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Summary

Among the Agrobacterium T-DNA genes, rolB, rolC, orf13, orf8, lso, 6b and several other genes encode weakly

homologous proteins with remarkable effects on plant growth. The 6b oncogene induces tumors and enations.

In order to study its properties we have used transgenic tobacco plants that carry a dexamethasone-inducible

6b gene, dex-T-6b. Upon induction, dex-T-6b plants develop a large array of morphological modifications,

some of which involve abnormal cell expansion. In the present investigation, dex-T-6b-induced expansion was

studied in intact leaves and an in vitro leaf disc system. Although T-6b and indole-3-acetic acid (IAA) both

induced expansion and were non-additive, T-6b expression did not increase IAA levels, nor did it induce an IAA-

responsive gene. Fusicoccin (FC) is known to stimulate expansion by increasing cell wall plasticity. T-6b- and

FC-induced expansion were additive at saturating FC concentrations, indicating that T-6b does not act by a

similar mechanism to FC. T-6b expression led to higher leaf osmolality values, in contrast to FC, suggesting

that the T-6b gene induces expansion by increasing osmolyte concentrations. Metabolite profiling showed that

glucose and fructose played a major role in this increase. We infer that T-6b disrupts the osmoregulatory

controls that govern cell expansion during development and wound healing.
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Introduction

The Agrobacterium plast gene family defined by Levesque

et al. (1988) on the basis of weak protein homologies in-

cludes T-DNA genes such as rolB, rolC, orf13, 6a, 6b, lso and

Norf8 [for reviews on these genes see Nilsson and Olsson

(1997) andMeyer et al. (2000); for a recent protein alignment

see Helfer et al. (2002)]. Each of these genes induces highly

specific growth modifications, but little is known about their

modes of action. So far they have only been found in

Agrobacterium T-DNAs and in some plant species; the latter

are considered to result from ancient Agrobacterium trans-

formation events (Meyer et al., 2000). A retinoblastoma-

binding motif (LxCxE) has been found in the ORF13 protein

(Stieger et al., 2004) but not in 46 other RolB-like proteins

(Helfer et al., 2002). Likewise, a tyrosine phosphatase motif

(CX5R) found in A4-RolB (Filippini et al., 1996) has not been

found in other RolB or RolB-like proteins. A glucosidase-like

activity has been reported for RolB (Estruch et al., 1991b)

and RolC (Estruch et al., 1991a), defining the RolB/RolC

glucosidase family (PF02027) of the Pfam database (Bate-

man et al., 2004), but this enzymatic function has been put

into doubt by subsequent experiments (reviewed in Nilsson

and Olsson, 1997).

The developmental and physiological changes that lead to

the various plast gene-induced phenotypes have been little

studied. Among the plast genes, 6b genes have remarkable

and unique effects on plant growth. They induce tumors on

certain hosts (Hooykaas et al., 1988; Tinland et al., 1989) and

dramatic morphological changes in transgenic tobacco

plants that express AB-6b (from Agrobacterium strain AB4),

T-6b (Tm4) or AK-6b (AKE-10) (Grémillon et al., 2004; Helfer

et al., 2003; Tinland et al., 1992; Wabiko and Minemura,

1996). They develop enations, catacorollas, tubular leaves,

expanded cotyledons, corkscrew stems, short thick roots,

ectopic shoots on hypocotyls, fragmented leaf primordia,
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vein thickening, hyponastic petioles and epinastic leaf veins.

We have called this remarkable and unique set of 6b-induced

modifications the enation syndrome (Helfer et al., 2003). The

syndrome results from two distinct effects: local 6b expres-

sion and movement of one or more non-identified 6b-

induced enation factors (EF). The EF traffics through the

phloem, crosses graft junctions and especially affects the

growth of young tissues (Grémillon et al., 2004; Helfer et al.,

2003). Although we earlier found that T-6b-transformed N.

rustica hypocotyl fragments could not transmit their 6b

phenotype to grafted wild-type hypocotyls (Tinland et al.,

1992), this was probably due to the lack of a vascular

connection between the fragments (Otten, unpublished

data).

Gene 6b-induced growth modifications have been com-

pared to phytohormone effects. Spanier et al. (1989) noted

that 6b reduced cytokinin sensitivity. Cytokinin measure-

ments with AK-6b-transformed tobacco plants showed no

modification of cytokinin levels (Gális et al., 1999; Wabiko

and Minemura, 1996). Bonnard et al. (1989) reported that,

whereas agrobacteria carrying a cytokinin synthesis gene

(ipt) induced shoots on tobacco stems,mixed infections with

agrobacteria carrying ipt and 6b genes induced undifferen-

tiated tumors as did a combination of ipt and iaa (auxin

synthesis) genes, suggesting that the growth-modifying

effects of 6b genes may result from an increase in auxin

levels. However, 6b-carrying agrobacteria could not replace

exogenous auxins in an auxin-dependent rolABC-based

rooting assay (Tinland et al., 1990), indicating that they do

not increase auxin levels or auxin sensitivity. Moreover, 6b-

expressing plants do not have typical auxin phenotypes

(Grémillon et al., 2004; Helfer et al., 2003; Tinland et al.,

1992), although they show enhanced cell expansion and

epinastic growth, both of which are auxin-like effects.

Therefore, it remains possible that 6b genes induce only

part of the auxin response repertoire or that their activity

requires additional factors.

Recent work showed that the AK-6b protein is localized in

the nucleus and that its nuclear transport depends on a

transcription factor-like plant protein, NtSIP1 (Kitakura et al.,

2002). Fluctuations in NtSIP1 concentrations might restrict

6b-induced effects. In tobacco, C58-6b gene expression is

accompanied by increased indole-3-acetic acid (IAA) levels;

this was attributed to an accumulation of flavonoids that

might protect IAA against degradation and thus induce

growth changes (Gális et al., 2002). However, the IAA

increase in these plants could be a secondary effect resulting

from severe growth changes due to 6b expression during

development. To assess the possible role of auxins in 6b-

induced growth modifications, we used dexamethasone

(dex)-inducible dex-T-6b tobacco plants (Grémillon et al.,

2004) and an IAA-sensitive leaf disc expansion assay (Keller

and Van Volkenburgh, 1997). Although dex-T-6b induction

stimulated expansion, endogenous IAA concentrations and

the expression of IAA-induced genes remained unaffected,

showing that T-6b-induced leaf expansion does not act

through an increase in IAA. Additional experiments provi-

ded new insight into the mechanism by which T-6b expres-

sion influences plant growth.

Results

T-6b gene induction stimulates leaf disc expansion

Plants of dex-T-6b tobacco transgenics are morphologically

normal and do not produce detectable T-6b amounts with-

out induction (Grémillon et al., 2004). T-6b protein synthesis

in the homozygous one-copy line D6Nt17 could be induced

in expanding leaves (at about 80% of their final size) by

infiltration with 20 lM dex, the first signals on Western blots

being visible at 6 h (Figure 1a). The first enation factor

effects were observed on young non-infiltrated leaves situ-

ated above the infiltrated leaves, 3–4 days after induction.

Leaves up to 7 cm (at the time of infiltration) curled down-

wards along the entire rim, whereas older leaves (7–15 cm)

only curled at the base (Figure 1b). Leaves also showed

epinastic bending of mid-veins and hyponastic bending of

petioles (Figure 1c). Artificially introduced holes in dex-

infiltrated patches showed cell hypertrophy at the rims

(Figure 1d), and needle holes showed chlorosis and expan-

sion (Figure 1e) about one week after induction. At later

stages, dex-infiltrated areas developed chlorosis that sub-

sequently extended to the entire surface of the infiltrated leaf

half (Figure 1f). In order to study leaf expansion in more

detail, we used an in vitro leaf disc expansion assay that has

been developed for Nicotiana tabacum cv. Xanthi (Keller and

Van Volkenburgh, 1997, 1998). As the D6Nt17 line was

derived from cv. Samsun nn (Grémillon et al., 2004), the

growth of which differs considerably from that of cv. Xanthi,

we first characterized the expansion properties of non-

induced D6Nt17 discs. Because the capacity for expansion

in vitro depends on leaf age (Keller and Van Volkenburgh,

1997), we systematically analyzed discs of several succeed-

ing leaves, in order to obtain a more reliable picture of

changes induced by the different treatments. On M90 med-

ium, discs expanded regularly for over 6 days with a fresh

weight (FW) increase of 15–40% per day, with younger

leaves showing more expansion (Figure 2a).

We next tested the influence of sucrose on disc expansion

by varying its concentration from 0–90 mM while keeping

medium osmolality at 110 mOsm by adding the non-

permeant osmolyte sorbitol. Maximal expansion was ob-

tained at 72 mM sucrose for three different leaf sizes

(Figure 2b). Subsequently, all experiments were performed

with M60 medium without sorbitol.

The effect of dex-T-6b expression on expansion was

measured by floating D6Nt17 leaf discs on M60 with

different dex concentrations. No disc curvature was
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observed. The observed FW changes might be partly due to

cell division. In cultivar Samsun nn, the expression of cell

division-associated genes sharply declines after leaves have

reached a length of 5 cm (Helfer et al., 2003), i.e. well below

the size of the leaves used for the present experiments. In the

case of 6b-controlled cell division, these genes should again

be induced. We therefore measured the expression of CaKN

(knolle), NtPCNA (proliferating cell nuclear antigen) and

NtCYC1 (cyclin) genes (Helfer et al., 2003) as probes, in

mock-induced and in dex-induced discs (24 h after induc-

tion). RNA of young leaves (3–4 cm length) was used as a

positive control. Hybridization to the actin gene NtACT1

(CAA45149.1) was used as an RNA loading control. Whereas

the cell cycle genes were highly expressed in young leaves,

Figure 1. Effects of infiltration of D6Nt17 (dex-T-

6b) leaves with dexamethasone.

(a) Induction of T-6b protein as shown by West-

ern analysis; duplicate samples taken 0, 2, 6, 14

and 24 h after infiltration of D6Nt17 leaves with

20 lM dex. The T-6b protein (arrow) becomes

detectable from 6 h onwards; the two other

bands are non-specific.

(b) Epinastic curling of the leaf rims of 9 young,

non-induced leaves above a dex-induced leaf.

Size bar, 2 cm. Upper row, leaves 1–4; lower row,

leaves 5–9.

(c) Epinastic bending of a midrib of a non-

induced leaf (leaf blade removed) above a dex-

induced leaf. The petiole shows hyponastic

bending. Size bar, 4 cm. Petiole and midrib from

a control leaf above amock-induced leaf show no

bending.

(d) Cell expansion on the rim of a circular hole

(1 cm diameter) within a mock-induced patch

(upper part) and dex-induced patch (lower part).

Arrows indicate hypertrophic cells. Size bar,

0.5 mm.

(e) Differences between wound reactions in a

mock-induced patch (left, no reaction) and dex-

induced patch (right, expansion and chlorosis).

Patches were wounded with a needle of 1 mm

diameter. Size bar, 1 mm.

(f) Leaf chlorosis 3 weeks after induction. The left

half of the leaf was mock-induced, the right half

dex-induced. Only the induced half shows chlo-

rosis. Size marker of background grid, 3 cm.
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no expression could be detected in mock-induced or dex-

induceddiscs (<0.1% forNtPCNA, <1% forCaKN andNtCYC1,

results not shown). As we found a 16% volume increase in

dex-treated discs compared to control discs, whereas

NtPCNA expression levels only allowed a maximum of

0.1% of cell division, we conclude that the FW increase was

mainly due to cell expansion. M60 with 3 lM dex (called

M60D) was used for all further induction experiments. Dex-

T-6b expression led to an increase in expansionwithin a large

range of leaf sizes (from 9–26 cm length; Figure 3).

6b-induced leaf disc expansion is not transmitted to

untransformed discs

We have shown previously that 6b-expressing plants can

induce strong enation growth effects in grafted non-trans-

formed tissues (Grémillon et al., 2004; Helfer et al., 2003),

suggesting that 6b-expressing tissues produce a mobile

growth factor. In mixed cultures of wild-type leaf discs and

dex-induced D6Nt17 discs (at a proportion of one wild-type

disc for 50 D6Nt17 discs), we observed <0.3% additional

expansion of wild-type discs compared to similar mixtures

in the absence of dex. Thus, no mobile factor could be de-

monstrated in the leaf disc assay.

Comparison between auxin-induced and T-6b-induced

expansion

Auxin leads to expansion and epinastic curvature of leaf

explants (Keller and Van Volkenburgh, 1997). D6Nt17 leaf

discs were floated on M60 with different IAA concentrations,

without dex. Leaf curling occurred from 1.0–2.0 lM IAA on-

wards. Expansion increased from 0.1 to 1.0 lM IAA

Figure 2. Expansion of non-induced D6Nt17 leaf discs in vitro.

(a) Expansion of discs from successive leaves with lengths of 8, 9, 11.5, 12.5,

14 and 15 cm (1–6). Discs were floated on M90. Fresh weights increase

regularly over a period of 144 h.

(b) Influence of sucrose concentration on expansion. Three successive leaves

(1–3, lengths of 18.5, 24 and 25 cm) were tested. Discs were floated on

mediumwith 0, 18, 36, 54, 72 and 90 mM sucrose complemented with sorbitol

to a medium osmolality of 110 mOsm. Fresh weights were measured at 16,

29, 40 and 90 h and expressed as percentage of initial FW. Maximal growth

occurs in M72 (72 mM sucrose).

Figure 3. Effects of dex induction on expansion of D6Nt17 discs in vitro.

Discs of twelve successive D6Nt17 leaves with lengths of 9, 13, 15, 17, 21.5, 25,

26, 25.5, 24, 25.5, 23 and 24 cm (1–12) were floated on M60 (white bars) or

M60 þ 3 lM dex (black bars). Fresh weights increased over a period of 96 h.

Dex-treated discs expand faster than control discs.

Figure 4. Expansion of D6Nt17 leaf discs inM60with different indole-3-acetic

acid (IAA) concentrations in the absence (continuous lines) or presence

(discontinuous lines) of 3 lM dex.

Indole-3-acetic acid and T-6b expansion values are not additive.
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(Figure 4a). OnM60D with 3 lM dex, without IAA, expansion

reached the same values as on 0.1–0.2 lM IAA. At saturating

IAA concentrations (1–2 lM), dex addition did not lead to

further expansion (Figure 4a). This suggests that 6b and IAA

act in a similar way, and is in accordancewith the hypothesis

that 6b acts by increasing IAA levels (Gális et al., 2002). We

therefore measured IAA levels in D6Nt17 discs on M60 or

M60D at 3 h intervals over a period of 12 h. Under both

conditions, IAA levels remained constant (as analyzed by

Student’s t-test, P < 0.05), within a range of 13–25 pmol g)1

FW (Table 1). We subsequently used the auxin-responsive

gene Nt-IAA2.3/2.5 (or AK3.2; Dargeviciute et al., 1998) as an

indicator for changes in IAA concentration. In order to ex-

clude the possibility that T-6b expressionwould repress IAA-

mediated Nt-IAA2.3/2.5 induction, thereby masking a poss-

ible increase in IAA, discs were treated with 3 lM dex and a

sub-optimal IAA concentration of 0.1 lM. In the absence

of IAA, T-6b expression did not significantly increase

Nt-IAA2.3/2.5 transcript levels. In the presence of 0.1 lM IAA,

it did not modify the induction of Nt-IAA2.3/2.5 (as deter-

mined by Student’s t-test, P < 0.05) (Table 2). We therefore

conclude that T-6b induction does not modify IAA levels.

T-6b- and fusicoccin-induced expansion are additive

The fungal phytotoxin fusicoccin (FC) increases cell wall

plasticity by activating the plasma membrane Hþ-ATPase

through interaction with a 14-3-3 protein (Aducci et al., 1995;

Würtele et al., 2003). The resulting acidification weakens the

cell wall, and leads to expansion if osmolyte concentrations

are sufficiently high. In order to test whether T-6b-induced

expansion results from a similar effect, we compared FC-

and T-6b-induced disc expansion in M60 medium. FC

strongly induced the expansion of D6Nt17 leaf discs or wild-

type tobacco discs, as already reported for cv. Xanthi (Keller

and Van Volkenburgh, 1997). Expansionwasmaximal at 0.7–

1.0 lM FC (not shown). The expansion induced by dex

(mediumM60D) was equivalent to the expansion induced by

0.15 lM FC (medium FC-0.15) for four different leaf sizes, as

analyzed by two-factor analysis of variance (Figure 5a). FC-

and T-6b-induced expansions were additive even at the

saturating FC concentration of 1 lM (Figure 5b), suggesting

that T-6b-induced expansion does not result from cell wall

acidification. We reasoned that if T-6b was still able to en-

hance expansion at maximal FC concentration, it might do

so by increasing osmolyte concentrations. Whereas treat-

ment with FC led to a decrease in osmolality (as expected on

the basis of osmolyte dilution during expansion, at least

before osmotic compensation sets in), T-6b induction

caused an increase (Figure 5c). A similar increase also

occurred in dex-infiltrated D6Nt17 leaves in situ (Figure 5d).

These findings strongly suggest that T-6b-induced expan-

sion results from changes in osmolyte concentrations.

T-6b increases glucose and fructose concentrations

Expression of the 6b-related plast gene Norf8 leads to high

levels of soluble sugars and starch in tobacco leaves (Otten

and Helfer, 2001; Umber et al., 2002, 2005). Starch accumu-

lation was also observed in 2x35S-AB-6b (Helfer et al., 2003)

and induced dex-T-6b plants (Grémillon et al., 2004; this

paper). We therefore tested whether the T-6b-induced

osmolality increase involved soluble sugars. After 24 h of

induction, intact dex-infiltrated D6Nt17 leaves contained

significantly more glucose, fructose and sucrose than mock-

infiltrated leaves. Glucose and fructose increased in parallel

by a factor of 3–4, whereas sucrose levels increased by a

factor of 2–3 (Figure 6a). In discs cultured on M60 medium

Table 1 Indole-3-acetic acid concentra-
tions in mock-induced and dex-induced
D6Nt17 leaf discs, different times after
infiltration

Time
(h)

No dex [pmol
indole-3-acetic acid
(IAA) g)1 fresh
weight (FW)]
(mean, n ¼ 10)

SD
(pmol IAA g)1 FW)

Dex
(pmol IAA g)1 FW)
(mean, n ¼ 10)

SD
(pmol IAA g)1 FW)

0 24.1 7.6 20.3 5.8
3 15.0 4.9 13.2 2.9
6 16.3 3.2 16.5 7.4
9 17.5 9.9 13.9 4.1

12 19.4 12.4 20.2 11.2

None of the differences are significant as determined by Student’s t-test (P < 0.05).

Table 2 Expression levels of the NtIAA2.3/2.5 gene after different
treatments of leaf discs for 24 h, measured by Northern analysis

Control
(n ¼ 3) SD

þDex
(n ¼ 3) SD

þIAA
(n ¼ 3) SD

IAA þ dex
(n ¼ 3) SD

28.2 2.8 27.0 6.0 117.9 2.8 122.3 7.6

Hybridization signals at different film exposure times were measured
by ImageJ analysis, expressed in arbitrary units and normalized to
actin expression levels. Control, M60 medium; dex, 3 lM dex in M60;
IAA, 0.1 lM IAA in M60. Differences between control and dex
treatments on the one hand, and between IAA and IAA þ dex
treatments on the other hand, are not statistically significant (as
determined by Student’s t-test, P < 0.05).
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we expected a gradient due to uptake and metabolism of

sucrose from the medium. We therefore analyzed the rims

and central parts of the discs separately. As expected, the

rims contained more glucose, fructose and sucrose than the

central parts after 24 h of incubation. On M60D, glucose and

fructose levels were higher than on M60, both at the rims

and in the central parts, while sucrose levels were not no-

tably modified (Figure 6b).

The conspicuously parallel increase in glucose and fruc-

tose in dex-induced leaves and leaf discs suggested an

increase in invertase activity. However, the activities of the

three types of invertases (cytosolic, vacuolar and cell wall

invertases) in induced leaves remained very similar to those

of control leaves (Figure 7).

The increase in glucose and fructose concentrations in

dex-induced leaves (about 15–30 mM) might significantly

contribute to the overall increase in leaf sap osmolality

(about 40 mOsm). However, amino acids, organic acids and

potassium ions (Stiles et al., 2003) could also play a role. We

therefore measured a large range of metabolites by a

metabolite profiling approach and also determined potas-

sium values in dex-infiltrated D6Nt17 leaves and control

leaves.

Metabolite profiling and potassium analysis of induced and

non-induced leaves

Metabolite profiling provides a qualitative and quantitative

view of the major metabolites in different plant tissues. In-

duced and non-induced D6Nt17 leaves were analyzed for

metabolites according to the method described by Roess-

ner-Tunali et al. (2003). The results (Table 3) show that the

levels of several metabolites significantly increased. Gluta-

mine, proline, glucose and fructose increased more than

threefold, ascorbate and putrescine between two- and

threefold. When these data are scrutinized, it becomes clear

that the primary metabolites that can contribute to the

osmotic potential of the cell and are the building blocks for

the polymers required for growth are elevated in the cell,

whereas the secondary metabolites were generally un-

changed. Glucose and fructose contribute most to the

overall increase. Potassium levels were very similar in dex-

treated and control tissues, both in intact leaves in situ and

in discs in vitro (Figure 8), showing that potassium plays no

osmotic role in T-6b-induced leaf expansion.

Discussion

Morphogenetic effects of 6b gene expression are pleiotropic

and not easily reducible to a known type of aberrant growth,

either induced by hormones or by mutation, with the

possible exception of some uncharacterized tobacco

mutants that form catacorollas, or the unexplored growth

effects of enation viruses (Grémillon et al., 2004; Helfer

et al., 2003). In spite of this, we postulate that a single

molecular mechanism will eventually explain each aspect of

the enation syndrome. The data presented here suggest

that stimulation of cell expansion during normal and

Figure 5. Expansion and osmolality of D6Nt17 discs in M60 medium with fusicoccin (FC) or 3 lM dex (M60D).

(a) Discs of four successive leaves (1–4, lengths of 20.5, 22.5, 25.0 and 27.0 cm) were incubated for 24 h on M60 with different FC concentrations (0, 0.15, 0.3 and

0.4 lM) or onM60D. T-6b induced expansion onM60D is similar to the expansion induced by 0.15 lM FC. (b) Discs from six successive D6Nt17 leaves (1–6, lengths of

13.5, 16.7, 18.0, 19.0, 20.3 and 20 cm)were floated onM60 (white bars), M60D (light grey bars), M60 þ 1 lM FC (dark grey bars) orM60D þ 1 lM FC (black bars). Fresh

weights were measured 24 h later. Expansions induced by T-6b and FC are additive. (c) Osmolality of the same samples as in (a). Osmolality decreases with

increasing FC concentration. The osmolalities of theM60D samples are higher than the osmolalities of untreated samples, and,most notably, of the FC-0.15 samples

that undergo similar levels of expansion as M60D. (d) Osmolality in mock-induced (white bars) and dex-induced (black bars) D6Nt17 leaves. Patch positions on the

leaves are numbered 1–5 (apical to basal). Measurements after 24 and 48 h. Osmolalities are higher in T-6b-expressing leaves.
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wound-induced growth will turn out to be an essential

factor. We previously reported increased expansion within

the growing part of the root and in cotyledons of induced

dex-T-6b tobacco seedlings (Grémillon et al., 2004). How-

ever, roots and cotyledons are difficult to analyze because of

their small size and complex organization. Here we dem-

onstrate that 6b also increases expansion in a simple and

reproducible leaf disc expansion system (Keller and Van

Volkenburgh, 1997, 1998). Leaf expansion can be stimulated

by various factors, including auxins. Jones et al. (1998) have

used an inducible Arabidopsis auxin-binding protein 1

(ABP1) gene to enhance auxin-controlled expansion in

tobacco leaf discs. ABP1 induction in intact plants did not

change leaf morphology. Clearly, leaf disc expansion can

also be experimentally controlled with an inducible 6b gene.

In contrast to ABP1, T-6b leads to chlorosis in older leaves

and strong morphological changes in young leaves

(Grémillon et al., 2004; this paper). It has been reported that

6b gene expression increases IAA levels (Gális et al., 2002).

However, IAA concentrations did not change significantly in

dex-induced D6Nt17 leaf discs in spite of increased expan-

sion. Moreover, the IAA-inducible gene Nt-IAA2.3/2.5 was

not induced under these conditions. We therefore conclude

that, at least in leaf discs, T-6b-induced growth is not

accompanied by an increase in IAA. T-6b- and IAA-induced

expansions were not additive, suggesting that T-6b might

use part of the IAA-controlled expansion pathway.

Fusicoccin stimulated expansion at concentrations up to

1–2 lM. Even at such FC concentrations, T-6b expression still

increased expansion and is therefore unlikely to act in the

same way as FC, i.e. by cell wall acidification. This is also

indicated by the fact that T-6b increased leaf osmolality,

whereas FC did not. Analysis of 62 metabolites showed that

glucose and fructose contributed most to these changes.

Although glutamine and proline increased 3.1- and 3.4-fold

respectively, they did not significantly change the overall

osmolality. Levels of the osmolytically important potassium

cation remained constant. Although simultaneous increase

in glucose and fructose suggested an increase in invertase

activity, measurements on dex-infiltrated leaves showed no

such changes. Further metabolic analysis might reveal how

the rise in glucose and fructose is brought about. As the 6b

protein has been proposed to act on transcription (Kitakura

et al., 2002), the changes in glucose and fructose levels may

result from transcriptional changes in genes that are

involved in osmoregulation or hexose metabolism.

Although T-6b-induced expansion was most clearly

Figure 6. Increase in soluble sugars in dex-infiltrated D6Nt17 leaves.

(a) Increase in glucose, fructose and sucrose concentrations in patches of five

successive mock-infiltrated ()) or dex-infiltrated (þ) D6Nt17 leaves (1–5,

lengths of 16, 25, 25, 22.5, 17.5 and 13.5 cm) after 24 h of induction.

(b) Increase in glucose, fructose and sucrose concentrations in leaf discs of

1.6 cm diameter floated onM60 andM60D, from three successive leaves (1–3,

lengths of 22, 24, 25.5 cm). After 24 h incubation, each disc was divided into

two parts: an inner disc of 1.0 cm diameter and the remaining outer ring. The

inner parts of non-induced discs contain less soluble sugars than the outer

parts. T-6b induction leads to an increase in glucose and fructose concentra-

tions in both parts. White bars, glucose; grey bars, fructose; black bars,

sucrose.

Figure 7. Invertase activities in mock-infiltrated (white bars) and dex-infiltra-

ted (black bars) D6Nt17 leaves.

Three successive leaves (1–3, lengths of 24, 25, 26.5 cm) were used. T-6b

induction does not lead to a significant increase in vacuolar invertase (vac-

INV), cytosolic invertase (cyt-INV) or cell wall invertase (CW-INV).
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Table 3 Concentrations of metabolites in mock-induced (control) and dex-induced (plus dex) D6Nt17 leaves

Compound
Control
(nmol g)1 FW)

Plus dex
(nmol g)1 FW)

Ratio
dexþ/dex)

Alanine 342.09 � 30.7 403.81 � 43.89 1.2 � 0.15
Arginine 3.38 � 0.4 4.98 � 0.7 1.52 � 0.26
Asparagine 7.63 � 1.54 9.53 � 1.59 1.29 � 0.26
Aspartate 144.24 � 41.31 187.71 � 52.66 1.38 � 0.46
b-Alanine 9.85 � 1.52 13.65 � 2.42 1.42 � 0.29
Cysteine 139.01 � 28.2 283.97 � 62.91 2.13 � 0.57
c-Aminobutyric acid 46.57 � 16.92 32.61 � 7.41 0.72 � 0.19
Glutamate 415.18 � 150.4 567.54 � 169.2 1.44 � 0.49
Glutamine 599.09 � 182.1 1766.85 � 294.2 3.12 � 0.61

Glycine 131.04 � 16.68 236.07 � 28.86 1.81 � 0.22

Isoleucine 4.98 � 0.36 7.8 � 0.42 1.58 � 0.1

Leucine 7.47 � 0.6 9.77 � 1.48 1.32 � 0.23
Phenylalanine 18.19 � 4.82 33.96 � 2.39 1.93 � 0.17

Proline 13.45 � 2.91 45.04 � 8.31 3.43 � 0.75

Serine 267.11 � 29.65 451.19 � 126.6 1.77 � 0.58
Threonine 495.42 � 62.14 798.47 � 131.7 1.67 � 0.34
Valine 42.61 � 3.37 65.14 � 5.13 1.55 � 0.15

a-Ketoglutarate 45.39 � 16.87 65.13 � 18.22 1.52 � 0.45
Citramalate 10.65 � 1.91 17.58 � 1.55 1.69 � 0.15

Citrate 65.96 � 12.93 82.97 � 18.46 1.27 � 0.29
Dehydroascorbate 843.49 � 205.9 1045.19 � 270.9 1.28 � 0.35
D-isoascorbate 654.12 � 170.2 1704.65 � 172.9 2.7 � 0.32

Fumarate 66.97 � 16.03 122.28 � 25.22 1.9 � 0.47
Galacturonate 31.11 � 5.62 53.68 � 4.4 1.78 � 0.17

Glycerate 209.2 � 54.6 296.09 � 97.67 1.48 � 0.52
Isocitrate 2.33 � 0.5 3.02 � 0.52 1.32 � 0.25
L-ascorbate 326.91 � 85.16 852.33 � 86.45 2.7 � 0.32

Malate 2782.63 � 522.2 3132.81 � 427.2 1.86 � 0.35
Maleate 72.13 � 13.03 130.81 � 21.26 1.14 � 0.16
Shikimate 57.2 � 3.83 97.99 � 4.43 1.73 � 0.09

Succinate 62.05 � 9.34 81.21 � 9.57 1.33 � 0.16
Threonate 136.11 � 27.96 276.49 � 60.92 2.12 � 0.56

Arabinose 19.37 � 1.04 23.21 � 1.01 1.21 � 0.06

Fructose 4547.94 � 432.2 14 902.55 � 393.8 3.28 � 0.03

Galactose 39.28 � 1.94 34.96 � 5.32 0.91 � 0.17
Gentiobiose 4.67 � 0.53 4.26 � 0.52 0.92 � 0.12
Glucose 4278.91 � 330.1 13 115.88 � 350.2 3.06 � 0.02

Glycerol 66.52 � 15.44 53.86 � 1.43 0.82 � 0.03
Inositol 1445.29 � 80.56 1807.13 � 49.54 1.26 � 0.04

Maltose 25.72 � 1.49 28.25 � 0.88 1.11 � 0.02

Mannitol 4.1 � 0.78 3.63 � 0.13 0.88 � 0.04
Mannose 15.31 � 1.76 23.35 � 2.15 1.56 � 0.18

Rhamnose 3.87 � 0.21 3.98 � 0.13 1.04 � 0.04
Ribose 10.8 � 0.7 11.56 � 0.38 1.08 � 0.04
Sucrose 4943.29 � 242.7 7836.93 � 663.5 1.58 � 0.07

Trehalose 0.99 � 0.14 1.69 � 0.17 1.78 � 0.19

Xylose 8.3 � 0.63 10.56 � 0.5 1.29 � 0.06

Fructose-6-P 3.59 � 1.34 4.64 � 1.76 1.39 � 0.61
Glucose-6-P 1820.24 � 722.8 2430.07 � 919.5 1.43 � 0.63
Glycerol-1-P 5.94 � 1.37 8.1 � 1.86 1.43 � 0.39
Benzoic acid 67.91 � 2.76 64.93 � 3.1 0.96 � 0.04
C-Caffeic acid 32.95 � 3.36 35.21 � 2.26 1.07 � 0.06
Chlorogenate 779.47 � 105.7 922.23 � 51.89 1.22 � 0.07
Erythritol 9.45 � 0.22 9.54 � 0.26 1.01 � 0.03
Gluconate 93.41 � 19.34 137.38 � 7.77 1.52 � 0.1

Glutarate 2.21 � 0.21 2.44 � 0.13 1.1 � 0.05
Nicotinate 2696.12 � 454.8 2536.43 � 450.8 0.96 � 0.19
Putrescine 17.99 � 2.55 42.34 � 5.4 2.4 � 0.36
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observed in vitro, limited expansion could also be observed

in situ at wound areas. The rims of non-induced discs

accumulated more glucose, fructose and sucrose than the

centre, possibly because of limited transport of sucrose from

themedium into the disc. T-6b expression enhanced glucose

and fructose changes, and particularly high levels accumu-

lated at the rims. We propose that in crown gall formation,

the 6b gene stimulates a local, wound-induced increase in

glucose and fructose. The resulting osmolality change

would help to prevent desiccation in wound areas (see for

example Holmström et al., 1996) and thereby favour cell

division under the control of T-DNA-encoded hormone

synthesis by the ipt and iaa genes. At the same time, high

glucose and fructose levels may contribute to agrobacterial

growth, either directly or after incorporation into opines. So

far, only expanding plant organs (roots, hypocotyls, stems,

cotyledons, petioles, leaves and wound tissues) have been

found to react to 6b induction, suggesting that 6b genes

cannot initiate the expansion process, but only enhance

ongoing expansion. An osmotic role for 6b genes is consis-

tent with this, as fully expanded tissues will generally not

yield to an increase in turgor.

During normal expansion growth of various plant organs,

cells must import or synthesize osmolytes to avoid progres-

sive dilution that would otherwise lead to turgor loss. Thus,

growth requires a tight control of osmolyte concentrations. In

carrots, growing taproots successivelyuseaminoacids, ions,

hexoses andsucroseasosmolytes (Korolevet al., 2000).How

this osmoregulation is achieved is unknown.Wehave shown

that both intact andwounded leaves increase their osmolality

upon T-6b expression. It seems therefore that T-6b can

modify the osmotic controls required for normal andwound-

induced cell expansion. Further studies with other plant

organs suchas cotyledonsor rootsorwithplant speciesother

than tobacco will show how general this T-6b effect is. It

might also be interesting to extend such studies to plants

expressing other members of the plast family, preferably

under inducible promoter control. Some of the pleiotropic 6b

effectsmightbedirectly related to the increase inglucoseand

fructose. Accumulation of hexoses in tobacco leaves leads to

bleaching (JangandSheen, 1994; Stittet al., 1990), and this is

indeed observed in T-6b-expressing leaves and cotyledons

(Grémillon et al., 2004; this paper). Accumulation of starch at

later stages will also affect photosynthesis and growth.

It remains to be studied whether the remarkable 6b-

induced enation growth effects that occur in non-induced

tissues or in grafted wild-type tissues (Grémillon et al., 2004;

Helfer et al., 2003; this paper) are also accompanied by

osmolyte changes.

Experimental procedures

Leaf disc expansion assays

Leaf disc expansion assays were adapted from Keller and Van
Volkenburgh (1997, 1998). Five leaf discs of 1 cm diameter were
removed with a cork borer and floated abaxial side up in 3 ml M60
buffer (0.5 mM HEPES, pH 6.0, 10 mM KCl, 60 mM sucrose; in the
buffer name, 60 refers to the sucrose concentration in mM). In some
cases, the sucrose concentration was varied. After a 30 min equili-
bration period, FWs were determined. Discs were blotted dry on
both sides, rapidly weighed and placed back on the medium. Discs
were kept in the dark at 20�C. Fresh weights were measured at
regular time intervals and expressed as percentages of the initial
FW. Only plants with a height between 20 and 60 cmwere used, well
before flowering (at about 100 cm). All experiments were repeated
at least three times using different plant batches. Experimental
errors were <3% (not shown), and expansion of discs from leaf

Table 3 (Continued.)

Compound
Control
(nmol g)1 FW)

Plus dex
(nmol g)1 FW)

Ratio
dexþ/dex)

Pyroglutamate 1196.24 � 112.3 1600.37 � 66.56 1.36 � 0.07

Saccharic acid 8.62 � 0.92 10.04 � 0.69 1.18 � 0.09
t-Caffeic acid 1.47 � 0.25 2.18 � 0.13 1.52 � 0.08

Tyramine 89.76 � 7.16 89.63 � 4.1 1.01 � 0.04

Values are means � SE. Values in bold are significant differences (P < 0.05) as determined by Student’s t-test.

Figure 8. Potassium concentrations in D6Nt17 discs in vitro or patches in

situ.

Leaf discs of six successive leaves (in vitro, 1–6, lengths of 17, 18.5, 19, 20.5,

21, 22 cm) were floated on M60 (white bars) or M60D (black bars). Intact

leaves (in situ, 1–6, lengths of 16.5, 18, 19.5, 20.5, 21.5, 22 cm) were mock-

induced (white bars) or dex-induced (black bars) in patches. T-6b induction

in vitro or in situ does not lead to significant changes in potassium levels.
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positions that were symmetrical with respect to the mid-vein
differed by <2%.

Two-factor analysis of variance was carried out using MINITAB

software (Minitab Inc., State College, PA, USA).

Metabolite profiling and potassium analysis

Comparable, 80% expanded leaves from seven dex-T-6b (D6Nt17)
plants from the same batch were infiltrated with 10 mM MgSO4

containing 0 or 20 lM dex (one leaf per plant, two patches per leaf
side). After 24 h, patches were removed with a cork borer, placed in
liquid nitrogen, crushed in a mortar and extracted with MeOH (1 ml
MeOH per 65 mg FW), adding 12 lg ribitol per sample as an internal
standard. Further extraction and metabolite analyses were done
according to Roessner-Tunali et al. (2003). Potassium values of
intact leaves and leaf discs were determined by atomic emission
spectroscopy, using a Varian SPECTRA A20plus (Varian, Palo Alto,
CA, USA), at an emission wavelength of 766.5 nm and a slit width of
0.1 nm, using an air-ethylene flame.

Auxin measurements

Several dex-T-6b D6Nt17 plants from the same greenhouse batch
were chosen, and fromeachplant a 80%expanded leafwas selected,
from which two symmetrical groups of eight discs were removed.
One group was floated on M60 medium, the other on M60D (M60
plus 3 lM dex). Time 0 controls were placed on M60 for 45 min. At
3 h intervals, eight discs from M60 and eight from M60D cultures
were blotted dry, weighed, and 1 ml MeOH added per sample. After
addition of 14 pmol (2H)2-IAA as an internal standard, discs were
extracted for 30 min at 70�C and re-extracted twice with 1.0 and
0.5 ml MeOH. Combined extracts were dried in a SpeedVac (Savant
Instruments, Holbrook, NY, USA) and analyzed according to Müller
et al. (2002). For each time point, 10 samples weremeasured. Values
were analyzed by Student’s t-test (significant at P ¼ 0.05).

Glucose, fructose and sucrose measurements

Glucose, fructose and sucrose were measured with a sequential
enzymatic assay, using glucose (G2020), fructose (F2668) and su-
crose assay (S1299) kits (all Sigma, Lyon, France).

Gene expression analysis

Auxin-induced gene expression was measured by Northern analy-
sis. Poly(A) RNA was isolated on oligo(dT) cellulose and run on
denaturing gels. Purified inserts from Nt-IAA2.3/2.5 (Dargeviciute
et al., 1998; NotI–XhoI fragment in pBluescript vector), T-6b (PCR-
amplified T-6b insert from pPM37; Tinland et al., 1989), NtACT1
(c-DNA, accession number CAA45149.1) and CaKN, NtPCNA and
NtCYC1 (for references, see Helfer et al., 2003) clones were labelled
with 32P-dCTP and hybridized to RNA blots under stringent condi-
tions. Blots were exposed for different times and bands were
quantified by ImageJ analysis (Rasband, 1997). Relative band
intensities were calculated with respect to the actin standard. Data
were analyzed by Student’s t-test (significant at P < 0.05).

Osmolyte measurements

Leaf sap osmolality (expressed in mOsm) was measured as follows:
leaf discs were carefully blotted dry, weighed, placed in micro-

centrifuge tubes and frozen in liquid nitrogen. After thawing, they
were centrifuged at 12 000 g for 10 min, and 50 ll of the superna-
tant was placed in a freezing-point osmometer (Osmomat 030;
Gonotec, Berlin, Germany). Osmolyte concentrations in leaf tissues
were calculated using a dry weight value of 15% FW.

Invertase activities

Activities of cell wall invertases, vacuolar invertases and cytosolic
invertases were tested according to Greiner et al. (1999). Two
discs of 1.6 cm diameter (about 50 mg) from dex- or mock-infil-
trated 80% expanded leaves were ground in a mortar on ice,
extracted with two volumes of extraction buffer (30 mM MOPS, pH
6.0, 250 mM sorbitol, 10 mM MgCl2, 10 mM KCl, 1 mM PMSF). The
extract was centrifuged for 5 min at 12 000 g, and the supernatant
incubated with five volumes of 30 mM sodium acetate, pH 4.7, and
30 mM sucrose (for vacuolar invertase), or 50 mM sodium phos-
phate, pH 7.0, and 30 mM sucrose (for cytosolic invertase). The
pellet was washed twice with extraction buffer plus 1% Triton-
X100, once with extraction buffer without Triton, and resuspended
in 100 ll 30 mM sodium acetate, pH 4.7, 30 mM sucrose (for cell
wall invertase). After incubation for 2 h at 37�C on a rotating
wheel, vacuolar and cell wall invertase assays were neutralized
with 1 M Tris–HCl pH 8.0, and all assays were heated for 3 min at
85�C and centrifuged at 12 000 g for 10 min. Glucose in the sup-
ernatants was measured with the Sigma G2020 glucose assay. In
all assays, controls without sucrose were included to measure
endogenous glucose levels.
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Meyer, A., Tempé, J. and Costantino, P. (2000) Hairy root: a
molecular overview. Functional analysis of Agrobacterium rhi-
zogenes T-DNA genes. In Plant–Microbe Interactions, Vol. 5
(Stacey, G. and Keen, N.T., eds). St Paul, Minnesota: APS Press,
pp. 93–139.
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