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The phloem macromolecular transport system plays a pivotal role in plant growth and development. However, little

information is available regarding whether the long-distance trafficking of macromolecules is a controlled process or

passive movement. Here, we demonstrate the destination-selective long-distance trafficking of phloem proteins. Direct

introduction, into rice (Oryza sativa), of phloem proteins from pumpkin (Cucurbita maxima) was used to screen for the

capacity of specific proteins to move long distance in rice sieve tubes. In our system, shoot-ward translocation appeared to

be passively carried by bulk flow. By contrast, root-ward movement of the phloem RNA binding proteins 16-kD C. maxima

phloem protein 1 (CmPP16-1) and CmPP16-2 was selectively controlled. When CmPP16 proteins were purified, the root-

ward movement of CmPP16-1 became inefficient, suggesting the presence of pumpkin phloem factors that are responsible

for determining protein destination. Gel-filtration chromatography and immunoprecipitation showed that CmPP16-1 formed

a complex with other phloem sap proteins. These interacting proteins positively regulated the root-ward movement of

CmPP16-1. The same proteins interacted with CmPP16-2 as well and did not positively regulate its root-ward movement.

Our data demonstrate that, in addition to passive bulk flow transport, a destination-selective process is involved in long-

distance movement control, and the selective movement is regulated by protein–protein interaction in the phloem sap.

INTRODUCTION

In vascular plants, phloem serves as a conduit for the delivery of

photoassimilates and nutrients. It has been widely accepted that

phloem translocation is driven by a pressure gradient from

source to sink (Munch, 1930). In addition to the low molecular

weight compounds, several recent findings have established

that macromolecules, including peptides, proteins, and nucleic

acids, also move long distance via the phloem (Golecki et al.,

1999; Ruiz-Medrano et al., 1999; Xoconostle-Cázares et al.,

1999; Kim et al., 2001).

Long-distance movement of RNA through the phloem has

been demonstrated for plant viral RNA (Carrington et al., 1996)

and viroid RNA (Palukaitis, 1987). Moreover, plant endogenous

mRNAs have been detected within functional sieve elements

(Kuhn et al., 1997; Ruiz-Medrano et al., 1999; Kim et al., 2001;

Doering-Saad et al., 2002), and long-distance movement of

mRNA has been demonstrated (Ruiz-Medrano et al., 1999; Kim

et al., 2001; Haywood et al., 2005). It has been shown that certain

phloem-mobile RNAs play a pivotal role in regulating the de-

velopment of distant tissues/organs (Kim et al., 2001; Haywood

et al., 2005).

By contrast, the role of phloem sap proteins in long-distance

signaling has yet to be defined. The presence of a wide variety of

biochemically active proteins in phloem sap supports that they

are involved in the coordination of themetabolism, development,

and defense response at the whole plant level (Nakamura et al.,

1993;Balachandran et al., 1997; Ishiwatari et al., 1998;Kehr et al.,

1999; Schobert et al., 2000; Aoki et al., 2002; Yoo et al., 2002;

Walz et al., 2004). Recently, increasing evidence has suggested

that phloem proteins are involved in the trafficking of RNA. RNA

binding proteins have been found from phloem of various plants

(Xoconostle-Cázares et al., 1999, 2000; Owens et al., 2001; Yoo

et al., 2004; Gomez et al., 2005). These findings provide insight

into a novel function for phloem proteins as a component of an

RNA-based systemic signaling mechanism.

Despite the recent progress in characterizing phloem-mobile

macromolecules, our understanding of the control mecha-

nisms for long-distance movement remains limited. It has been
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suggested that both plant viruses and phloem solutes are

passively transported by bulk flow (Leisner and Turgeon, 1993;

Roberts et al., 1997). An extensive analysis of green fluorescent

protein (GFP) expressed in companion cells revealed that GFP

moved nonselectively in sieve tubes (Imlau et al., 1999), in-

dicating that GFP also moves by bulk flow. However, the oc-

currence of selective unloading, at specific cell boundaries, has

been reported for viroid RNA (Zhu et al., 2002), viral RNA (Foster

et al., 2002), posttranscriptional gene silencing signal (Voinnet

et al., 1998), and viralmovement protein (Itaya et al., 2002). These

observations support the notion that the long-distance move-

ment ofmacromolecules in the sieve tube systemmay not simply

follow the stream of assimilates and that phloem exit in sink

tissues is highly controlled. However, the control mechanism has

not been elucidated.

In this study, we examined the long-distance movement of

pumpkin (Cucurbita maxima) phloem proteins in the rice (Oryza

sativa) sieve tube system using the tracer introduction method

through cut stylets of insects. With this system, we demonstrate

that certain pumpkin phloem proteins move long distance in rice.

Under our experimental conditions, shoot-ward translocation of

tracer appeared to be passively carried by bulk flow.On the other

hand, detailed analysis of the movement of the pumpkin phloem

RNA binding proteins 16-kD C. maxima phloem protein 1

(CmPP16-1) and CmPP16-2 revealed that they did not merely

follow the direction of phloem bulk flow but rather moved

preferentially to the root. Gel-filtration chromatography and

coimmunoprecipitation experiments revealed that CmPP16-1

interacts with specific pumpkin phloem proteins, including

eukaryotic initiation factor 5A, and a translationally controlled

tumor protein. Cointroduction of these interacting proteins

positively regulates the root-ward movement of CmPP16-1. It

is also demonstrated that CmPP16-2 interacts with the same

proteins, but the root-ward movement of CmPP16-2 was not

positively regulated by the presence of these interacting pro-

teins. Our results demonstrate that long-distance movement is

a controlled process and that protein destination is regulated by

protein–protein interaction within sieve tubes.

RESULTS

Tracer Protein Moves to Distant Organs via Phloem

To approach the question of whether the destination of phloem

protein movement is controlled or not, we introduced pumpkin

phloem proteins into a single rice sieve tube through a cut brown

leafhopper stylet (Figures 1A to 1E). Application of tracer protein

to the cut stylet allowed for protein diffusion into the sieve tube

(Fujimaki et al., 2000). Typically, only a small fraction of applied

tracer could diffuse into this sieve tube, and the amount of tracer

successfully introduced was different from plant to plant. Once

incorporated into the phloem translocation stream, tracer protein

went down to the base of the leaf sheath, where branches of the

rice vascular system are connected to one another, and then

moved to the distant organs (Figure 1E). To estimate the sink–

source status of tracer-applied leaf, we introduced radiolabeled

nucleotide (see Supplemental Figure 1 online). Under our exper-

imental conditions, most of the radioactivity was translocated to

Figure 1. Strategy to Introduce Tracer Proteins into a Single Sieve Tube.

(A) to (E) Outline of our experimental approach.

(A) Brown leafhopper feeding on the phloem sap of rice. Cut the stylet of

the insect by laser.

(B) Phloem sap exudation through the cut stylet.

(C) Tracer proteins were mixed with phloem exudates.

(D) Tracer proteins entered the sieve element (SE) by diffusion. We

frequently observed that the rate of exudation changed with time and

could even go in the reverse (inward) direction.

(E) Translocation pathway of tracer proteins. Incorporated tracer moved

toward the basal end of the leaf and then moved to another leaf or to

roots. The white arrowhead indicates a tracer application point.

(F) to (I) Histochemical detection of tracer proteins in the distant organs.

Leaf and root sectionswere obtained frompositions 1 and 2, respectively,

shown by the white lines in (E). No signal was detected in vascular tissues

of leaf (H)or root (J)of plants treatedwith introductionbuffer alone (mock).

Tracer signalwasdetected inphloem tissuesof distant leaves (I)and roots

(K) of tracer-applied plants (B-QCmPP). The result was reproducible by

sectioning three plants. CC, companion cell; MP,metaphloem tissue; SE,

sieveelement;XP, xylemparenchymacell; XV,xylemvessel.Bars¼25mm.
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younger distant leaves and only trace amounts went to roots.

This result indicated that the tracer-applied leaf functioned as

a source for younger leaves and that shoot-ward bulk flow was

predominant over root-ward flow.

It has been shown that incorporated fluorescent tracer could

be detected in the vicinity of the injection point (Fujimaki et al.,

2000). However, we could not detect fluorescent tracer in

distant organs (data not shown). To overcome this technical

limitation, covalently biotinylated proteins were used as tracer

to increase detection sensitivity. We first introduced bio-

tinylated Q-Sepharose–bound C. maxima phloem sap pro-

teins (B-QCmPP) as a tracer. In this fraction, P-protein 1 and

P-protein 2, which readily form water-insoluble polymers

(Beyenbach et al., 1974), were removed. It was earlier shown

that the insect stylet–assisted delivery method enabled the

introduction of sample into a single sieve element (Fujimaki

et al., 2000). We checked whether the tracer moved long

distance through the phloem by histochemical staining of dis-

tant tissues. In distant leaves, signal from tracer proteins was

detected in companion cells of the phloem tissue (Figure 1G),

suggesting that tracer accumulated in companion cells after

long-distance translocation. In the root, signal was detected in

the metaphloem tissue (Figure 1I). In mock-treated plants,

background staining was detected in epidermal cells of leaves

and roots (data not shown), but not in the vascular tissue

(Figures 1F and 1H). Reproducible results were obtained after

analysis of another two plants. These results collectively dem-

onstrated that exogenously applied tracer proteins moved long

distance via the phloem.

Profile of Tracer Proteins Detected in Distant Organs

B-QCmPP tracer proteins were detected by two-dimensional

electrophoresis followed by the avidin-biotin complex (ABC)

detection method (Figure 2A). In distant leaves, three spot series

were detected and designated B-QCmPP48, B-QCmPP19, and

B-QCmPP16. In roots, in addition to spot series detected in

distant leaves, three spot series were detected and designated

B-QCmPP54, B-QCmPP45, and B-QCmPP40. This result im-

plied that proteins detected in distant leaves and roots were not

the same. Furthermore, the signal intensity ratio of B-QCmPP48,

B-QCmPP19, and B-QCmPP16 seemed to be different in distant

leaves and roots.

CmPP16-1, CmPP16-2, and SLW1 Are Identified as

Long-Distance Tracers

The protein spots of B-QCmPP tracer detected in distant organs

were subjected to internal peptide sequence analysis (see

Supplemental Table 1 online). The spot series B-QCmPP19

was CmPP16-1, a characterized pumpkin phloem RNA bind-

ing protein (Xoconostle-Cázares et al., 1999). The spot series

B-QCmPP16 was CmPP16-2 (Xoconostle-Cázares et al., 1999).

The spot series B-QCmPP48 was an ortholog of silver leaf

whitefly-inducible protein 1 (SLW1) (van de Ven et al., 2000).

Three other spot series detected only in roots, B-QCmPP54,

B-QCmPP45, and B-QCmPP40, were left unidentified because

of their low abundance.

Internal peptide sequence analysis (see Supplemental Table 1

online) revealed that CmPP16-1 and CmPP16-2 identified from

our sample had amino acid substitutions of Tyr-146/Asp and

His-19/Leu, respectively. Additionally, it was revealed that the

N-terminal Met of CmPP16-1 and CmPP16-2 was cleaved off

and the exposed a-amino group of the second Gly residue was

biotinylated.

The presence of the introduced CmPP16-1 and CmPP16-2

in the rice distant organs was further confirmed by immunoblot

analysis. Using anti-CmPP16-2 antibody that recognized both

CmPP16-1 and CmPP16-2 to the same extent (Figure 2B),

biotinylated CmPP16-1 and CmPP16-2 were detected in distant

leaves and roots of B-QCmPP–applied plants (Figure 2C). No

immunoreaction was detected in mock-treated plants (data not

shown).

Phloem Protein Moves Long Distance in a

Destination-Selective Manner

To further investigate the long-distance movement of tracer,

we focused on the comparative analysis of CmPP16-1 and

CmPP16-2. We included biotinylated N-terminally His-tagged

GFP (B-HisGFP) in tracer as a phloem-mobilemarker (Figure 3A).

Hereafter, we use the term tracer to represent a mixture

of biotinylated pumpkin phloem proteins and B-HisGFP. If

CmPP16-1 and CmPP16-2 were just passively transported

by bulk flow, the signal ratio of the B-HisGFP, biotinylated

CmPP16-1 (B-CmPP16-1), and biotinylated CmPP16-2

(B-CmPP16-2) would be the same in distant leaves and roots.

We first analyzed the relative signal intensity of B-QCmPP tracer

(Figure 3A). The [B-HisGFP/B-CmPP16-1/B-CmPP16-2] ratio in

distant leaves (1/0.416 0.21/0.160.05) was similar to the ratio

in introduced tracer (1/0.466 0.09/0.236 0.03). By contrast, the

ratio in rootswas (1/3.06 0.88/8.462.7), whichwas significantly

different from that in tracer (Figure 3B).

This result strongly suggested the presence of two trans-

location modes. First, tracer could be passively carried by bulk

flow. In particular, movement to distant leaves appeared largely

attributable to bulk flow transport, because the B-HisGFP:

B-CmPP16-1:B-CmPP16-2 ratio was nearly identical to that of

the tracer. Second, root-ward movement of CmPP16-1 and

CmPP16-2 could be selectively regulated by a mechanism dis-

tinct from B-HisGFP translocation or bulk flow transport. Fur-

thermore, CmPP16-1 and CmPP16-2 appeared to move

differentially to the root.

To test the possibility that the accumulation pattern of

B-CmPP16-1 and B-CmPP16-2 was a result of differential

degradation, we measured their in vitro degradation rate in

distant organs (see Supplemental Figure 2 online). In leaf

extracts, B-CmPP16-1 and B-CmPP16-2 degraded at nearly

the same rate. In root extracts, B-CmPP16-2 degraded more

rapidly than did B-CmPP16-1. This result did not explain the

results described above that showed that B-CmPP16-2 accu-

mulated to higher levels in roots than did B-CmPP16-1 (Figure

3B). Collectively, these results excluded the possibility that the

differential accumulation is a consequence of differential degra-

dation of CmPP16 proteins. The differential accumulation ap-

peared to be the result of some form of selective movement.
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Root-Ward Movement of CmPP16-1 and CmPP16-2 Is

Differentially Regulated by the Presence of Other

Pumpkin Phloem Proteins

The question of how the destination-selective long-distance

movement is controlled was explored next. To approach this

question, pumpkin phloem sap proteins were fractionated by

liquid chromatography (Figure 4A), and these fractions were

subjected to movement analysis.

We first compared long-distance movement patterns of

CmPP16 proteins in QCmPP (Figure 3B) and in purified native

CmPP16 fraction (Pn16) (Figure 4B). We compared the move-

ment of B-CmPP16-1 and B-CmPP16-2 on the basis of the

[B-CmPP16-2/B-CmPP16-1] signal ratio (Figure 4C). The ratios

in distant leaves were similar to that of tracer in both B-QCmPP

and B-Pn16 introduction (Figure 4C). By contrast, when B-Pn16

was introduced, the [B-CmPP16-2/B-CmPP16-1] signal ratio

increased significantly in roots (Figure 4C). This increase is

attributable to a remarkable decrease of B-CmPP16-1 signal in

roots (Figure 4B, R), suggesting that root-ward movement of

B-CmPP16-1 became inefficient by purification.

First, these results demonstrated that shoot-ward movement

of B-CmPP16-1 or B-CmPP16-2 was not influenced by CmPP16

purification. This finding supported the hypothesis that, in our

experimental setting, the contribution of bulk flow transport was

predominant in shoot-ward translocation. Second, the root-ward

movement was affected by CmPP16 purification. The decrease

of apparent signal intensity of B-CmPP16-1 was conspicuous,

and consequently, the [B-CmPP16-2/B-CmPP16-1] ratio in-

creased significantly. This result demonstrated that root-ward

movement of B-CmPP16-1 and B-CmPP16-2 was differentially

regulated by the presence of other phloem sap proteins.

CmPP16-1 Interacts with Other Pumpkin Phloem

Sap Proteins

Wehypothesized that a putative effector of root-wardmovement

was present in QCmPP but absent in Pn16 and was most likely

a phloem protein. To identify the effector, we first performed gel-

filtration chromatography of QCmPP to test whether CmPP16-1

interacted with other proteins (Figure 5A). Gel-filtration elution of

Figure 2. Profile of Tracer Proteins Detected in Rice Distant Organs.

(A) Tracer proteins were detected by the combination of two-

dimensional electrophoresis, on a 12% acrylamide gel, followed by

ABC detection (2DE-ABC). Signals in the mock plant represent back-

ground signals from rice endogenous proteins (arrowheads). Several

spot series were detected specifically in B-QCmPP-applied plants

(B-QCmPP). Indicated spot series were subjected to internal peptide

sequencing. BQCmPP48 was identified as SLW1, BQCmPP19 was

identified as CmPP16-1, and BQCmPP16 was identified as CmPP16-2.

BQCmPP54, BQCmPP45, and BQCmPP40 were left unidentified. Re-

producible results were obtained from analysis of five plants. Forty

micrograms of soluble protein was loaded per gel.

(B) To confirm the presence of CmPP16 proteins in rice distant organs,

anti-CmPP16-1 antibody and anti-CmPP16-2 antibody were prepared.

The specificity of these antibodies was examined against phloem-

purified CmPP16-1 and CmPP16-2. Anti-CmPP16-1 antibody reacted

with CmPP16-1 50-fold more specifically than with CmPP16-2. Anti-

CmPP16-2 antibody reacted with both CmPP16-1 and CmPP16-2 to the

same extent.

(C) Immunoblotting using anti-CmPP16-2 antibody revealed that

B-CmPP19 (oval) and B-CmPP16 (broken oval) cross-reacted with the

antibody, indicating that they were CmPP16-1 and CmPP16-2, respec-

tively. The signal intensity ratio of the immunoreaction was similar to that

of ABC detection. Proteins were run on 12% acrylamide gels. Note that

immunodetection of tracer CmPP16 proteins was possible only when the

biotin-derived signal in distant organs was very strong.

1804 The Plant Cell






















