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Oligogalacturonides elicit several defense responses and regulate different aspects of growth and development in plants. 
Many of the development-related effects of oligogaladuronides appear to be amenable to an auxin antagonist activity 
of these oligosaccharins. To clarify the role of oligogalacturonides in antagonizing auxin, we analyzed their effect on 
root formation in leaf explants of tobacco harboring the plant oncogene rolB We show here that oligogalacturonides 
are capable of inhibiting root morphogenesis driven by rol6 in transgenic leaf explants when this process requires exoge- 
nous auxin. Because rol6 expression is induced by auxin and dramatically altersthe response to this hormone in transformed 
plant cells, the inhibiting effect of oligogalacturonides could be exerted on the induction of rol6 and/or at some other 
auxin-requiring step(s) in rhizogenesis. We show that oligogalactumnides antagonize auxin primarily because they strongly 
inhibit auxin-regulated transcriptional activation of a rol6-B-glucuronidase gene fusion in both leaf explants and cul- 
tured leaf protoplasts. In  contrast, oligogalacturonides do not inhibit rhizogenesis when rol6 transcriptional activation 
is made independent of auxin, as shown by the lack of inhibition of root formation in leaf explants containing rol6 driven 
by a tetracycline-inducible promoter. 

INTRODUCTION 

a-1,CLinked oligogalacturonides derived from the plant cell 
wall have been shown to elicit several defense responses (CÔté 
and Hahn, 1994) and to induce the transcriptional activation 
of defense-related genes, such as those encoding phenylala- 
nine ammonia-lyase, chalcone synthase, and the patho- 
genesis-related proteins PR-1 and PR-2 (Messiaen and Van 
Cutsem, 1993), as well as the accumulation of polygalacturo- 
nase-inhibiting protein transcripts (Bergmann et al., 1994). 
Oligogalacturonides have also been reported to affect several 
aspectsof plant growth and development (Darvill et al., 1992), 
such as elongation in pea stem segments (Branca et al., 1988), 
and flower (Marfa et al., 1991) and root organogenesis in 
tobacco explants (Bellincampi et al., 1993). However, the effect 
of oligogalacturonides on the expression of development- 
related genes has not been investigated. 

The majority of defense responses and developmental 
effects exerted by oligogalacturonides require a degree of poly- 
merization (DP) between 10 and 15; shorter oligogalacturonides 
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generally do not exhibit any biological activity (Bellincampi et 
al., 1994; CÔté and Hahn, 1994). The reason for the observed 
size dependence of the responses to oligogalacturonides is 
not known. It has been proposed that oligogalacturonides re- 
quire 10 or more galactosyluronic acid residues to assume a 
biologically active conformation in solution. Evidence that 
oligogalacturonides undergo a conformational transition at 
a DP of >10 has been obtained by binding studies with a 
monoclonal antibody that reacts preferentially with oligogalac- 
turonides with a DP 210 (Liners et al., 1992). 

Many, if not all, of the effects of oligogalacturonides on plant 
development appear to be associated with the activity of auxin 
(Branca et al., 1988; Bellincampi et al., 1993, 1995) and sug- 
gest an antagonism between oligogalacturonides and auxin. 
The relationship between the activity of auxin and oligoga- 
lacturonides is intriguing, and the interplay between these 
molecules might be crucial in the regulation of growth and mor- 
phogenesis in plants. It is not clear whether the capability of 
oligogalacturonides to antagonize the effects of auxin is related 
to their ability to induce defense responses. 
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To shed light on the role played by oligogalacturonides in 
antagonizing auxin in plant development, we analyzed the ef- 
feCtS of oligogalacturonides on the rhizogenesis brought upon 
by the Agrobacterium rhizogenes plant oncogene role. This 
gene is capable of inducing root differentiation in all plants 
tested (Cardarelli et al., 1987; Capone et ai., 1989), and its 
effects in transgenic plants and tissues suggest a role in 
enhancing auxin responsiveness (Spanò et ai., 1988; Barbier- 
Brygoo et ai., 1991; Maurel et ai., 1994) of transformed cells 
via an as yet unknown mechanism. role, recently associated 
with tyrosine phosphatase activity (Filippini et ai., 1996), acts 
as a powerful morphogene in auxin-mediated organogenesis 
(Altamura et al., 1994), and auxin also plays a role in its tran- 
scriptional activation. In fact, tobacco leaf protoplasts from 
plants containing the P-glucuronidase (GUS) reporter gene un- 
der the control of the role promoter show a severalfold increase 
in GUS activity after incubation with auxin (Maurel et ai.. 1990; 
Capone et ai., 1991). 

Here, we show that oligogalacturonides inhibit auxin-requir- 
ing root organogenesis in leaf explants from rol6-transformed 
tobacco and inhibit the transcriptional activation of the gene 
rol6 by auxin. We also show that at least in this type of 
organogenesis, their auxin-antagonizing effect is exerted pri- 
marily, i f  not solely, on role induction. In fact, we show that 
oligogalacturonides have no effect on rol6-driven root or- 
ganogenesis when rol6 expression is under the control of a 
tetracycline-induced heterologous promoter. 

RESULTS 

Oligogalacturonides lnhibit the Formation of Roots 
lnduced by Auxin in ro/8 Leaf Miniexplants 

When cultured for 15 days on basal medium containing indole- 
acetic acid (IAA), leaf miniexplants-small leaf explants devoid 
of primary and secondary veins (Maurel, 1991)-from trans- 
genic tobacco plants harboring rolB produced roots. The 
number of roots increased with increasing concentrations of 
auxin, as shown in Figure 1A. Roots could be observed only 
occasionally in rol6 miniexplants cultured in the absence of 
IAA. In contrast, no roots formed in leaf miniexplants from un- 
transformed SR1 tobacco plants when cultured in the absence 
or presence of up to 60 pM IAA (data not shown). 

We tested the effect of oligogalacturonides (DP of 9 to 18) 
on the auxin-requiring formation of roots in rol6 miniexplants 
at two different concentrations of auxin. As shown in Figure 
16, a substantially complete inhibition of root formation was 
observed with a concentration of oligogalacturonides as low 
as 0.3 pglmL at an IAA concentration of 0.6 pM. A concentra- 
tion of oligogalacturonides of 10 pglmL was needed to obtain 
complete inhibition of root formation in the presence of 3 pM 
IAA (Figure 1B). 
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Figure 1. Effect of IAA and Oligogalacturonides (DP of 9 to 18) on 
the Formation of Roots in rol6 Transgenic Tobacco Leaf Miniexplants. 

(A) Dose-response curve for IAA-induced root formation. 
(B) Effect of oligogalacturonides (DP of 9 to 18) on rol6 miniexplants 
cultured in the presence of 0.6 pM (diamonds) or 3 VM (squares) IAA. 
The number of roots per miniexplant was scored after 15 days of cul- 
ture. Each data point is the mean number of rmts per miniexplant (&SE). 

Oligogalacturonides lnhibit Auxin-lnduced GUS 
Expression Driven by the rol6 Promoter in 
Leaf Miniexplants 

In a previous work, it was reported that leaves of transgenic 
tobacco plants harboring the GUS reporter gene under the 
control of the rol6 promoter (61185-GUS plants) (Capone et 
ai., 1991) show detectable levels of GUS activity only in the 
vascular tissue of the main veins (Altamura et al., 1991a; 
Capone et al., 1991). Accordingly, we found a low leve1 of 
GUS activity in leaf miniexplants from 61185-GUS plants 
both immediately after excision (121 c 14 pmol of 4-methyl- 
umbelliferone per mg of protein per min) and after 48 hr of 
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incubation on auxin-free medium (118 f 20 pmol of 4-methyl- 
umbelliferone per mg of protein per min). Figure 2A shows that 
after a 48-hr incubation of the 61185-GUS miniexplants with 
IAA, a strong induction of GUS activity occurred. 

To test whether oligogalacturonides could act by inhibiting 
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Figure 2. Auxin-lnduced GUS Activity in Transgenic B1185-GUS 
Tobacco Leaf Miniexplants Cultured in the Presence or Absence of 
Oligogalacturonides. 

(A) Dose-response curve for IAA-induced GUS activity. Leaf miniex- 
plants were cultured for 48 hr in MS liquid medium at the IAA 
concentrations indicated. 
(8) Effect of oligogalacturonides (DP of 9 to 18) on GUS activity. 
61185-GUS miniexplants were cultured for 48 hr in liquid culture 
medium in the presence of 0.6 pM IAA and oligogalacturonides at differ- 
ent concentrations. 
Each data point is the mean value of GUS activity (*SE) expressed 
as picomoles of 4-methylumbelliferone per milligram of protein per 
minute. 

\ 

the auxin-dependent transcriptional activation of rol6, we 
measured the GUS activity of 61185-GUS leaf miniexplants 
incubated for 48 hr with IAA in the presence of different con- 
centrations of oligogalacturonides (DP of 9 to 18). As shown 
in Figure 26,0.3 pglmL oligogalacturonides inhibited by 65% 
the induction of GUS activity induced by auxin; inhibition was 
complete at a concentration of 3 pglmL. 

lnhibition of Auxin lnduction of the rol6 Promoter 1s 
Due to Size-Specific Oligogalacturonides 

In contrast to the inhibitory effect of oligogalacturonides with 
a DP of 9 to 18, incubation of B1185-GUS miniexplants with 
a mixture of short oligogalacturonides (DP of 1 to 8), a mix- 
ture of oligomannuronides (DP of 9 to 20), or polygalacturonic 
acid at a concentration of 10 pglmL resulted in a limited or 
no inhibitory effect on GUS expression, as shown in Figure 3A. 

To identify the active oligogalacturonides in the mixture with 
a DP of 9 to 18, size-homogeneous oligogalacturonides were 
separated by high-performance anion exchange chroma- 
tography and added to 61185-GUS miniexplants at a final 
concentration of 1 pglmL. As shown in Figure 36, almost com- 
plete inhibition of GUS expression was obtained by adding 
oligogalacturonides with DP values from 11 to 16, whereas 
-50% inhibition was obtained by adding oligogalacturonides 
with a DP of 17. In contrast, oligogalacturonides with DP values 
of 9, 10, and 18 exhibited limited or no inhibitory activity, con- 
firming the well-established size requirement for the biological 
activity of the oligogalacturonides. 

Oligogalacturonides lnhibit Auxin-lnduced GUS 
Expression Driven by the rol6 Promoter in 
Leaf Protoplasts 

Because auxin strongly induces GUS activity in protoplasts 
from leaves of 61185-GUS plants (Maurel et al., 1990; Capone 
et al., 1991), the effects of oligogalacturonides on auxin- 
dependent rolS promoter activation were assessed further in 
leaf protoplasts. Freshly prepared protoplasts from 61 185-GUS 
leaves were cultured on an IAA-containing medium in the pres- 
ente or absence of oligogalacturonides. As a control for 
auxin-independent gene expression, leaf protoplasts from 
plants containing the GUS gene under the control of the 
cauliflower mosaic virus 35s promoter (35s protoplasts) were 
used. Figure 4 shows a time course of GUS activity in 61 185- 
GUS protoplasts cultured with auxin up to 24 hr. The presence 
of oligogalacturonides inhibited the auxininduced increase 
in GUS activity in these protoplasts. Concentrations of oligo- 
galacturonides higher than those active on leaf miniexplants 
were necessary to inhibit rolS expression in protoplasts; this 
may be due to the presence in the suspension of residual pec- 
tinase used for protoplast preparation that would depolymerize 
active oligogalacturonides. In contrast, GUS activity in 355- 
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Figure 3. Auxin-lnduced GUS Activity in Transgenic 81185-GUS 
Tobacco Leaf Miniexplants Cultured in the Presence or Absence of 
Different Uronides. 

Shown are the effects of oligogalacturonides (OG; DP of 9 to 18), short 
oligogalacturonides (DP of 1 to E ) ,  oligomannuronides (OMann; DP 
of 9 to 20), polygalacturonic acid (PGA), and sizehomogeneous oligo- 
galacturonides on GUS activity in B1185-GUS tobacco miniexplants. 
(A) Oligogalacturonides (DP of 9 to 18), short oligogalacturonides, 
oligomannuronides, and polygalacturonic acid were added separately 
at a concentration of 10 pglmL to the medium containing 0.6 pM IAA. 
(6) Size-homogeneous oligogalacturonides were added separately to 
the liquid culture medium at a concentration of 1 pg/mL in the pres- 
ente of 0.6 pM IAA. 
The controls contained only IAA. GUS activity was determined after 
48 hr of incubation. Each data point is the mean value of GUS activity 
(+SE) expressed as picomoles of 4-methylumbelliferone per milligram 
of protein per minute. 

GUS protoplasts did not increase when exposed to IAA and 
was not affected by the addition of oligogalacturonides to the 
medium. Figure 4 also indicates that the auxin-antagonistic 
effect of oligogalacturonides does not present any lag relative 
to the effect of auxin itself. 

Oligogalacturonides Do Not lnhibit Rhizogenesis if 
rolB Expression 1s Made lndependent of Auxin 

Leaf miniexplants from tobacco plants harboring the gene rol8 
under the control of a tetracycline-inducible derivative of the 
35s promoter (pTXrolB/F15) (Roder et al., 1994) also were ana- 
lyzed. In contrast with rol8 miniexplants, leaf miniexplants from 
pTXrolSIF15-transformed plants did not show any root forma- 
tion when cultured in the presence of auxin, as shown in Figure 
5. lncubation with 0.5 wg/mL tetracycline during the first 30 
hr of culture in the presence of auxin had no effect on leaf 
miniexplants from untransformed tobacco but resulted in 
root production on pTXrolBIF15 miniexplants. A much less 
conspicuous root formation was ObseNed when pTXrolB/F15 
miniexplants were cultured in the presence of tetracycline 
alone. Oligogalacturonides at concentrations as high as 100 
pg/mL did not inhibit root formation in tetracycline-treated 
pTXrolB/FlS miniexplants in the absence or presence of auxin 
(Figure 5). 

Oligogalacturonides Do Not Affect the Rate of 
Disappearance of IAA in the Culture Medium of 
Tobacco Leaf Miniexplants 

To ascertain whether the observed effects of oligogalacturon- 
ides on rhizogenesis and rolB expression could be explained 
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Figure 4. Eífect of Oligogalacturonides (DP of 9 to 18) on GUS Activ- 
ity in Mesophyll Protoplasts. 

Protoplasts from B1185-GUS and 35s-GUS plants were isolated in 
the absence of hormones and cultured in medium containing 0.25 pM 
IAA in the presence or absence of oligogalacturonides (100 pglmL). 
Shown are B1185-GUS protoplasts in medium containing IAA (solid 
squares), B1185-GUS protoplasts in medium containing IAA plus 
oligogalacturonides (solid circles), 35s-GUS protoplasts in medium 
containing IAA (open squares), and 35s-GUS protoplasts in medium 
containing IAA plus oligogalacturonides (open circles). Each data point 
is the mean value of GUS activity (?SE) expressed as picomoles of 
4-methylumbelliferone per milligram of protein per minute. 
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Figure 5. Effect of Oligogalacturonides (DP of 9 to 18) on Root For- 
mation in Tobacco Miniexplants from pTXrolSlF15 Transgenic Plants. 

Miniexplants were incubated in medium containing O5 pglmL tetracy- 
cline (Tc), 0.6 pM IAA, and 100 pg/mL oligogalacturonides (OG). The 
control is the untransformed miniexplants incubated in medium con- 
taining tetracycline plus IAA. Each data point is the mean of the number 
of miniexplants forming roots (*SE). 

by a faster depletion (uptake, modification, or breakdown) of 
IAA from the culture medium, a time course analysis of the 
concentration of radiolabeled 3H-IAA in the medium of un- 
transformed tobacco leaf miniexplants in the presence or 
absence of oligogalacturonides (DP of 9 to 18; 10 pg/mL) was 
performed. 3H-IAA was separated by HPLC, and its radioac- 
tivity was counted. As shown in Figure 6, oligogalacturonides 
do not significantly affect the disappearance rate of IAA from 
the medium. 

Histological Analysis of Root Formation in rol6 and 
Untransformed Leaf Explants 

Because oligogalacturonides inhibit the root formation driven 
by the plant oncogene rol6 as well as that of untransformed 
explants (Bellincampi et al., 1993), we decided to compare the 
two rhizogenic processes histologically. Explants containing 
main veins were used, because leaf ipiniexplants from untrans- 
formed plants do not form roots in the presence of auxin. The 
dose-response curve of IAA on root formation in untransformed 
SR1 and rolB explants with main veins is shown in Figure 7A. 
The histological analysis was performed on untransformed and 
rolB leaf explants cultured on either basal medium or root- 
inducing medium (containing 0.6 pM IAA) in the presence or 
absence of oligogalacturonides (DP of 9 to 18; 3 pg/mL) at 

day 5 and at day 15, when elongated roots were evident 
macroscopically. 

At day 5, the formation of direct meristemoids (originating 
from the phloem parenchyma cells of the veins; Figures 8A 
to 8C) is complete in both untransformed and rolB explants 
and is independent of exogenous IAA. The number of direct 
meristemoids was not significantly different in the two types 
of explants and ranged from an average of 20 to 35. lndirect 
meristemoids (originating from callus cells, as shown in Fig- 
ure 8D) were observed only in the presence of IAA. Their 
number was much larger in rolB explants (16 f 1.4 compared 
with 3 & 0.5 observed in normal explants; P < 0.05). A few 
direct root primordia, shown in Figure 8E, were present in rolB 
explants cultured in the presence of auxin. 

By day 15, as reported in Table 1, the effect of exogenously 
added IAA is evident in the number of indirect meristemoids 
in both untransformed and mlB explants. There were more than 
twice as many indirect meristemoids (P < 0.01) in m/B explants 
than in untransformed explants. The roots of normal explants 
in the presence of IAA and of rolB explants in the absence 
or presence of IAA did not exhibit significant anatomical differ- 
ences. The number of indirect roots in rolB explants in the 
presence of IAA was four times higher than that of direct ori- 
gin, pointing to a prevalent effect of auxin in stimulating indirect 
roots. lndirect meristemoids and root primordia in mlB explants 
are shown in Figure 8F. 

Together, these data indicate that the differences in root or- 
ganogenesis between untransformed and rol6 leaf explants 
are merely quantitative and that the processes go through the 
same morphogenetic steps. 
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Figure 6. Effect of Oligogalacturonides on the Rate of Disappearance 
of 3H-IAA in the Culture Medium of Leaf Miniexplants. 

Leaf miniexplants were cultured for different periods of time in liquid 
culture medium containing 3H-IAA in the absence (circles) or pres- 
ente (squares) of 10 pglmL oligogalacturonides (DP of 9 to 18). Each 
data point is the mean value of radioactivity counted in 5O-wL aliquots 
of the HPLC fractions containing IAA. 
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Figure 7. Effect of the Concentration of IAA and Oligogalacturonides 
(DP of 9 to 18) on the Formation of Roots in Untransformed and rol6 
Leaf Explants with Main Veins. 

(A) Dose-response curve for IAA-induced root formation in untrans- 
formed (circles) and rol6 (squares) tobacco leaf explants. 
(B) Effect of oligogalacturonides (DP of 9 to 18) on untransformed leaf 
explants cultured in the presence of 0.6 pM IAA (circles) and rols trans- 
genic tobacco leaf explants cultured in the absence (squares) or 
presence (diamonds) of 0.6 pM IAA. 
The number of roots per explant was scored after 15 days d culture. 
Each data point is the mean number of roots per explant (+SE). 

Effects of Oligogalacturonides on Rhizogenesis of 
Leaf Explants 

We also compared the effects of oligogalacturonides on the 
root formation in leaf explants with main veins from untrans- 
formed SR1, rolB, and pTXrolB/F15 plants. Figure 76 shows 
the dose-response curve of oligogalacturonides (DP of 9 to 
18) on root formation in untransformed and rolB leaf explants 

cultured in the presence of 0.6 pM IAA. Similar concentrations 
of oligogalacturonides inhibited the root formation induced by 
IAA in both explant types. In pTXrolBIF15 explants, roots are 
induced by incubation in the presence of tetracycline alone 
(data not shown). In tetracycline-treated explants, the presence 
of oligogalacturonides (at concentrations up to 100 pg/mL) in 
the culture medium did not affect root formation (data not 
shown). 

Oligogalacturonide-treated untransformed SR1 and rolB ex- 
plants with main veins were analyzed histologically. As shown 
in Table I ,  oligogalacturonides had no effect on the number 
of meristemoids (in untransformed and rolB explants), primor- 
dia, and roots (in rolB explants) formed in the absence of 
exogenous auxin. In contrast, oligogalacturonides completely 
inhibited (P < 0.01) the increase in the number of indirect 
meristemoids (in untransformed and rolB explants) and of 
primordia and roots (in rolB explants) induced by auxin. 
Oligogalacturonides also completely inhibited the formation 
of primordia and roots induced by auxin in untransformed ex- 
plants (Table 1). 

DISCUSSION 

An increasing body of evidence suggests that oligogalac- 
turonides and auxin may act in an antagonistic manner to 
modulate growth and morphogenesis of plant tissues (Branca 
et al., 1988; Darvill et al., 1992; Bellincampi et al., 1993). In 
this study, we show that oligogalacturonides inhibit the auxin- 
dependent formation of adventitious roots not only in normal 
leaf explants but also in explants from transgenic plants con- 
taining the oncogene rolB from A. rhizogenes. We show here 
that oligogalacturonides act by inhibiting the auxin-dependent 
transcriptional activation of rolB expression. 

Unlike leaf miniexplants from normal tobacco, rolB miniex- 
plants form roots when cultured in the presence of auxin 
(Maurel, 1991; this work). Root formation is inhibited by 
micromolar concentrations of oligogalacturonides, and the ef- 
fect can be reversed by increasing the concentration of auxin. 

Because the transcriptional activation of rolB is under the 
control of auxin (Maurel et al., 1990; Capone et al., 1991), we 
addressed whether oligogalacturonides could inhibit rolB in- 
duction. Oligogalacturonides with a DP between 11 and 16 
completely inhibited IAA-induced expression of the GUS 
reporter gene driven by the rolB promoter. This size-specific 
effect is consistent with previous data regarding auxin-induced 
growth (Branca et al., 1988) and root formation (Bellincampi 
et al., 1993). 

The auxin-antagonist action of oligogalacturonides proba- 
bly is not exerted on other auxin-requiring steps downstream 
of rolB expression during rhizogenesis. Severa1 observations 
support this interpretation. Oligogalacturonides do not inhibit 
root formation in TXrolBIF15 explants, in which rolB expres- 
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Figure 8. Histological Time Course of Root Formation from Untransformed and ro/S Tobacco Leaf Explants with Mam Veins

(A) to (C) Formation of the first meristematic groups (arrows) after 5 days of culture due to the reactivation of cell division of the phloem parenchyma
cells of the veins. (A) shows the cells of a rolB leaf explant cultured in basal medium. (B) shows cells of a normal leaf explant cultured in medium
containing 0.6 nM IAA. (C) shows cells of meristemoids of direct genesis in normal explants cultured for 5 days in medium containing 0.6 nM IAA.
(D) Meristemoid of indirect genesis in a rolB leaf explant cultured for 5 days in basal medium plus 0.6 \iM IAA; callus region.
(E) Root primordium of direct genesis in a rolB leaf explant cultured for 5 days in medium containing 0.6 nM IAA; midrib region.
(F) Meristemoids (arrows) and root primordia of indirect genesis in a rolB leaf explant cultured for 15 days in medium containing 0.6 nM IAA; callus region.
Bars in (A) and (B) = 30 urn; bar in (C) = 200 urn; bar in (D) = 40 urn; bar in (E) = 300 urn; bar in (F) = 800 urn.

sion is induced by tetracycline. They also do not affect
rhizogenesis occurring in the absence of exogenous auxin in
rolB midrib-containing leaf explants. These roots originate from
cells of the leaf vasculature, in which auxin is present and rolB
is strongly expressed in the intact leaf (Altamura et al., 1991a;
Capone et al., 1991). Thus, in the explants, once the RolB pro-
tein is expressed, Oligogalacturonides have no effect on
rhizogenesis. Moreover, the timing of the effect of Oligogalac-

turonides and auxin in normal explants also suggests the
inability of these oligosaccharins to interfere with auxin-requir-
ing steps later during rhizogenesis: auxin is necessary for a
minimum of 4 days for roots to form; Oligogalacturonides, how-
ever, exert their inhibitory effect only when added during the
first 2 days (Bellincampi et al., 1993).

Competence for root formation has been defined as the abil-
ity of cells within tissues to form roots as a response to specific
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Table 1. Formation of Roots in Untransformed SR1 and rola Leaf Explants Cultured for 15 Davs under Different Conditionsa 

Differentiation 
Stages MS MS + IAA MS + OG MS + IAA + OG 

SR 1 
Meristemoids 
D 
I 
Primordia 
D 
I 
Roots 
D 
I 

ro/B 
Meristemoids 
D 
I 
Primordia 
D 
I 
Roots 
D 
I 

36.0 f 2.0 
5.0 f 2.0 

O 
O 

O 
O 

43.5 f 4.5 
9.5 f 2.5 

O 
1.0 f o 

1.0 f o 
1.0 f o 

33.5 f 3.5 
36.5 f 2.51~ 

3.0 f 1.0 
4.0 f 1.0 

3.0 f 1.0 
4.5 f 1.5 

25.5 f 2.5 
76.5 ? 2.5h 

3.5 f 1.5 
20.0 f 2.0b 

7.0 f l . O c  
8.5 f 2.5b 

31.0 f 5.0 
2.0 f o 

O 
O 

O 
O 

25.0 f 3.5 
11.5 f 1.5 

O 
1.0 f o 

1.0 f o 
2.0 f o 

31.5 f 6.5 
9.0 f o 

O 
O 

O 
O 

22.5 f 2.5 
7.5 f 2.5 

O 
O 

1.0 f o 
1.0 f o 

a The mean number of root meristemoids and root primordia with direct (D) or indirect (I) origin per explant ( f SE) was scored in leaf explants 
cultured in MS medium alone (MS), in MS plus 0.6 pM IAA, in IAA plus oligogalacturonides (OG) (DP of 9 to 18; 3 pg/mL), and in MS plus 
both compounds. 
b P < 0.01, 

P < 0.05. 

root-inducing stimuli (Mohnen, 1994). In the leaf explants 
analyzed here, the gene product of rolB plays the role of a 
competence factor, because this protein confers on leaf tissue 
devoid of main veins the ability to go through rhizogenesis 
in response to an auxin-inducive stimulus. Our comparative 
histological analysis shows that normal and rol6-mediated 
rhizogenic processes are identical qualitatively, because ad- 
ventitious roots have the same origin, their development 
proceeds through similar steps, and roots exhibit no obvious 
differences in structure. These data support the hypothesis 
that rol6 mimics a physiological process leading to rhizo- 
genesis in normal explants (and possibly plants). Thus, the 
conclusions drawn here on the role of oligogalacturonides on 
rolB-driven rhizogenesis may be of more general relevance. 

The effect of oligogalacturonides on the auxin-dependent 
expression of ro/B may be due to interference with processes 
along the transduction pathway leading from the perception 
of the auxin signal to the activation of'the rol6 promoter. It could 
be hypothesized that the same transduction pathway as that 
leading to the activation of the oncogene rol6 is activated 
by auxin to induce the expression of endogenous rolB-like 
functions necessary for initiation of root formation in normal 
explants. 

The auxin-dependent induction of the expression of the rol6 
promoter can now be used as a tool to elucidate the step(s) 
at which the oligogalacturonide-auxin antagonism occurs. 

Studies on the transduction of the oligogalacturonide signal 
have shown that size-specific oligogalacturonides induce sev- 
era1 rapid cell surface responses, including the following: 
stimulation of a transient Kf efflux concomitant with mem- 
brane depolarization, alkalinization of the incubation medium, 
and an influx of Caz+ in suspension-cultured tobacco cells 
(Mathieu et al., 1991); elevation of cytosolic-free Ca2+ levels 
in carrot cells and protoplasts (Messiaen and Van Cutsem, 
1994); in vitro phosphorylation of a 34-kD protein associated 
with potato and tomato plasma membranes (Farmer et al., 1990; 
Reymond et al., 1995); and induction of an H202-mediated ox- 
idative burst in soybean cells (Aposto1 et al., 1989; Legendre 
et al., 1993a; Chandra and Low, 1995). H202 production is 
preceded by severa1 signaling events, including activation of 
GTP binding proteins (Legendre et al., 1992), stimulation of 
phospholipase C (Legendre et al., 1993b), and changes in pro- 
tein phosphorylation (Chandra and Low, 1995; Reymond et 
al., 1995). These rapid responses have not been correlated 
with any of the known plant responses induced by oligogalac- 
turonides. 

Some of these surface responses to oligogalacturonides are 
also likely to occur in our tobacco miniexplants. The ability of 
oligogalacturonides to block the action of auxin has been 
ascribed to the stimulation of the oxidative modification (degra- 
dation) of the hormone (Aldington and Fry, 1993). However, 
our results show that the rate of disappearance of IAA in the 
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culture medium is not affected by oligogalacturonides. The 
possibility that the oligogalacturonide-induced oxidative burst 
determines modification and consequently depletion of auxin 
in the medium can therefore be ruled out. Whether some or 
all of the early responses induced by oligogalacturonides are 
essential for their auxin-antagonistic activity and whether they 
represent common or specific initial transduction steps for 
defense-related and developmental effects remain to be 
elucidated. 

under low-intensity light (27 pE m-2 sec-l) with an 8-hr illumination 
period. Oligogalacturonides, dissolved in distilled water at a concen- 
tration of 1 mglmL and filter sterilized, were added to the culture 
medium. When appropriate, explants were incubated in the presence 
of 0.5 pg/mL tetracycline in the first 30 hr of culture. 

The number of roots per (mini)explant or the number of explants 
forming roots were scored after 15 days of culture by using a dissect- 
ing microscope. Each data point was the mean value (*SE) of three 
independent experiments (in each experiment, three replicates of 10 
leaf (mini)explants were used for each treatment). The significance 
of the differences between the means was evaluated using Student's 
f test. 

METHODS 

GUS Assay in Leaf Explants 

Preparation of Oligogalacturonides 

Oligogalacturonides with degrees of polymerization (DP) between 1 
and 8 and 9 and 18, size homogeneous oligogalacturonides, and 
heterodisperse oligouronides enriched in oligomannuronides (8-1,4- 
oligoo-mannosyluronic acid) (DP of 9 to 20) were prepared as described 
by Bellincampi et al. (1993). Oligogalacturonides, oligomannuronides, 
and polygalacturonic acid Na+ salt were dissolved in distilled water 
and sterilized by filtration through Millipore (Bedford, MA) membranes 
(pore size is 0.2 pm). 

Plant Material 

Nicofiana fabacum cv Petit Havana SR1 (Maliga et al., 1973) plants 
harboring the rolB gene under the control of a 1185-bp segment of 
its 5' upstream noncoding region ( r 0 B )  (Capone et al., 1989) or the 
8-glucuronidase (GUS) gene fused to the same promoter (B1185-GUS) 
(Cardarelli et al., 1987) were used. N. fabacum cv Wisconsin 38 plants 
harboring rola under the control of a modified, tetracycline-inducible 
promoter (pTXrolBlF15) (Roder et al., 1994) were propagated routinely 
by cuttings and grown aseptically on Murashige and Skoog (MS; 
Murashige and Skoog, 1962) basal medium (Sigma, St. Louis, MO) 
supplemented with 2% sucrose and 1% Oxoid (Unipath LTD, Basing- 
stoke, Hampshire, UK) agar in Magenta boxes at 25OC under a 16-hr 
illumination period. The irradiance was 100 E pm-2 sec-', measured 
with a quantum radiometer photometer (model LI-1858; LICOR, Lin- 
coln, NE) equipped with a pyranometer sensor (model LI-2005B; 
LICOR). 

GUS activity was estimated from a pool of 30 miniexplants cultured 
in Petri dishes, each containing 10 explants plunged into 5 mL of liq- 
uid culture medium. Extracts were prepared from miniexplants that 
had been frozen in liquid nitrogen and kept at -80% until process- 
ing. Plant tissue was scratched with liquid nitrogen and homogenized 
in extraction buffer (100 pL per 100 mg of tissue). The extracts were 
transferred to microcentrifuge tubes and centrifuged at 14,000 rpm 
for 10 min in a refrigerated Eppendorf microcentrifuge. Aliquots from 
the supernatant were incubated at 37OC for 15, 30, and 60 min in ex- 
traction buffer containing 1 mM 4-methylumbelliferyl~-D-glucuronide 
(Sigma). GUS activity was determined fluorometrically by using known 
concentrations of 4-methylumbelliferone (Sigma) with a fluorometer 
(Kontron, Basel, Switzerland) and expressed as picomoles of 4-methyl- 
umbelliferone per milligram of protein per minute. Prdein content was 
determined with a commercial kit (Protein Assay; BieRad, Hercules, 
CA), using BSA as a standard. Each data point was the mean value 
("SE) of three independent experiments. 

Protoplast lsolation and Culture 

Mesophyll protoplasts from 61185-GUS transgenic leaves were pre- 
pared as described by Capone et al. (1991) and cultured in the presence 
of IAA and oligogalacturonides at the concentrations specified in the 
legend to Figure 4. GUS activity was assayed fluorimetrically as de- 
scribed by Capone et al. (1989). Each data point was the mean value 
(+SE) of three independent experiments. 

Determination of IAA in the Culture Medium 
Leaf Miniexplants and Explants with Main Veins 

Leaves -5 cm long from plants 4 weeks after propagation were selected. 
The two apical leaves and the two basal ones were excluded. Miniex- 
plants (squares of -2 x 2 mm) were excised with a razor blade from 
leaves, carefully avoiding the primary and secondary veins, as de- 
scribed by Maurel (1991). Ten miniexplants were placed in each well 
of a multiple-well culture plate containing 5 mL of liquid MS basal 
medium (Sigma) supplemented with 2% sucrose and indoleacetic acid 
(IAA) at the concentration specified below. Explants (0.3 x 0.6-cm rec- 
tangles), with the midrib medially placed, were excised from leaves. 
In each experiment, 10 leaf explants were placed abaxial side down 
in Petri dishes containing 10 mL of MS supplemented with 2% su- 
crose, 0.8% agar, and IAA at the concentrations specified below. Leaf 
(mini)explants and explants with main veins were incubated at 25OC 

For each treatment, 40 leaf miniexplants, corresponding to ~ 8 0  mg 
of tissue fresh weight, were cultured in 0.5 mL of MS liquid medium 
with 296 KBqlmL 3H-IAA (Amersham, Little Chalfont, Buckingham- 
shire, UK; 962 GBqlmmol) and 0.6 pM unlabeled IAA in the presence 
or absence of oligogalacturonides (DP of 9 to 18; 10 pglmL) under 
the light and temperature conditions described above. At the different 
incubation times, 20 pL of culture medium was loaded on a reverse- 
phase HPLC column (model Nova-Pak C18,3.9 x 150 mm; Millipore), 
using methanol:l% acetic acid (30:70 [vlv]) as an eluent at a flow rate 
of 1 mUmin. Unlabeled IAA was used as an interna1 standard and 
eluted at a retention time of 7.0 min. Fifty microliters of each fraction 
(0.5 mL) was counted for radioactivity in a counter (model LS 6000; 
Beckman, Fullerton, MA). Each data point was the mean value of three 
independent experiments. No degradation of IAA in MS medium in 
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the absence of the miniexplants was detected, in agreement with data 
reported by Yamakawa et al. (1979). 

Histological Analysis 

Ten randomly chosen explants per plant type and treatment were fixed 
in FAA (70% ethanol-glacial acetic acid-formalin 18:l:l [vlv]) on days 
5 and 15, dehydrated, embedded in paraffin (melting point 52to54OC; 
Merck, Darmstadt, Germany), and sectioned at 8-wm intervals with 
a microtome (model Topsuper S-150; Pabish, Milano, Italy). Sections 
were stained by using a Topstainer LX-100 (Pabish) with eosin and 
Carazzi haemalum (Carlo Erba, Milano, Italy) as described by Altamura 
et al. (1991b). 

The counts of meristemoids and root primordia were expressed as 
means (+SE) per explant; the statistical analysis was performed with 
Student's t test. 
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