer, 1996) or in SEs
(Kihn et al., 1997; Barker et al., 2000; Weise et al.,
2000) of the phloem.

In symplastic phloem loaders, such as members of
the Cucurbitaceae, Lamiaceae, or several species of
the Scrophulariaceae, carbohydrates are translocated
in form of raffinose and stachyose (Zimmermann and
Ziegler, 1975). However, Suc is also still present in
the sieve tube sap at a significant level (Knop et al.,
2001). To explain symplastic uphill transport of as-
similates into the SE-CC complex, a “polymer trap
model” has been proposed by Turgeon (1991). Ac-
cording to this model, synthesis of raffinose oligosac-
charides may take place within the intermediary cells
from mesophyll-derived galactinol and Suc. These
precursors are thought to be delivered to the inter-
mediary cells via the plasmodesmata between these
cells and the mesophyll. It is assumed that raffinose
and stachyose are too large to diffuse back due to the
size exclusion limit of the mesophyll cell-
intermediary cell plasmodesmata. As a result, they
can only diffuse through the plasmodesmata be-
tween intermediary cells and SEs that have a larger
size exclusion limit; this causes an accumulation of
raffinose and stachyose in the phloem cells. So far,
however, no proof for the plasmodesmal ability to
discriminate between Suc (0.34 kD) and raffinose
(0.50 kD) has been provided.

Until now, the existence of Suc transporters has
been much less investigated in plant species with
open minor vein configuration than in those with
closed minor vein configuration. Therefore, we ana-
lyzed a member of the Scrophulariaceae, A. meridi-
onalis. In a previous study, we have shown that the
minor vein phloem of this species contains interme-
diary cells and some ordinary CCs (Knop et al., 2001).
Raffinose oligosaccharides were shown to be the
main carbohydrate transport form with an aggre-
gated concentration of raffinose and stachyose in the
phloem sap of about 600 mm (Knop et al., 2001).
These properties mark A. meridionalis as a typical
symplastic phloem loader. Surprisingly, we were still
able to isolate Suc transporter cDNAs from leaves
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and phloem sap of this plant species (Knop et al,,
2001), although Suc transporters should not be in-
volved in phloem loading in symplastic phloem
loaders.

The aim of the present study was to elucidate the
functional properties of the Suc transporter from A.
meridionalis (AmSUT1) by expression of the AmSUT1
cDNA in yeast. Furthermore, we studied the local-
ization of the AmSUT1 protein with polyclonal anti-
sera. The protein could be localized in the SEs and
CCs of the collection and transport phloem of A.
meridionalis. Therefore, the functions of the Suc trans-
porter in this putative symplastic phloem loader will
be discussed.

RESULTS
Characterization of AmSUT1 in Yeast

Previous physiological studies indicated that A.
meridionalis is a putative symplastic phloem loader
(Knop et al., 2001). However, we were able to clone a
Suc transporter cDNA from source leaves of this
plant species. The clone encodes an open reading
frame of 1,506 bp that corresponds to a protein of 502
amino acids and a calculated molecular mass of 52.3
kD (Knop et al., 2001). The sequence of AmSUT1
used in this study slightly differs from the original
sequence (Knop et al.,, 2001), which turned out to
contain several PCR artifacts. The sequence has now
been updated in the GenBank (accession no.
AF191025) and shows 96.4% identity on the amino
acid level to the first sequence.

For functional analysis and for studies of the ki-
netic parameters, AmSUT1 was expressed in yeast.
The AmSUT1 cDNA was cloned into the Escherichia
coli/yeast shuttle vector pNEV-E in sense or anti-
sense orientation downstream of the strong promoter
of the PMA1 plasma membrane ATPase from yeast
and transformed into the yeast strain DBY2617 (Kai-
ser and Botstein, 1986).

Yeast cells harboring the sense construct (CKY-
Amls) transported '*C-Suc at high rates, whereas the
Suc transport into yeast cells harboring the antisense
construct (CKY-Amlas) was negligible (Fig. 1A).
These results indicate that the AmSUT1 protein is a
transporter for Suc. The pH dependence of Suc trans-
port by AmSUT1 was determined in the range of pH
5 to 8 (Fig. 1B). Transport rates increased continu-
ously with decreasing external pH. At pH 8, AmSUT1
was almost completely inactive. Kinetic analysis of
1“C-Suc uptake by yeast cells expressing AmSUT1
revealed an apparent K, value for Suc of 1.8 mm at
pH 5.5 (Fig. 1C).

To determine the substrate specificity of AmSUT1,
transport of '*C-labeled Suc was studied in the 10-
fold excess of other sugars that might be potential
substrates for this transporter like raffinose and
stachyose because these are the predominant trans-
located sugars in A. meridionalis. The only sugar com-
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Table 1. Uptake of 1 mm "*C-labeled Suc in the absence or pres-
ence of various compounds by yeast cells (CKY-Am1s) expressing
AmSUTI

Shown are mean values of n = 3 to 4 independent measure-
ments = sD.

Compound Added Residual Transport Rate
%
None 100
10 mm Maltose 45+ 9
10 mm Raffinose 99 =3
10 mm Stachyose 96 £ 10
50 um m-Chlorophenyl hydrazone (CCCP) 12+6
25 pm PCMBS 81 + 11
50 um PCMBS 517
100 um PCMBS 195
250 um PCMBS 7 +1

peting with Suc uptake was maltose, whereas the
trisaccharide raffinose and the tetrasaccharide
stachyose had no effect on the transport rate (Table I).

C-Suc uptake via AmSUT1 was almost com-
pletely inhibited by the protonophore carbonyl cya-
nide CCCP (Table I). These data are consistent with a
proton-coupled Suc uptake mechanism. All Suc
transporters from higher plants characterized so far
are highly sensitive to the SH-modifying agent
PCMBS (Giaquinta, 1983; Lemoine, 2000; Williams et
al., 2000). The relative activity of AmSUT1 was sub-
stantially influenced by the applied PCMBS concen-
tration. Inhibitor concentrations above 100 um
strongly inhibited the Suc uptake in yeast cells,
whereas a concentration of 25 uM only resulted in a
very weak inhibition (Table I).

Specificity of the Anti-AmSUT1 Antiserum

Polyclonal antisera were raised in rabbits by using
synthetic peptides corresponding to the 17
N-terminal amino acids of AmSUT1. Protein extracts
from plasma membranes of transgenic yeast cells
expressing AmSUT1 and from yeast cells trans-
formed with AmSUT1 in antisense direction were
separated by SDS-PAGE, blotted, and treated with
anti-AmSUT1 antiserum. A single specific band at an
apparent molecular mass of 43 kD, which corre-
sponds to the AmSUT1 protein, was recognized only
in lane A of Figure 2, and the corresponding band

Figure 1. Kinetic analysis of 'C-Suc uptake by transgenic yeast
cells. A, Uptake of Suc into yeast cells transformed with AmSUTT1 in
sense orientation (yeast strain CKY-Am1s; @) and Suc uptake into
control cells transformed with AmSUT1 in antisense orientation
(yeast strain CKY-Am1as; [J). Transport assays were performed with
an initial outside Suc concentration of 1 mm at pH 5.5. B, pH
dependence of Suc uptake by yeast cells expressing AmSUT1 (yeast
strain CKY-Am1s). C, Lineweaver-Burk plot of Suc uptake as a func-
tion of concentration in yeast cells expressing AmSUTT1 (yeast strain
CKY-AmTs). Reciprocal uptake rates are plotted against reciprocal
Suc concentrations in the assays.
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Figure 2. Western-blot analysis of the specificity of the anti-AmSUT1
antiserum in transgenic yeast cells and in leaves, stems, and plasma
membranes of A. meridionalis. Plasma membrane proteins from
yeast strains expressing AmSUT1 in sense (CKY-AmTs; A) or anti-
sense (CKY-Am1as; B) orientation were tested for their reaction with
anti-AmSUTT antiserum. Only in AmSUT1 expressing yeast cells a
single band of 43 kD could be detected. Plasma membrane proteins
from transgenic yeast strains expressing AmSUTT1 in sense orientation
were tested for their reaction with anti-AmSUT1 antiserum which
had been pre-incubated with the antigenic peptide. This pre-
incubation resulted in a complete loss of antibody binding (C). SDS
solubilized proteins from plasma membranes (D) of source leaves
from A. meridionalis were tested for their reaction with anti-AmSUT1
antiserum. A strong band corresponding to AmSUT1 was detectable.
SDS-solubilized proteins from source leaves (E) or stems (F) of A.
meridionalis were also tested for their reaction with anti-AmSUT1
antiserum showing no signal on the western blot. Plasma membrane
proteins from transgenic yeast strains expressing AmSUT1 in sense
orientation (G) were tested for their reaction with pre-immune serum
showing no signal. Each lane contains 5 ug of protein. The apparent
molecular masses of the size markers are given at the left in kilodal-
tons. The arrow indicates the AmSUT1 band at an apparent molec-
ular mass of 43 kD.

was absent from plasma membrane preparations of
yeast cells transformed with AmSUTI in antisense
orientation (Fig. 2, lane B). The difference of 9 kD
between the molecular mass calculated from the
DNA sequence (52.3 kD) and from SDS gels (43 kD)
agrees well with the results from other plant Suc
transporters such as AtSUC2 and PmSUC2 (Gahrtz et
al., 1994; Sauer and Stolz, 1994) and is typical for
lipophilic membrane proteins (Sauer and Tanner,
1984). Peptide competition experiments were per-
formed to test antibody specificity. Pre-incubation of
anti-AmSUT1 antibodies with the peptide used for
immunization prevented the signal in western blots
with yeast plasma membrane proteins of AmSUT1
expressing yeast cells (Fig. 2, lane C). This indicates
the specificity of the anti-AmSUT1 antiserum against
the 17 N-terminal amino acids of AmSUT1.

Does the anti-AmSUT1 antiserum recognize pro-
teins other than AmSUT1 in A. meridionalis? To test
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this possibility, proteins were solubilized from A.
meridionalis leaves and petioles. Western-blot analy-
sis of these fractions gave no bands, probably as a
result of low and cell-specific expression of AmSUT1
(Fig. 2, lanes E and F). Only in plasma membrane
proteins isolated from A. meridionalis leaves was
AmSUT1 detected as a band at a molecular mass of
43 kD (Fig. 2, lane D). Some weaker bands could also
be detected at higher molecular masses (Fig. 2, lane
D). Controls in which the anti-AmSUT1 antibody was
replaced by pre-immune serum showed no bands
(Fig. 2, lane G).

Immunolocalization of AmSUT1 in the
Phloem of Leaves and Stems

AmSUT1 was localized at the cellular level by us-
ing anti-AmSUT1 antiserum. Sections from stems or
leaves of A. meridionalis were incubated with the
anti-AmSUT1 antiserum, stained with a fluorescein
isothiocyanate (FITC) isomer 1-conjugated secondary
antibody, and investigated under fluorescent light.

Cross sections of the A. meridionalis midrib are
presented in Figure 3, A to E. In these sections, the
cells labeled with the anti-AmSUT1 antiserum are
located within the phloem (Fig. 3, A and C). The
labeled cells have a dense cytoplasm as can be seen in
white light (Fig. 3B). Controls in which the anti-
AmSUT1 antibody was omitted showed no FITC la-
beling (Fig. 3D). The yellow-green staining of the
xylem vessels is due to the phenolic compounds in
the cell wall of the respective cells.

Figure 3, F to I, show sections of veins of the third
order (major veins) and minor veins that were also
labeled with anti-AmSUT1 antiserum and stained
with FITC. Fluorescence microscopy of labeled sec-
tions shows green, anti-AmSUT1 antiserum-
dependent fluorescence in defined cells opposite of
the xylem cells (Fig. 3, F and H), indicating localiza-
tion of the AmSUT1 protein in phloem cells of major
(third order, Fig. 3F) or minor veins (Fig. 3H). In
Figure 3H, the internal part of the phloem of the
minor veins is more heavily labeled, probably the
CCs and sieve tubes, than the laterally positioned
cells of the minor vein, probably the intermediary
cells (Fisher, 1986; Knop et al., 2001). Controls in
which the anti-AmSUT1 antiserum was omitted
showed no FITC labeling (Fig. 3G).

Immunofluorescent detection of AmSUT1 was also
performed on stem tissue of A. meridionalis. Sections
incubated with anti-AmSUT1 antiserum show again
that the AmSUT1 protein was detected in cells of the
transport phloem (Fig. 4A). Control sections incu-
bated with the secondary antibody alone gave no
immunofluorescence signal (Fig. 4B).

To determine in which cell types of the phloem
AmSUT1 was located, the fluorescence and light mi-
croscopic pictures were compared (Fig. 4, C and E;
stars mark the same cells). At higher magnification,
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Figure 3. Immunolocalization of AmSUT1 in
midrib and major and minor-sized veins of A.
meridionalis leaves. A, Cross section through
the midrib of an A. meridionalis leaf treated with
anti-AmSUT1 antiserum; antibody binding was
detected with an anti-rabbit IgG-FITC conjugate.
The fluorescence of the antibody-labeled cells
was localized to the phloem (P). The yellow-
green autofluorescence of xylem (X) vessels re-
sults from phenolic compounds in the walls of
these cells. Mixed light (fluorescence and phase
contrast) was used. Scale bar = 25 um. B, Same
section as shown in A in transmission light. C,
Cross section of the midrib treated with anti-
AmSUT1 antiserum. Scale bar = 100 uwm. D,
Control section of the midrib in which the anti-
AmSUT1 antiserum was omitted. Scale bar =
100 um. E, Same section as shown in C in
transmission light. F, Localization of AmSUTT in
a third order vein of an A. meridionalis leaf (X,
xylem; P, phloem; LE, lower epidermis; UE, up-
per epidermis). Scale bar = 25 um. G, Control
section of the third order vein in which the
anti-AmSUT1 antiserum was omitted. Scale
bar = 25 um. H, Localization of AmSUT1 in a
minor vein of an A. meridionalis leaf (X, xylem;
P, phloem). Scale bar = 10 um. I, Same section
as shown in H in transmission light. IC indicates
intermediary cell.

pairs of labeled cells were visible (Fig. 4D). One cell
type had dense cytoplasm that showed green fluo-
rescence, probably the CCs, and was adjacent to the
other AmSUT1 expressing cell type that had a less
dense cytoplasm and non-labeled parts, probably the
SEs or young SEs; here, the green fluorescence was
limited to the outer parts of the cells.

For a more precise characterization of the cell type,
it was necessary to look at additional properties of
the labeled cells. One of the characteristics of mature
SEs is denucleation during development. Double
staining of longitudinal sections with the anti-
AmSUT1 antiserum/FITC conjugate and with DAPI,
which binds to DNA and results in a blue fluorescent
staining of the nucleus, revealed that one type of the
AmSUT1-containing cells has a well-developed nu-
cleus. The cells are specifically located in the phloem
and are very long in size, suggesting that these cells
are CCs or very young SEs (Fig. 4F).

In addition, double staining of longitudinal sec-
tions was performed using anti-AmSUT1 antiserum/
FITC conjugate and aniline blue, which is SE specific,
because it binds to callose that is deposited in the
sieve plates of the SEs. The green FITC and the blue
anilin label the same cell (Fig. 4H). The fact that both
labels marked the same cell revealed that the other
AmSUT1-containing cell type is the SE (Fig. 4H).

208

Effects of PCMBS on Sugar Contents in
Phloem Exudates

To gain further information on the mode of phloem
loading in A. meridionalis, the effect of PCMBS on
sugar exudation of cut leaves was tested. The extent
of PCMBS sensitivity of Suc translocation has been
used to distinguish between apoplastic and symplas-
tic phloem loaders in several studies (Turgeon and
Gowan, 1990; van Bel et al., 1992, 1994) because Suc
transporters should only be involved in apoplastic,
not in symplastic, phloem loading.

In previous studies, we collected phloem sap of A.
meridionalis with the laser-aphid-stylet technique
(Knop et al., 2001). Because of the difficulties with
this technique to collect several samples of phloem
sap at a defined time, we used a different method, the
EDTA exudation method (King and Zeevaart, 1974).
To assess the reliability of the inhibitor application
method, parallel experiments were performed with
potato (Solanum tuberosum) that had been identified
previously as a typical apoplastic phloem loader
(Heineke et al., 1992).

In Table II, the effects of PCMBS on A. merdionalis
and potato are shown. The apoplastic PCMBS con-
centration was determined as follows (van Bel et al.,
1994): The amount of PCMBS absorbed by the leaf
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was calculated from the volume transpired by the
leaf during the incubation period. The aqueous apo-
plastic space in leaves of potato (Leidreiter et al.,
1995) and A. meridionalis (Knop et al., 2001) occupied
about 5% of the leaf fresh weight. The apoplastic
volume of the leaf together with the amount of
PCMBS absorbed per leaf make it possible to calcu-
late the average PCMBS concentration in the apoplas-
tic space, based on the premise that the absorbed
PCMBS is only in the apoplastic space. These calcu-
lations yielded similar apoplastic PCMBS concentra-
tions in A. meridionalis and potato, 5.2 = 0.8 and 4.6 =
0.7 mm, respectively. Previous results of van Bel et al.
(1994) have shown that apoplastic PCMBS concentra-
tions in this range have no effect on the rate of
photosynthesis of leaves.

With control leaves, the exudation rate of sugars
was much higher in potato than in A. meridionalis.
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Figure 4. Immunolocalization of AmSUT1 in
sections of stems from A. meridionalis. A, Cross
section of the stem treated with anti-AmSUT1
antiserum; antibody binding was detected with
an anti-rabbit IgG-FITC conjugate. The inset
shows the same cross section in transmission
light. Antibody-labeled cells are marked with an
arrow and P (phloem). The large xylem (X) ves-
sels show yellow-green autofluorescence. Scale
bar = 50 um. B, Control section of the stem in
which the anti-AmSUT1 antiserum was omitted.
Scale bar = 50 um. C, Higher magnification of
the vascular bundle shown in A. The asterisks in
C mark five fluorescence-labeled cell pairs.
Scale bar = 50 um. D, Higher magnification of
the upper two of the labeled cell pairs shown in
C. Scale bar = 10 um. E, Same section as shown
in C in transmission light. F, Longitudinal sec-
tion of the stem. Histochemical staining of nu-
clei  with  4’,6’-diamidino-2-phenylindole
(DAPI) in cells treated with the anti-AmSUT1
antiserum/FITC conjugate. Scale bar = 10 um.
G, Same section as shown in F in transmission
light. H, Longitudinal section of the vascular
bundle of the stem. Immunofluorescent detec-
tion of AmSUTT1 in long cells colocalized with
the aniline blue-stained callose in the sieve
plate. Scale bar = 50 um. I, Same section as
shown in H in transmission light.

PCMBS treatment had different effects on sugar ex-
udation of the two plant species: Although the exu-
dation rate was strongly reduced in potato (4% of
control), it was nearly the same in A. meridionalis
(89% of control). Although the exudation rate of the
sum of sugars was almost unchanged in A. meridi-
onalis, the exudation rates of single sugars changed in
different directions. Although the exudation rates of
raffinose and stachyose significantly increased, the
rates of Glc, Fru, and Suc significantly decreased.
However, the exudation rate of hexoses decreased
more pronounced than that of Suc. In contrast to the
exudate of cut petioles (Table II; Heineke et al., 1992;
Bachmann et al.,, 1994; Zuther et al., 2003), phloem
sap normally does not contain Glc and Fru (Knop et
al., 2001). These hexoses in the exudate mainly rep-
resent artificially hydrolyzed Suc (Heineke et al,
1992). The fact that the ratio of Glc to Fru is not
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Table Il. Effects of PCMBS treatment on sugar exudation from cut leaves of A. meridionalis and potato

The PCMBS concentration before leaf preincubation was 1T mm. The calculated apoplastic PCMBS concentration after preincubation was 5.2 *
0.8 mm in A. meridionalis and 4.6 * 0.7 mm in potato. Controls were treated with dimethyl sulfoxide (DMSO) only. Data are represented in
nanomoles per gram fresh wt per hour and represent the mean = sp from 16 independent measurements. Those determined by Fisher’s protected
LsD test to be significantly different (significance level 0.05) from controls are in bold.

A. meridionalis Potato
Sugars
Control PCMBS % of control Control PCMBS % of control
Glc 34 +12 156 44 316 = 106 21 =10 7
Fru 26 £ 10 8+3 31 333 = 89 22 =10 7
Suc 35+ 10 286 80 867 = 245 16 =9 2
Raffinose 10 =3 16 £ 6 160 n.d.? n.d. -
Stachyose 18+ 8 43 £ 12 239 n.d. n.d. -
Sum of sugars 123 + 35 110 = 28 89 1,516 = 361 59 + 26 4

2 n.d., Not detectable.

exactly one (Table II; Flora and Madore, 1996; Zuther
et al., 2003) might be caused in part by the activities
of monosaccharide metabolizing enzymes from the
cut surface. Taking into account that monosaccharide
transporters of plants, in contrast to Suc transporters
analyzed so far, are insensitive to PCMBS (M. Biitt-
ner, personal communication), and the hexoses in the
phloem exudate (Table II) represent mainly artifi-
cially hydrolyzed Suc, the overall content of Suc de-
creased in the phloem by about 40%.

DISCUSSION

Comparison of the Biochemical Characteristics of
AmSUT1 with Those of Other Suc Transporters

The cDNA of a Suc transporter was isolated from
the putative symplastic phloem loader A. meridionalis
(Knop et al., 2001). In this paper, the function of the
transporter was proven by heterologous expression
of the full-length AmSUT1 ¢cDNA in yeast. Suc uptake
in yeast expressing AmSUT1 is extremely pH sensi-
tive and is also sensitive to the uncoupler CCCP.
These data indicate that AmSUT1 works as a Suc/H"
cotransporter like the other Suc transporters ana-
lyzed so far. The apparent K, for Suc is 1.8 mm (Fig.
1C). Similar K, values have been published for Suc
transporters from several other plant species when
expressed in yeast: 1.5 mm for SoSUT1 from spinach
(Spinacia oleracea; Riesmeier et al., 1992), 1.0 mm for
StSUT1 from potato (Riesmeier et al., 1993), 0.5 mm
for AtSUC2 from Arabidopsis (Sauer and Stolz,
1994), 1.0 mm for PmSUC2 from Plantago major
(Gahrtz et al., 1994), and 2 mm for RcSCR1 from
Ricinus communis (Weig and Komor, 1996). The ki-
netic of pH-dependent proton-Suc uptake was exam-
ined earlier using isolated plasma membrane vesicles
of sugar beet (Beta vulgaris) leaves. The apparent K,
for Suc derived from these experiments was also
approximately 1 mm (Bush, 1989; Lemoine and Del-
rot, 1989).

The SH-modifying agent PCMBS is an inhibitor of
Suc transporters. Also, the Suc transporter from A.
meridionalis is inhibited by this agent. In the presence
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of 50 or 100 um PCMBS, Suc uptake in yeast express-
ing AmSUT1 was decreased to 51% and 19% (Table I),
respectively, which is similar to the inhibition of
other Suc transporters tested by heterologous expres-
sion in yeast cells (SoSUT1, 100 um PCMBS, 21%
residual activity, Riesmeier et al., 1992; StSUT1, 100
uM, 20% residual activity, Riesmeier et al., 1993;
PmSUC2, 50 uM, 27% residual activity, Gahrtz et al.,
1994; and AtSUC2, 100 um, 49% residual activity,
Sauer and Stolz, 1994).

The substrate specificity observed for AmSUT1 is
in agreement with the already described characteris-
tics of Suc transporters in typical apoplastic phloem
loaders, like spinach (Riesmeier et al., 1992), potato
(Riesmeier et al., 1993), Arabidopsis (Sauer and Stolz,
1994), P. major (Gahrtz et al., 1994), and several others
(Lemoine, 2000). Several sugars have been tested for
substrate recognition by AmSUT1 (Table I), but only
maltose partially inhibits the transport of Suc. Nei-
ther raffinose nor stachyose, typical transport sugars
in A. meridionalis, showed inhibitory effects on Suc
uptake by AmSUT1 (Table I).

Localization of AmSUT1

To study the cell-specific localization of AmSUT]1,
antibodies were raised against the N terminus of the
protein. The antiserum recognized a single polypep-
tide of 43 kD in plasma membranes from yeast ex-
pressing AmSUT1 and some weaker bands in addi-
tion to the 43-kD polypeptide in plasma membranes
from A. meridionalis leaves. By immunofluorescence,
AmSUT1 was localized in the phloem of leaves and
stems of A. meridionalis. Additional use of histochem-
ical techniques showed that the antiserum/FITC
conjugate-labeled cells were CCs and either mature
and/or young SEs (Fig. 4, F-I). In several other plant
species, Suc transporters were only localized either
in the CCs, e.g. in Arabidopsis and P. major
(PmSUC2, Stadler et al., 1995; and AtSUC2, Stadler
and Sauer, 1996) or in the sieve tubes, e.g. in solana-
ceous species such as potato, tomato (Lycopersicon
esculentum), and tobacco (Nicotiana tabacum; SUTI1,
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Kiihn et al., 1997; and SUT4, Weise et al., 2000). The
localization of AmSUT1 to SEs and CCs was also
corroborated by an earlier study, in which AmSUT1
mRNA could be detected in pure phloem sap via
semiquantitative RT-PCR (Knop et al., 2001).

It is possible that A. meridionalis contains more than
one Suc transporter and that the anti-AmSUT1 anti-
serum cross-reacted with these proteins. This could
be the reason for the label in two cell types, the CCs
and the sieve tubes. However, cross-reaction is un-
likely because the antibodies were raised against the
N terminus of the protein, which is a highly variable
region of Suc transporters (Sauer and Stolz, 1994;
Lemoine, 2000). Even if cross-reaction with other Suc
transporters had occurred, it would be irrelevant to
the question addressed, namely the role of Suc trans-
porters in the phloem of plant species with an open
vein anatomy.

What Is the Function of the AmSUT1 Protein in the
Phloem of the Putative Symplastic Phloem Loader
A. meridionalis?

The polymer trap model (Turgeon, 1991) of sym-
plastic phloem loading does not require the partici-
pation of Suc or other metabolite transporters. How-
ever, the putative symplastic phloem loader A.
meridionalis contains a Suc transporter in the phloem
of minor- and medium-sized veins of the leaves (Fig.
3) and in the phloem of the midrib (Fig. 3) and stems
(Fig. 4). Indications for the existence of Suc transport-
ers in putative symplastic phloem loaders and
oligosaccharide-translocating species come also from
electrophysiological experiments (van Bel et al,
1996). In this study, leaf cells of symplastic phloem
loaders showed depolarization responses to Suc and
to raffinose.

The minor- and medium-sized veins are the major
sites of primary phloem loading. Similar to other
herbaceous putative symplastic phloem loaders (e.g.
squash [Cucurbita pepo], Turgeon et al., 1975; C.
blumei, Fisher, 1986; Verbascum chaixii, Turgeon et al.,
1993; and A. reptans, Hoffmann-Thoma et al., 2001) in
A. meridionalis, these veins contain two types of CCs,
intermediary cells and ordinary CCs (Knop et al.,,
2001). Perhaps these two types of CCs facilitate Suc
uptake in a dual fashion. Either Suc diffuses through
plasmodesmata from the mesophyll cells into the
intermediary cells or Suc might be taken up from the
apoplast into ordinary CCs by the activity of a Suc
transporter. Figure 3H shows that the internal part of
the minor vein, which contains the SEs and the ordi-
nary CCs (Knop et al., 2001), is stronger labeled than
the two larger, laterally positioned cells, probably the
intermediary cells. This does not exclude that the
plasma membrane of intermediary cells also contains
Suc transporters. The assumption of mixed phloem
loading of Suc in A. meridionalis is also supported by
the effect of PCMBS on sugar exudation of cut peti-
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oles. The exudation of Suc and hexoses was only
slightly reduced in comparison with the typical apo-
plastic phloem loader potato (Table II). This excludes
that the activity of the Suc transporter is the only
possibility for Suc uptake into the SE-CC complex.
van Bel et al. (1992) have shown a strong reduction of
phloem loading by PCMBS in Acanthus mollis. In this
plant species, intermediary cells and transfer cells,
connected to different SEs, occurred within the same
vein. This supports the idea that the existence of
intermediary cells is not inevitably correlated with
exclusive symplastic phloem loading.

Mixed apoplastic and symplastic phloem loading
also has been assumed for other plants with an open
vein anatomy (Turgeon et al.,, 1975, 1993; Fisher,
1986, Oparka and Turgeon, 1999). In squash tissue
cultures, SEs accumulate solutes, but their associated
CCs do not (Lackney and Sjolund, 1991). Oparka and
Turgeon (1999) interpreted these data suggesting that
in squash phloem, loading proceeds in a dual fashion
by symplastic transfer of assimilates into the interme-
diary cells and also by an apoplastic transfer into the
SEs. Turgeon and Gowan (1990) observed an inhibi-
tory effect of PCMBS on assimilate translocation in the
symplastic phloem loader C. blumei. As in A. meridi-
onalis, the minor veins of C. blumei contain both CCs
and intermediary cells. The authors discussed that the
reduction of translocation by PCMBS is due to the
inhibition of Suc-proton cotransport from the apoplast
into the ordinary CCs. Fisher (1986) also proposed that
the ordinary CCs in the veins of C. blumei might be
loaded from the apoplast, whereas intermediary cells
are loaded symplastically.

Although the phloem of the midrib and the stem is
primarily responsible for long-distance transport and
allocation, phloem loading of Suc is also required
along this path (retrieval) because the high concen-
tration of Suc and other sugars within the sieve tubes
causes a permanent passive leakage of Suc into the
apoplast. Moreover, the apoplastic Suc concentration
in A. meridionalis (2.1 mm, Knop et al., 2001) is similar
to those in typical apoplastic phloem loaders, like
spinach or barley (Hordeum vulgare; 1.0 and 1.3 mm,
respectively; Lohaus et al., 1995). To maintain a high
Suc concentration and an optimal mass flow within
the sieve tubes, it is necessary to re-import this lost
Suc into the SE-CC complex. The activity of retrieval
pumps located in the transport phloem has been
demonstrated earlier (Willenbrink, 1980; Minchin
and Thorpe, 1987; Grimm et al., 1990). AmSUT],
localized in the SEs (Fig. 4, C, D, and H) could be
active in Suc retrieval along the transport path. This
assumption is supported by the decreased Suc and
hexose exudation from PCMBS-treated cut petioles
(Table II). Turgeon and Gowan (1990) also observed
a loss of 'C along the major leaf veins and a reduc-
tion of translocation in PCMBS-treated leaves of C.
blumei, a putative symplastic phloem loader. This
observation could be explained by decreased Suc
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retrieval as a consequence of the partial inhibition of
the Suc transporters.

The results presented here show that phloem load-
ing of Suc or Suc retrieval in A. meridionalis, a puta-
tive symplastic phloem loader (Knop et al., 2001),
could occur at least partially via the apoplast. It is not
clear which environmental conditions influence the
extent of the two types of phloem loading. In sum-
mary, it is obvious that more information is needed
on the structure/function of plasmodesmata and
transporters in assimilate transport of plant species
with an open minor vein anatomy.

MATERIALS AND METHODS
Plant Material

Alonsoa meridionalis O. Kuntze and potato (Solanum tuberosum cv Désirée)
were grown in compost soil under greenhouse conditions as described by
Knop et al. (2001). Two-month-old plants were taken for the experiments.

Expression of AmSUT1 in Yeast
(Saccharomyces cerevisiae) and Uptake Experiments

For heterologous expression of AmSUT1, the Escherichia coli/yeast shuttle
vector pNEV-E (Sauer and Stolz, 1994) was used. A full-length cDNA clone
of AmSUT1 containing the 5'-untranslated region of PmSUC2 (5'-AAGCT-
TGTAAAAGAA-3'; Gahrtz et al., 1994) was cloned into the EcoRI site of the
vector. This vector allows expression of full-length cDNAs under control of
the yeast PMA1 promoter. The 5'-untranslated region of PmSUC2 was
introduced because it allows a high-level expression of Suc transporters in
yeast (Sauer and Stolz, 2000).

Plasmids with inserts in sense and antisense orientations (pCK-Am1s and
pCK-Amlas) were used to transform yeast strain DBY 2617 (Kaiser and
Botstein, 1986), resulting in the transgenic yeast strains CKY-Amls and
CKY-Amlas, respectively. Uptake was analyzed as described by Gahrtz et
al. (1994).

Preparation of Plasma Membranes and SDS-PAGE

Plasma membrane proteins from yeast cells were enriched (Winzer, 1999)
and separated on SDS-polyacrylamide gels (Laemmli, 1970). Plant plasma
membranes were isolated using a two-phase system according to Robinson
and Hinz (2001).

Production of Anti-AmSUT1 Antiserum

Synthetic peptides corresponding to the N terminus of AmSUT1
(MEVGNEAKSTALPPAQA) were synthesized and coupled to keyhole lim-
pet hemocyanin via the C terminus. These proteins were used to immunize
three rabbits (Dr. Julio Pineda, Pineda-Antikérper-Service, Berlin). Immu-
nization was repeated every month until d 120. The quality of the antisera
was tested using protein extracts of plasma membranes from transgenic
yeast cells expressing AmSUT1 in sense (CKY-Amls) or antisense (CKY-
Amlas; negative control) orientation (Fig. 2). The specificity of the anti-
serum was also tested by reaction of plasma membrane proteins from
transgenic yeast strains expressing AmSUTT1 in sense orientation with anti-
AmSUT1 antiserum that had been pre-incubated overnight with the anti-
genic peptide for saturating the antiserum. The final concentration of the
antigenic N-terminal peptide was 3.5 mg mL~'. The serum was used di-
rectly for western blots at a dilution of 1:500 (v/v) and for immunocyto-
chemistry at a dilution of 1:500 (v/v) to 1:5,000 (v/v).

Preparation and Fixation of A. meridionalis Sections for
Light Microscopy

The fixation of the material was carried out according to Stadler et al.
(1995). Parts of leaves and stems (2 X 2 X 5 mm) of A. meridionalis were
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briefly degassed in 3 mL of fixing solution (3:1 [v/v] ethanol:acetic acid),
and the tissues were fixed at room temperature for 1 h. After three washing
steps with 70% (v/v) ethanol, 1 mm dithiothreitol (DTT) for each 30 min,
and one overnight step, the tissues were dehydrated with 80%, 85%, 90%,
and 95% (v/v) ethanol, 1 mm DTT for each 20 min on ice, and finally two
times with 99.8% (v/v) ethanol and 10 mm DTT for each 20 min. The tissue
was infiltrated with methacrylate in three sequential incubations in methac-
rylate mix (75% [v/v] butyl methacrylate, 25% [v/v] methyl methacrylate,
0.5% [v/v] benzoine ethyl ether, and 10 mm DTT) at 4°C with increasing
methacrylate mix:ethanol ratios (first incubation overnight, 1:2 [v/v]; sec-
ond incubation for 6 h, 1:1 [v/v]; and third incubation overnight, 2:1 [v/v]).
After one additional 6-h incubation and two final overnight incubations at
4°C (all in 100% [v/v] methacrylate mix) samples were transferred to
ultrathin PCR tubes. Methacrylate was polymerized during incubation at
4°C for 15 h under UV light (310 nm) in 100% (v/v) methacrylate mix.
Semithin sections (about 2 um) were prepared with an ultramicrotome
(Ultracut R, Leica, Bensheim, Germany) and placed on poly-L-Lys-coated
coverslips.

Staining of Sections with Fluorescent Dyes

For removal of methacrylate from the semithin sections, coverslips were
incubated for 2 min in 100% (v/v) acetone. Rehydration proceeded in a
series of ethanol (100%, 70%, and 30% [v/v]) for each 30 s. The coverslips
were washed with Tris-buffered saline buffer (50 mm Tris-HCI [pH 7.5] and
150 mm NaCl) for 30 s and incubated in blocking buffer (1% [w/v] skimmed
milk powder in Tris-buffered saline) for 45 min. After overnight incubation
with anti-AmSUT1 antiserum (diluted 1:500-1:5,000 [v/v] in blocking
buffer), the coverslips were washed three times with blocking buffer and
incubated for 1 h with anti-rabbit IgG-FITC isomer 1 conjugate (diluted
1:300 [w/v] in blocking buffer, Sigma, St. Louis). For control sections, the
anti-AmSUT1 antiserum was omitted. After five final washes with blocking
buffer for 5 min each, the coverslips were rinsed with water and mounted
in 10 uL of ProLong-Antifade Kit (Molecular Probes, Leiden, The Nether-
lands). Photographs were taken with a fluorescence phase microscope (Carl
Zeiss, Gottingen, Germany) with an excitation light of 450 to 490 nm.

For double staining of the AmSUT1 protein with antiserum/FITC con-
jugate and of nuclei with DAPI (Serva, Heidelberg), sections were treated as
described above. After the final rinsing with water, coverslips were incu-
bated for 1 h at room temperature in DAPI (0.2 pg mL™"). DAPI fluores-
cence was detected with an excitation light of 365 nm.

For double staining of the AmSUT1 protein with antiserum/FITC con-
jugate and of sieve plates with aniline blue (Water Blue, Fluka, Buchs,
Switzerland), the coverslips were incubated for 5 min in aniline blue (0.5%
[w/v] in 200 mm NaPO, buffer [pH 7.2]). Aniline blue fluorescence was
detected with an excitation light of 365 nm.

Collection of Phloem Exudates

Exudates were collected by the EDTA-facilitated exudation method de-
scribed by King and Zeevaart (1974). Leaves were detached from the A.
meridionalis and potato. The petioles were cut again in 10 mm EDTA (pH 6.0)
and shaken to remove sugars from damaged petiole cells. The petiole of
each leaf was immediately passed through a slit in a Parafilm cover into an
Eppendorf cup (Eppendorf Scientific, Westbury, NY) containing 0.5 mL of
fresh EDTA solution. Exudation of leaves took place in climate chambers for
4 h.

To study the effect of PCMBS, the cut petioles of leaves were placed in 0.5
mL of tap water with or without 1 mm PCMBS and dissolved in 0.1% (v/v)
DMSO for 1 h before exudation. Control assays were performed with the
same concentration of DMSO. The Eppendorf cups along with their contents
were preweighed. After 1 h, the leaves were removed, and the cups were
weighed again. The difference in weight before and after the transpiration
period enabled calculation of the volume transpired and the corresponding
amount of PCMBS absorbed by the treated leaves.

Determination of Sugars

Sugars in phloem exudates were assayed by HPLC with pulsed ampero-
metric detection using a CarboPAC10 (Dionex, Sunnyvale, CA) column and
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precolumn and an NaOH eluent as described previously (Lohaus et al.,
1995).
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