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The Mechanism of Phloem Loading in Rice

(Oryza sativa)

Joon-Seob Eom, Sang-Bong Choi', John M. Ward?, and Jong-Seong Jeon*

Carbohydrates, mainly sucrose, that are synthesized in
source organs are transported to sink organs to support
growth and development. Phloem loading of sucrose is a
crucial step that drives long-distance transport by eleva-
ting hydrostatic pressure in the phloem. Three phloem
loading strategies have been identified, two active mecha-
nisms, apoplastic loading via sucrose transporters and
symplastic polymer trapping, and one passive mechanism.
The first two active loading mechanisms require metabolic
energy, carbohydrate is loaded into the phloem against a
concentration gradient. The passive process, diffusion,
involves equilibration of sucrose and other metabolites
between cells through plasmodesmata. Many higher plant
species including Arabidopsis utilize the active loading
mechanisms to increase carbohydrate in the phloem to
higher concentrations than that in mesophyili cells. In con-
trast, recent data revealed that a large number of plants,
especially woody species, load sucrose passively by
maintaining a high concentration in mesophyll cells. How-
ever, it still remains to be determined how the worldwide
important cereal crop, rice, loads sucrose into the phloem
in source organs. Based on the literature and our results,
we propose a potential strategy of phloem loading in rice.
Elucidation of the phloem loading mechanism should im-
prove our understanding of rice development and facilitate
its manipulation towards the increase of crop productivity.

INTRODUCTION

Sucrose (Suc) is the main carbohydrate product of photosyn-
thesis in higher plants and is transported long distances from
source to various sink organs such as flowers, seeds and roots,
thus supporting plant growth and development. Long-distance
transport of Suc is initiated by Suc uptake into collective phloem
of minor veins of source leaves. This process is referred to as
phloem loading and is the first important step of the long-
distance transport of photoassimilate to sink organs. Suc is
then translocated via transport phloem and unloaded into sink
organs via release phloem (van Bel, 2003). The phloem con-
tains two main cell types, sieve elements (SEs) and companion
cells (CCs). This long-distance transport occurs in SEs, which

lack a nucleus and have very few organelles and thus rely on
associated CCs for most metabolic requirements (van Bel and
Knoblauch, 2000).

High concentrations of photoassimilate loaded into source
collective phloem generates the driving force, a hydrostatic
pressure gradient, that enables the mass flow of Suc to sink
organs via transport and release phloem (Turgeon, 2010; van
Bel, 1996). That is, a high concentration of Suc inside the phl-
oem cells in source organs creates an osmotic potential gradi-
ent that draws water into the cells. Phloem sap thus moves
from source to sink by means of turgor pressure gradient.

In collective phloem, the loading strategies can be divided
into three major pathways: apoplastic loading, polymer trapping,
and diffusion. The apoplastic loading strategy (Fig. 1A) uses the
proton motive force as metabolic energy to load Suc from the
apoplast (cell wall space) actively into the phloem by Suc
transporters (SUTs). In the second mechanism, polymer trap-
ping (Fig. 1B), Suc diffuses from mesophyll cells into the spe-
cialized CCs called intermediary cells, symplastically through
the cell-to-cell connections called plasmodesmata. Suc then
serves as a substrate to synthesize raffinose family oligosac-
charides (RFOs) such as raffinose and stachyose to increase
the concentration of these sugars in the phloem in this thermo-
dynamically active process (McCaskill and Turgeon, 2007;
Zhang and Turgeon, 2009). Therefore, these two strategies are
metabolic energy-dependent pathways. In contrast, the diffu-
sion strategy (Fig. 1C), a passive loading mechanism, is an
energetically downhill process because Suc levels are higher in
mesophyll cells than in collective phloem, and no energy is
used to collect Suc in SEs.

Rice is an important crop worldwide and is the principal food
source for a large proportion of the global population. In general,
the yield potential of rice crop plants is dependent upon whole
plant carbohydrate partitioning mediated by Suc translocation
from source to sink organs. Therefore, understanding the entire
carbohydrate partitioning process whereby Suc is assimilated in
source organs and translocated through the phloem to sink
organs should provide new approaches to improve plant growth
and crop vyield (Lim et al., 2006). In this review, we summarize
putative phloem loading strategies by integrating recent reports
on SUTs, and propose a potential phloem loading strategy that
may be especially important in rice.
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Fig. 1. Schematic representation of phloem loading mechanism. (A) Apoplastic phloem loading mechanism. Suc synthesized in mesophyll
cells diffuses to vascular parenchyma cells, is exported to apoplast, then transported by a SUT into the phloem. (B) Symplastic polymer trap-
ping mechanism. Suc is mobilized symplastically from mesophyll cells to the specialized CCs, intermediary cells of the collective minor veins.
RFOs are then synthesized in intermediary cells. This generates high sugar concentrations in the phloem. (C) Symplastic passive loading
(diffusion) mechanism. Suc is translocated passively from mesophyll cells to the phloem of minor veins. This passive loading mechanism re-
quires high Suc concentrations in mesophyll cells to drive the diffusion via plasmodesmata into the phloem. (D) Revised symplastic passive
loading mechanism mediated by vacuolar Suc trapping in rice. In this model, the tonoplast SUT is essential to regulate Suc flux to the phloem.
CC, companion cell; M, mesophyll cell; SE, sieve element, IC, intermediary cell.

PUTATIVE PHLOEM LOADING MECHANISMS

Apoplastic loading

While a portion of fixed carbon is stored transiently as starch in
the chloroplasts and Suc in the vacuole, a large amount of
photoassimilate fixed during the day is exported directly through
the phloem. Suc is synthesized in mesophyll cells, diffuses
symplastically through plasmodesmata into bundle sheath cells
and subsequently vascular parenchyma cells. Suc is then ex-
ported into the apoplast. In the apoplastic loading strategy, the
phloem is symplastically isolated or has rare plasmodesmata
connecting to surrounding cells. Subsequently, Suc must be
transported across the plasma membrane of CCs and/or SEs
from the apoplast (Gottwald et al., 2000). In this apoplastic
loading mechanism, the function of SUTs localized in the
plasma membrane is essential for pumping Suc into the
phloem. The proton motive force generated by H*-ATPases is
the form of energy used to drive Suc into the phloem by SUTs
against a concentration gradient (Braun and Slewinski, 2009;
Lalonde et al, 2004; Sauer, 2007; Turgeon, 2010). It is also

noteworthy that active phloem loading is assumed to allow
plants to maintain low photoassimilate concentrations in source
leaves and thus to avoid feedback inhibition of photosynthesis,
as well as to elevate sufficient pressure in the phloem to enable
long-distance transport (Fig. 1A; Turgeon, 2010).

A number of plant species including the model plant Arabi-
dopsis utilize the apoplastic loading pathway. SUTs are the
best characterized components involved in apoplastic phloem
loading. The first SUT genes, SoSUTT1 and StSUT1, were iso-
lated from spinach (Spinacia oleracea) and potato (Solanum
tuberosum), respectively (Riesmeier et al., 1992; 1993). An-
tisense suppression of StSUTT in potato causes local breach-
ing and curling of leaves and dramatic reduction in root devel-
opment and tuber yield. The plant leaves contain over 20-fold
higher soluble sugars and 5-fold higher starch compared with
wild type plants. This work revealed an essential role of SUTSs,
localized in the phloem plasma membrane, in the primary step
in the apoplastic loading pathway (Riesmeier et al., 1994). Sub-
sequently, SUTs have been identified throughout the plant
kingdom (Reinders et al., 2012).
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In Arabidopsis, AtSUC2 is a potential apoplastic phloem
loader, which acts as Suc/H" symporter to uptake Suc into the
phloem. atsuc2 mutants display a severe growth retardation
phenotype that is considered typical for an apoplastic phloem
loader mutant (Gottwald et al., 2000). In the monocot species
maize (Zea mays), zmsut! mutant plants develop chlorotic
leaves that accumulate high concentrations of sugars and pre-
maturely senesce. The feeding of ['“C]Suc demonstrated that
Suc export is diminished in the mutants compared with wild
type. In addition, the zmsut1 plants display reduced plant height,
fewer leaves, delayed flowering, and stunted tassel develop-
ment (Slewinski et al., 2009). Therefore, in maize, the activity of
ZmSUT1 is essential for phloem loading of Suc.

In the apoplastic loading strategy, the mechanism for Suc
export from the vascular parenchyma cells to the apoplast as a
prerequisite for phloem loading by SUTs has been elusive.
However, a transporter responsible for this Suc efflux process
was recently discovered to be SWEET proteins (Chen et al.,
2012) that were previously known as sugar, glucose and fruc-
tose, efflux transporters in Arabidopsis and rice (Chen et al.,
2010). Expression analysis of Arabidopsis AtSWEET11 and
AtSWEET12 promoter:: S-glucuronidase (GUS) transgenic plants
indicated that these genes are preferentially expressed in vas-
cular parenchyma cells. In addition, atsweet11/atsweet12
double mutants were defective in phloem loading (Chen et al.,
2012), thus revealing an important function of SWEET-me-
diated uniport of Suc from the parenchyma cells feeding H*-
coupled import into the phloem SE-CC complex.

It is noteworthy that while mutation of the Suc carriers such
as AtSUC2 and ZmSUT1, caused a typical phenotype of
apoplastic phloem loading mutants, these plants can complete
their life cycle and make viable seeds (Slewinski et al., 2009;
Srivastava et al., 2009). Therefore, the apoplastic loading plant
species largely follow apoplastic loading pathway, but are ca-
pable to use an alternative loading mechanism such as the
symplastic loading strategy that can partially compensate. In
addition, apoplastic loading was found to be highly correlated
with the herbaceous habit (Davidson et al., 2011).

Polymer trapping

In the polymer trapping mechanism, Suc is mobilized symplas-
tically from mesophyll cells to intermediary cells of the collective
minor veins. Polymer trapping is thus a specialized form of the
symplastic phloem loading mechanism. Although polymer trap-
ping does not involve active transport of Suc across the plasma
membrane, it is considered a thermodynamically active process
because Suc is converted to RFOs, a process that requires
metabolic energy (Turgeon, 1996; 2010; Zhang and Turgeon,
2009). RFOs are assumed to be too large to diffuse back to
mesophyll through the plasmodesmata but can proceed
through wider plasmodesmata into SEs. Therefore, RFOs syn-
thesized in intermediary cells are essential to maintain high
sugar concentrations in the phloem, which is similar to that in
apoplastic loading species. This allows mesophyll cells to main-
tain low Suc levels (Fig. 1B; Slewinski and Braun, 2010; Tur-
geon, 2010).

The presence of intermediary cells is always correlated with
the translocation of considerable RFOs. Plasmodesmata are
especially numerous between bundle sheath cells and interme-
diary cells in the minor veins of species such as Verbascum
phoeniceum, Rehmannia glutinosa, Catalpa speciosa, Buddleja
davidii, Citrullus lanatus, and Coleus blumei that transport
RFOs (Gamalei, 1989; Turgeon and Gowan, 1990; Rennie and
Turgeon, 2009; Zhang and Turgeon, 2009).

The polymer trapping hypothesis is supported by recent mo-

lecular and genetic evidence. In V. phoeniceum, RNAi sup-
pression of a plasma membrane-localized SUT did not produce
a typical phenotype of apoplastic phloem loader mutants (Zhang
and Turgeon, 2009). Galactinol synthase (GAS) catalyzes the
first committed step of RFO synthesis, which produces galacti-
nol from myo-inositol and UDP-galactose. Galactinol then
serves as the galactosyl donor in the RFO synthesis. RNAI
suppression of the two VpGAS genes resulted in pronounced
inhibition of RFO synthesis. As a result, transgenic plants
showed carbohydrate accumulation, reduced sugar export, leaf
chlorosis and severe growth retardation (McCaskill and Tur-
geon, 2007). This indicates that the mechanism of polymer
trapping is most likely dependent on RFO synthesis in interme-
diary cells but does not require active Suc transport from the
apoplast (Zhang and Turgeon, 2009). Notably, a floristic analy-
sis indicated that plants with intermediary cells are over-repre-
sented in the tropics and subtropics (Davidson et al., 2011).

Diffusion, a passive symplastic loading

A third proposed mechanism for phloem loading is a passive
symplastic pathway called diffusion (Reidel et al., 2009; Sle-
winski and Braun, 2010; Turgeon, 2010; Turgeon and Medville,
1998). This is a passive flux of Suc from mesophyll cells to the
phloem of minor veins. Plant species that utilize this passive
loading mechanism maintain high levels of Suc in mesophyll
cells to drive diffusion via plasmodesmata into the phloem,
which is an energetically downhill process (Fig. 1C; Reidel et al.,
2009; Rennie and Turgeon, 2009; Turgeon and Medville, 1998).

Plasmodesmatal frequencies in the phloem of leaf minor
veins vary considerably (Davidson et al., 2011; Gamalei, 1989;
van Bel and Gamalei, 1992). Plants with high, intermediate, and
low plasmodesmatal frequencies in the phloem of minor veins
are classified to type 1, 1-2a, and 2, respectively (Gamalei,
1989). Analysis of minor vein ultrastructure and plasmodes-
matal frequencies of CCs indicates that most of the symplastic
loaders are type 1, having numerous plasmodesmata to main-
tain the passive flux (Rennie and Turgeon, 2009; Schulz, 2005;
Turgeon and Ayre, 2005). In contrast, Arabidopsis and maize
belong to type 1-2a and type 2, respectively, by Gamalei’'s defi-
nition (Evert et al., 1978; Gamalei, 1989; Haritatos et al., 2000).
In the analysis of 45 herbaceous and woody species, 14 exhib-
ited the characteristics of passive loading (Rennie and Turgeon,
2009). This number included 11 of 19 woody plants analyzed.
This indicates strong association between passive symplastic
loading and the tree growth form (Davidson et al., 2011).

Since mesophyll cells and the phloem are symplastically
linked, these plants do not accumulate radiolabeled Suc in the
minor veins when their leaf discs are incubated in ["“C]Suc. In
symplastic loaders, Suc taken up into the symplast diffuses
through plasmodesmata into mesophyll cells as well as the
phloem. In contrast, apoplastic loaders and polymer trapping
species showed clear vein images (Rennie and Turgeon, 2009;
Turgeon, 2010).

PHLOEM LOADING STRATEGY IN RICE

From observation of the ultrastructure of vascular bundles, it
was suggested that both apoplastic and symplastic phloem
loading pathways are possible in rice (Chonan et al., 1984;
Kaneko et al., 1980), but the exact phloem loading mechanism
in rice has not been clearly demonstrated.

Functions of rice SUTs
In apoplastic loaders, function of the plasma membrane-locali-
zed SUTs is essential for translocating Suc from apoplast into
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Fig. 2. Isolation and characterization of the ossut? mutant. (A) Schematic diagram of the rice OsSUT1 gene and the Tos17 insertion position of
line NF8036. The 14 exons are indicated by boxes. (B) RT-PCR analysis of wild type (+/+) and homozygous (-/-) mutant. OsSUT1 transcripts
are not detectable in the homozygous mutant. (C) Growth phenotype of wild type (left) and homozygous ossut1 mutant (right) at heading stage.

the phloem against concentration gradient (Braun and Slewin-
ski, 2009; Lalonde et al., 2004; Sauer, 2007; Turgeon, 2010).
Based on comparison of their deduced amino acid sequences,
SUTs are categorized into three major groups: type | (specific to
eudicots, plasma membrane localized), type Il (present in all
plants, plasma membrane localized), and type Il (present in all
plants, vacuolar membrane localized). Members of type | are
responsible for phloem loading or Suc import into sink organs
(Gottwald et al., 2000; Riesmeier et al., 1994). Monocot species
utilize type Il SUTs for phloem loading (Aoki et al., 2003; Kiihn,
2008; Lim et al., 2006; Slewinski et al., 2009). Type Ill SUTs are
localized at the vacuolar membrane (tonoplast) and function in
Suc transport into the cytosol from the vacuole lumen (Endler et
al., 2006; Eom et al., 2011; Reinders et al., 2008). Of five Os-
SUTs in rice, four, OsSUT1, OsSUT3, OsSUT4, and OsSUTS5,
are categorized into type I, and OsSUT2 belongs to the type llI
family of tonoplast SUT members. Of type Il OsSUTs, OsSUT4
is closely related to dicot type SUTs of type Il family, sharing a
common feature of N-terminal extension and long central loop,
whose function has not been clearly demonstrated (Aoki et al.,
20083; Hirose et al., 1997). In addition, OsSUT5 was further
classified to a subgroup of monocot SUTs (Kihn and Grof,
2010), and its transport activity is less sensitive to pH, than
other SUTs in the type Il family (Sun et al., 2010). Therefore, it
is hypothesized that the remaining members of type Il, OsSUT1
and/or OsSUT3, are candidates to function in apoplastic
phloem loading.

OsSUT1 is most likely an ortholog of the phloem loader,
ZmSUT1, of maize (Slewinski et al., 2009). In gene expression
pattern analysis, OsSUTT mRNA was highly expressed in
leaves as well as in stems and filling grains (Aoki et al., 2003;

Hirose et al., 1997). A detailed expression pattern of OsSUT1
was conducted by immunolocalization using an OsSUT1 pep-
tide-specific antibody (Scofield et al., 2007a; 2007b). The re-
sults showed that during germination and early seedling growth
OsSUT1 is confined to the phloem of coleoptiles and first and
second leaf blades (Scofield et al., 2007a). Also, in mature rice
plants, OsSUT1 is present in the mature phloem of all the vege-
tative tissues, from flag leaf blade to the base of the filling grain,
involved in long-distance transport pathway during grain filling
(Scofield et al., 2007b). The results obtained from expression
and localization experiments suggest that OsSUT1 may func-
tion in apoplastic phloem loading in leaves.

However, transgenic rice plants with antisense suppression
of OsSUT1 do not accumulate Suc or show significant effects
on photosynthetic rates in source leaves. Also, their vegetative
growth does not show any visible symptom (Ishimaru et al.,
2001; Scofield et al., 2002), raising the possibility that apoplas-
tic phloem loading is a minor pathway or not largely contributed
by OsSUT1 in rice vegetative tissues. Although OsSUTT1 an-
tisense rice plants under the control of CaMV35S (Ishimaru et
al., 2001) or maize ubiquitin (Scofield et al., 2002) promoter
were assessed, it would be valuable to examine null mutants
because the antisense lines have still low expression of Os-
SUTT1 that can be sufficient to maintain phloem loading (Ishi-
maru et al., 2001; Schofield et al., 2002). Recent analysis of
Tos17 insertional mutant of OsSUT1 revealed that germination
of mutant pollen is impaired (Hirose et al., 2010). Therefore,
homozygous mutant plants of OsSUT71 have not been pro-
duced by normal self-pollination. In our present study, we gen-
erated homozygous ossut1 mutants from the Tos17 insertional
heterozygous line of OsSUTT1 by using anther culture (Fig. 2A).
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RT-PCR analysis indicated that the ossut? mutant plants are
null lacking any expression of OsSUT1 (Fig. 2B). During their
vegetative growth stage, the ossut1 mutants are indistinguish-
able from wild type plants (Fig. 2C), which is therefore consis-
tent with those of OsSUT1 antisense transgenic rice plants
(Ishimaru et al., 2001; Scofield et al., 2002). This indicates that
OsSUT1-mediated pathway may not be a primary route for
phloem loading in source leaves of rice. It is therefore now as-
sumed that OsSUT 1 may function in retrieval by phloem reload-
ing of Suc leaked from the phloem (Scofield et al., 2007b).

It is noteworthy that, by in situ localization, OsSUTT is ex-
pressed in the maternal nucellar projection and nucellar epi-
dermis, and the filial aleurone tissues but not in the starchy
endosperm of mid-developing seeds (Furbank et al., 2001).
This is consistent with the severe defects in grain filling in Os-
SUT1 antisense plants as well as retarded development at the
early stage of vegetative growth (Scofield et al., 2002). In addi-
tion, in tissue slices of filling grains, treatment of p-chloromer-
curiben-zene sulfonate, a SUT inhibitor, interferes with Suc
transport (Furbank et al., 2001). These results suggest that
OsSUT1 may play a role in Suc transport from maternal to
aleurone tissues via an apoplastic route.

OsSUT3 is also a type Il SUT. In situ localization was used to
show that OsSUT3 is highly expressed in developing pollen
(Ngampanya et al., 2002; Takeda et al., 2001), suggesting a
role in Suc translocation into pollen. Our preliminary analysis of
OsSUT3 promoter::GUS transgenic rice plants confirms that it
is preferentially expressed in pollen. This expression suggests
that OsSUT3 may function in developing pollen rather than in
the phloem loading of source organs. In summary, apoplastic
loading mechanism may not be predominant for phloem load-
ing in source leaves of rice.

Although phylogenetic analysis of SUTs above indicated that
OsSUT4 and OsSUTS5 are classified within different subgroups
than OsSUT1 (Aoki et al., 2003; Kihn and Grof, 2010; Lim et
al., 2006), we cannot completely rule out the possibility that
OsSUT4 and/or OsSUT5 may have redundant function in
apoplastic loading. Cellular localization assay in detail on Os-
SUT4 and OsSUT5 may aid understanding of the in planta
roles of these rice SUTSs. In addition, at present the mutant lines
of OsSUT3, OsSUT4, and OsSUT5 are available from our rice
T-DNA mutant population and their single, double, and multiple
mutants are being analyzed in our laboratory.

Involvement of tonoplast SUT in phloem loading

In photoautotrophic cells, vacuoles store excess Suc during the
day and export it at night (Ayre, 2011; Linka and Weber, 2010;
Martinoia et al., 2007; Neuhaus, 2007). Recently, through pro-
teomic and/or GFP fusion analyses, tonoplast-localized SUTs
have been identified (Endler et al., 2006; Eom et al., 2011; Ok-
hubo-Kurihara et al., 2011; Payyavula et al., 2011; Reinders et
al., 2008; Schneider et al., 2012; Schulz et al., 2011). Among
them, expression of PtaSUT4 was highest in mature source
leaves. By in situ localization, PtaSUT4 expression was found
in epidermal cells, spongy mesophyll, the lower layer of the
palisade mesophyll and minor phloem traces (Payyavula et al.,
2011). In rice, OsSUT2 expression was mainly found in meso-
phyll and bundle sheath cells of leaf blades and sheaths, rarely
in CCs and SEs of the phloem (Eom et al., 2011). Thus, these
have been suggested to function in the transport and vacuolar
storage of photosynthetically derived Suc.

Functional characterization of tonoplast SUTs have been per-
formed in Populus, rice and Arabidopsis (Eom et al., 2011;
Payyavula et al., 2011; Schneider et al., 2012). In poplar, PtaSUT4
RNAI transgenic plants exhibit 1.5 to 2-fold higher Suc content

in source leaves. An increased ratio of leaf-to-stem biomass
indicates a link between vacuolar transport of Suc and biomass
partitioning (Payyavula et al., 2011). In rice, the T-DNA inser-
tional mutant, ossut2 has increased Suc content both at the end
of day (2-fold) and at the end of night (4-fold). The ossut2 mu-
tants also have diminished plant growth, tiller number, plant
height, root dry weight and 1,000 grain weight. Decreased
translocation of Suc from source leaves to sink parts of the
ossut2 mutant was also demonstrated (Eom et al., 2011).
These data suggest that the tonoplast SUTs influence Suc
export from source to sink organs.

Suc transport into Xenopus oocytes by LjSUT4, a Lotus ja-
ponicus tonoplast SUT, was found to be inhibited by the pro-
tonophore carbonyl cyanide m-chlorophenylhydrazone (CCCP)
and the extracellular application of Suc induced membrane
depolarization in LiSUT4-expressing Xenopus oocytes (Reind-
ers et al., 2008). Suc transport by OsSUT2 expressed in yeast
was inhibited by CCCP (Eom et al., 2011). These findings indi-
cate that tonoplast SUTs function as Suc/H" symporters. Con-
sidering the normal pH gradient across the tonoplast, they func-
tion in Suc transport across the tonoplast from the vacuole lu-
men to the cytosol. It is probable that the Suc transport activity
of OsSUT2 in yeast is due to mis-targeting of the overex-
pressed protein to the plasma membrane in the heterologous
system. In summary, tonoplast SUTs are involved in Suc trans-
port from the vacuole lumen to the cytosol, playing an essential
role in Suc export from source leaves to sink organs. It is note-
worthy that poplar utilizes passive symplastic export (Russin
and Evert, 1985; Turgeon and Medville, 1998). In contrast, in
the apolastic phloem loading species, Arabidopsis, mutation of
the tonoplast AtSUC4 showed no visible phenotype in normal
growth conditions (Schneider et al., 2012), suggesting a rela-
tively a minor role for the tonoplast SUT during Suc transloca-
tion.

Proposed phloem loading mechanism in rice
Based on the concentration and form of transport sugars, func-
tion of SUTs, and vein structures in source leaves of various
plant species, a potential phloem loading mechanism is consid-
ered (Turgeon, 2010). Although the phloem loading mechanism
in rice is still uncertain and need more consideration, previous
and our present data provide some evidence that rice may
utilize a passive loading strategy in source leaves as a primary
phloem loading pathway. It has been shown that rice stores
relatively high ratios of Suc to transitory starch in leaves, which
differs from other plant species including Arabidopsis that pri-
marily stores starch (Lee et al., 2008; Murchie et al., 2002; Na-
kano et al., 1995; Trevanion, 2002; Winder et al., 1998). It is
noteworthy that concentrations of transport sugars in leaves
correlate with a qualitative assessment of plasmodesmatal
frequencies. Most of the type 1 and type 1-2a species with high
and intermediate numbers of plasmodesmata have high con-
centrations of transport sugars, while many of the type 2 spe-
cies have low concentrations of transport sugars (Rennie and
Turgeon, 2009). It is known that the former group utilizes pas-
sive loading while the latter adopted an apoplastic loading
strategy. In poplar the osmolalities between the phloem and
mesophyll cells are approximately the same, as they are in the
passive loading species willow (Salix babylonica) (Russin and
Evert, 1985; Turgeon and Medville, 1998). High concentration
of Suc in leaves is a diagnostic feature of plants that load pas-
sively (Rennie and Turgeon, 2009).

Numerous plasmodesmatal connections between paren-
chyma cells and CCs were observed in rice leaves in ultrastruc-
tural studies of small and large vascular bundles, suggesting
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that Suc loading could occur via symplastic pathway (Botha et
al., 2008; Chonan et al., 1981; Kaneko et al., 1980). In a dye-
feeding experiment, the low molecular weight dye, 5,6-carbo-
xyfluorescein diacetate was observed to move freely out of the
phloem into the surrounding tissues including the mesophyll
cells in the flag leaf blade (Scofield et al., 2007b), further sup-
porting the possibility of a symplastic pathway in source leaves.

Antisense suppression of OsSUT1 (Ishimaru et al., 2001;
Schofield et al., 2002) and Tos17 transposon insertional homo-
zygous plant (Fig. 2) did not show a visible abnormal pheno-
type of apoplastic phloem loader mutants during vegetative
growth. Therefore, OsSUT1 might not function in the main
phloem loading pathway in source leaves. There is no current
evidence that another Suc transport activity compensates for
the loss of OsSUT1. A closely related type Il SUT in rice, Os-
SUT3, appeared to be preferentially expressed in pollen
(Ngampanya et al., 2002; Takeda et al., 2001). Unless the ex-
pression pattern of OsSUT3 is altered in the OsSUT1 mutant
and antisense lines, the possibility that OsSUT3 functions in
apoplastic phloem loading in source leaves can be excluded.
OsSUT4 and OsSUT5 are also type Il SUTs but are less re-
lated to OsSUT1 and the phloem loader ZmSUT1. Although the
functions of OsSUT4 and OsSUTS5 in plants have not been
determined (Aoki et al., 2003; Kihn and Grof, 2010; Lim et al.,
2006), it is not likely that they have redundant function in
apoplastic loading in source organs. Therefore, we are now
proposing that rice does not utilize SUT-mediated apoplastic
phloem loading pathway as a primary route.

Considering that Suc is temporarily stored in the vacuoles of
photosynthetic assimilatory tissues (Linka and Weber, 2010;
Martinoia et al., 2007; Neuhaus, 2007; Riens et al., 1991;
Winter et al., 1993), this raises the question of the involvement
and function of tonoplast-localized SUT in plant growth and
development in rice. In this regard, it is noteworthy that the
ossut2 phenotype resembles those of mutants of apoplastic
loaders (Eom et al., 2011; Gottwald et al., 2000; Slewinski et al.,
2009). Rice plants lacking OsSUT2 display severe growth de-
fects compared with wild type and OsSUT2-complemented
lines (Eom et al., 2011). In the ossut?2 mutant, Suc was
accumulated in source leaves. Thus, it is probable that the
accumulation of sugar in ossut2, due to the decreased transport
of Suc from the vacuole lumen to the cytosol, interferes with
Suc translocation to sink organs, and thus affects plant growth.

In summary, in rice, Suc most likely diffuses through plas-
modesmata into the phloem of the minor vein via passive proc-
ess. Suc concentrations of mesophyll cells and thus in the en-
tire leaves are relatively higher than those in the minor veins. In
this diffusion process, the tonoplast SUT, OsSUT2 controls
mesophyll cytosolic Suc concentration and therefore functions
as a valve to regulate Suc flux into the phloem (Fig. 1D).

FUTURE PROSPECTS

Elucidating the phloem loading mechanism in source leaves is
essential for our understanding of whole plant carbon partition-
ing via long-distance phloem translocation of photoassimilate.
Here, we summarized current putative phloem loading mecha-
nism of Suc in plant species and hypothesized the potential
primary phloem loading pathway in rice. Several lines of evi-
dence now support our proposal that rice may utilize a passive
symplastic pathway to translocate Suc through plasmodesmata
into the phloem of the minor vein. In particular, we hypothesized
that “vacuolar trapping” regulated by the tonoplast OsSUT2 is
an essential process for Suc translocation into the phloem. In
poplar and rice, tonoplast SUTs were found to strongly influ-

ence plant growth and development. Now both species are
believed to utilize passive phloem loading pathway as primary
Suc translocation in source leaves. Therefore, it would be inter-
esting to determine whether in most of passive loading species
tonoplast SUTs have the similar function that have been found
in poplar and rice.

Expression and phylogenetic analysis suggested that Os-
SUT3, OsSUT4, and OsSUT5 have distinct functions from
apoplastic loaders. Nevertheless, future characterization of the
single and multiple mutants of OsSUT3, OsSUT4, and OsSUT5
should help us understand their function in rice. In preliminary
experiments, we did not see visible abnormal plant growth of
any of single, double, and triple homozygous mutant plants of
OsSUT3, OsSUT4, and OsSUTS5. Detailed analysis of these
resources is further needed to determine their function.

Recently, SWEET proteins in Arabidopsis were found to ex-
port Suc from vascular parenchyma cells to apoplast for
phloem loading by SUTs (Chen et al., 2012). Rice also has the
SWEET homologs including OsSWEET11/Xa13 and OsWEET14.
Interestingly, OsSWEET11 functions as a rice susceptibility
gene for specific pathovars of Xanthomonas oryzae pv. oryzae
(Chen et al., 2012). Rice SWEETs may have evolved to
regulate the efflux from parenchyma cells and highly localized
transfer of Suc into the phloem, and thus reduce Suc release to
the apoplast in order to prevent pathogen infections. There is
the possibility that OsSWEETs may function in apoplastic
loading in concert with OsSUT1 under particular circumstances
that require more Suc translocation into the phloem. In this
regard, in rice that appears to be mainly dependent on passive
symplastic loading, it would be interesting to see whether
double or multiple mutations of these functionally redundant
OsSWEETs may cause growth a defect phenotype like atsweet11/
atsweet12.
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