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SUMMARY

Rhizobia, bacterial symbionts of leguminous plants,
produce lipo-chitin oligosaccharide (LCO) signal molecules
that can induce nodule organogenesis in the cortex of
legume roots in a host-specific way. The multi-unsaturated
fatty acyl and the O-acetyl moieties of the LCOs of
Rhizobium leguminosarunbiovar viciae were shown to be
essential for obtaining root nodule induction inVicia sativa
plants. We have used ballistic microtargeting as a novel
approach to deliver derivatives of the nodulation signal
molecules inside the roots of/. sativa. This method offers
the unique ability to introduce soluble compounds into the
tissue at a small area. The mitogenic effect of microtarget-
ing of chitin oligosaccharides, including an analysis of the
influence of the chain length and modifications, was tested
in a qualitative assay. The role of a cell division factor from
the root stele, uridine, has also been examined in these

experiments. The results show thatO-acetylated chitin
oligosaccharides can induce root cortical cell divisions
when delivered by microtargeting. For this effect it is
essential that uridine is co-targeted. The foci of cortical cell
division were often similar to root nodule primordia.
Anatomical examination also revealed chimeric structures
that share characteristics with lateral root and nodule
primordia. Our data favour a model in which the oligosac-
charide moiety of the rhizobial LCO induces cortical cell
division and the fatty acyl moiety plays a role in transport
of the LCO into the plant tissue.

Key words: root nodulation, microtargeting, microprojectile
bombardment, ballisticRhizobium, lipo-chitin oligosaccharide,
uridine, cell division, plants, Nod factor

INTRODUCTION al., 1995a,b; Minami et al., 1996; Relic et al., 1993; Sanjuan
et al., 1992; Schultze et al., 1992; Spaink et al., 1991; Truchet
Bacteria of the genughizobiumare symbionts of legume roots et al., 1991). Rhizobium leguminosarbiovar (bv.)viciae the

in which they induce de novo formation of a new organ, theymbiont ofVicia sativa produces LCO molecules that are
root nodule. On the basis of their anatomical structure, roatomposed of a chitin oligosaccharide backbone consisting of
nodules are classified as determinate or indeterminate nodulése or four B-1,4-linked N-acetyl-glucosamine residues to
The latter are characterized by the presence of a persistenich a C18 fatty-acyl chain, containing one (C18:1) or four
apical meristem (which is lacking in a determinate nodulefC18:4) double bonds, and @aacetyl group are attached. The
contributing to continuous growth of the nodule (Corby, 1981)highly unsaturated C18:4 fatty acyl chain, together wittCGhe
Nodule formation starts with cell divisions in the inner or outeracetyl substituent at the C6 position of the non-reducing
cortical cell layers for indeterminate and determinate noduleserminal sugar, were shown to be essential for mitogenic
respectively (for a recent review see Spaink, 1996). The typactivity (Spaink et al., 1991). Chitin oligosaccharides have
of root nodule that is formed depends on the plant specielseen shown to be unable to elicit nodule primordia when exter-
Indeterminate nodules are mainly formed by legumes ofially added td/. sativaroots.

temperate zones, such ¥dsia and Medicagpwhereas deter- A role of (lipo)chitin oligosaccharides in processes other
minate nodules are found mainly in (sub)tropical legumeshan nodulation is suggested by the following data. (1) The
such ag?haseolus. The initial step of root nodule formation isrhizobial NodC, which is involved in the production of the glu-
elicited by bacterial lipo-chitin oligosaccharides (LCOs). Incosamine backbone of the LCO, has significant similarity with
low concentrations, purified LCOs can induce the formation ofhe animal DG42 protein, which could play a role in early
root nodule primordia, as has been demonstrated for a large setbryogenesis (Bakkers et al., 1997; Bulawa and Wasco,
of leguminous plants (Ardourel et al., 1994; Bauer et al., 1996,991; Semino and Robbins, 1995; Semino et al., 1996). (2) A
Bloemberg et al., 1995; Cardenas et al., 1995; Lopez-Lara earrot mutant arrested at a defined stage during somatic
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embryogenesis can be rescued either by the addition aging amino-HPLC as described previously (Bloemberg et al., 1994),
rhizobial LCOs or by an endochitinase purified from wild-typeand dissolved in water. Uridine used in the high- and low-pressure
embryos (de Jong et al., 1993). (3) Tobacco plants transgergigperiments was obtained from Sigma Chemical Co. and Fluka
for Rhizobium nodfand/ornodB, which are involved in LCO Chemie (Bornem, Belgium), respectively, and dissolved in water.

production, are severely affected in development (Schmidt

Rhicrotargeti d mi
al., 1993). (4) External addition of LCOs or chitin tetraos ICrotargeting and microscopy

timulat Il division in tob rotoplasts (Rohriq et al wo sets of experiments were performed at different laboratories and
stimuiates ce SI0 obacco protoplasts (Rohrig et a ‘under slightly different conditions. For the experiments performed in

1995). (5) The expression of the early nodulin gEN®DA40  7iich, Switzerland, the so-called high-pressure experiments, the
is transiently induced in soybean roots by external treatment gged"ngs were mounted on 2% agarose supplemented with 10 mM
the plants with chitin pentaose (Minami et al., 1996). TheseaC} and exposed for about 2 milliseconds to an aerosol jet by the
data support a hypothesis that (lipo)chitin oligosaccharidesicrotargeting microprojectile accelerator (Sautter et al., 1991). The
have mitogenic activity in various organisms. We were interjet targeted maximally 20 nl of a suspension containinty giddd
ested to know whether an intact LCO molecule is a prerequparticles (mean diameter of 2u8n) prepared according to Sautter et
site to obtaining cortical cell divisions when it is deliveredal- (1991), and in the liquid phase chitin oligosaccharides and/or
inside the plant tissue or whether a substructure is sufficient i{idine, as indicated. Each root, 5-10 mm in length, was microtar-
such a situation. To approach this question, the well-describ@§€d With O?issohgt at .tthe area Oc‘; the J”ts.t'te.merg'”goqodqt ha'{s' using
V. sativaLCO system was chosen as a model and we used tﬁ(#ressure o ar nitrogen and a restriction ofb# diameter.

7 . ; er the microprojectile treatment, the plants were grown aseptically
method of ballistic microtargeting (Sautter et al., 1991) for th%n steel grids in liquid Jensen medium supplemented with 0.1 mg/ml

delivery of signal molecules and analogs into the legume ro@minoethoxyvinylglycine (AVG) (Sigma Chemical Co.) to inhibit
tissue. Ballistic microtargeting as described by Sautter et athylene synthesis (Zaat et al., 1989) at 21°C, for 2 days under dim
(1991) has been shown to be an excellent tool for delivery aight conditions (<0.2.E n2 second?, 3770 True-Lite 20 W TH12
DNA into particular cells of interest because a very small areBuorescence tubes (Duro-Test Int. Inc.)), followed by 5 days each
covering a few cells only is precisely targeted. Penetration ofith a 12-hour light period (RE m2 second?, 3770 True Lite 20

the projectiles can be controlled by varying particle size an¥ TH12 fluorescence tubes). Subsequently, the roots were cleared in
pressure (Bilang et al., 1993; Iglesias et al., 1994). Another bi % sodium hypochlorite (Truchet et al., 1989) and examined under

advantage of this method is that it offers the unique possibi}-e transmission light microscope using Nomarski interfgrence
ity of introducing compounds in solution into the tissue, sinc ontrast. To enhance contrast, methylene blue was used in some

ti f th ticles i t ired i trast t xperiments.
qoa '”9 (.) . (_a Par .'C €S IS not required In contrast 10 conven- g yhq experiments performed in Leiden, The Netherlands, the so-
tional (‘biolistic’) micro-bombardment.

- ' . . .. called low-pressure experiments, several parameters were different
We tested the mitogenic effect of microtargeting of chitinfrom the ones described above. Plants were mounted on Jensen
oligosaccharides, including an analysis of the influence ahedium containing 2% agarose and supplemented with 2% maltose
modifications and chain length of the chitin oligosaccharide, ias osmoticum 2-3 hours prior to microprojectile treatment. The micro-
a qualitative assay. In addition, the effect of uridine was testethrgeting accelerator was a modified version (Gisel et al., 1996).
Uridine, identified as a component of an extract of the root steficrotargeting was performed at 70 bar pressure with a load of 60 nl
of pea plants, is able to enhance hormone-induced cell prolifuspension per shot containing approximatety8 gold particles of
eration of pea root cortex explants at picomolar concentrationg®-2-0Hm average diameter, and dissolved compounds in the liquid

(Smit et al., 1995). Our results show that micro-targ@ed plase as indicated. Thle use of Ior\]/ver prﬁssurle, smaller projectiles and
tylated chitin oligosaccharides are able to induce corticabarger suspension volume per shot In these low-pressure experiments
acety & mpared to the high-pressure experiments, may have resulted in less

cell divisions provided that uridine is present. Hence, the ff"‘tt}ﬂenetration of the projectiles both in terms of depth and number
acyl chain of the rhizobial LCO can be omitted for itsgjlang et al., 1993). LCOs were dissolved in 5 mM cyclodextrin and
mitogenic activity, suggesting that this LCO moiety is requirednixed with gold particles in 5 mM cyclodextrin. Roots 13-15 mm in
for transport of the LCO into or through the root tissue of théength were microtargeted once at approximately 1, 2 or 4 mm from
host plant. the root tip, corresponding to root-hair zones that are just emerging,
growing longer and almost full length, respectively. After the micro-
projectile treatment plants were left on the same osmoticum for
another 3 hours. Subsequently, plants were grown aseptically with the
roots through perforated lids in dark glass bottles containing Jensen
medium at 20°C, 70% relative humidity, under 15,000-20,000 lux
Plant material light (Philips TLF 60W/33 fluorescence tubes) measured at the
Seeds ofV. satival. subsp.nigra (L.) were surface sterilized, ver- surface of the table, for 7 days each with a 16-hour light period.
nalized and germinated on Jensen medium as described earlier (Varowth ofV. sativaplants with the roots in dark glass bottles is equiv-
Brussel et al., 1982). Seedlings 10-14 days post-sterilization wemdent to growth in the light in the presence of AVG (van Workum et

MATERIALS AND METHODS

used. al., 1995). For microscopic analysis, root material was collected and
) chemically fixed overnight using 2.5% glutaraldehyde and 2.0%
Signal molecules formaldehyde in 0.1 M cacodylate buffer (pH 7.2), or 3.7% formalde-

LCOs ofR. leguminosarurbv. viciae strain LPR5045.plJ1089 were hyde, 50% ethanol, 3% propionic acid and 3% glacial acetic acid.
isolated and purified according to Spaink et al. (1991). Purifiedtaining for nucleic acids was performed with Feulgen reagent
compounds were dissolved in 100% dimethyl sulfoxyde (DMSO) ofLibbenga, 1970), and subsequently roots were cleared in methyl
5 mM cyclodextrin (Sigma Chemical Co., St Louis, MO, USA) in benzoate at least 24 hours prior to microscopic examination. Root
water. Chitin fragments composed of 4, 5 or 6 glucosamine residuasggments of interest were embedded in Technovit resin following the
were obtained from Seikagaku (Tokyo, Japan) and dissolved in watenanufacturers’ instructions (Heraeus and Kulzer, 1992), sectioned
Chitin fragments wer@®-acetylated at the C6 position of the non- and observed in a transmission light microscope (Zeiss ICM 405)
reducing terminal sugar using the NodL enzymatic assay, purifiedsing Nomarski interference contrast optics. Micrographs were taken
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on Kodak EPY 64 T film. All microscopic examinations were sativaresult from cell divisions in the inner cortex, which start
conducted blindly. concomitantly in several cells, giving rise to a broad and
elevated zone at the surface of the root. Lateral root primordia
start with cell divisions in the pericycle with a clearly recog-
nizable outgrowth of the central cylinder, resulting in a much
sharper elevated zone (Fig. 1A,C,E). Nodule and lateral root
primordia are found opposite xylem poles, but for nodule

rimordia this is not always the case, as is illustrated in Fig.

A. In the positive control, the condition and responsiveness
of the plants were tested by the addition of low concentrations
of R. leguminosarunbv. viciae LCOs to the growth medium

A icall hesised U ) of V. sativa seedlings. In 93-100% of the plants, nodule
rides were enzymatically synthesised udideguminosarum  imordia developed as described previously (Spaink et al.,
bv.viciaeNodL, which acetylates chitin oligosaccharides at th 991). The average number of nodule primordia per root

non-reducing C6 position (Bloemberg et al., 1994) (results NQ§pyiained was 1.7 and 0.4 usin&1®® and 107 M LCOs
shown). Uridine (10~ M or 5x107 M in the gold particle resplectivevl\;/ (Table 1A). 4 using '

sus_pensfion) Wlas Iinf:ltéded ig part of the experiment?. TWO \ricrotargeting of0-acetylated chitin pentaose together with
series of completely independent experiments were performegyigine yielded induction of cell divisions at a relative high

one at the laboratory in Zdrich and the other in Leiden, usingeqency (Table 1A). Pilot experiments using a concentration
comparable methods but with slightly different parameter§ange from 167 to 103 M indicated that 17-10"5 M was the
adapted to local laboratory facilities. The use of high or low,

RESULTS

To determine whether chitin oligosaccharides have mitogen
activity in plants, chitin tetraose, pentaose and hexaose with
without an O-acetyl group 807 M or 1x107° M in the gold
particle suspension) were introduced into the roof. gfativa
by microprojectile bombardmer®-acetyl chitin oligosaccha-

; : ; . erence between the results obtained with eithef Mor
results will be presented separately in the following sectionsq g5 O-acetylated chitin pentaose. Foci of cortical cell

) ) division observed from the outside were found in up to 25%
High-pressure experiments of the treated roots, and such structures averaged 0.7 per root.
Light microscopy was used to examine treated plants for fodihe cell division foci were observed in different developmen-
of cell divisions with a morphology comparable to root noduletal stages that were similar to stages of normal root nodule
primordia, which can be distinguished from lateral rootprimordia induced by externally added LCOs (Fig. 1). These
primordia (reviewed in Spaink, 1996). Nodule primordid/in cell divisions were present in the region of developing lateral

Fig. 1.Light microscopic examination of treat¥d
sativaroots by the method used in the high-
pressure experiment and comparison of
developmental stages of nodule primordia-like
cortical cell division foci and lateral roots. (A) An
event of cortical cell division after microtargeting
of O-acetylated chitin pentaose in combination
with uridine, which occurred at close proximity to
the site of a developing lateral root. -
(B,D,F) Successive developmental stages of foci of
cortical cell division induced by microtarget@d
acetylated chitin pentaose in combination with
uridine. (C,E) Successive developmental stages of
lateral root.
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roots, as is the case with nodule primordia. In a few cases th&g). These controls showed also that possible wounding by the
were found in very close proximity to developing lateral rootsallistic microtargeting did not alter normal root development.
(Fig. 1A). Histological analysis of several roots revealed thaQuantitatively, the number of cortical cell division centres per
the formation of small foci containing only a few dividing plant induced by microtargeting the combination of approxi-
cortical cells was induced as well. Because not all treated rootsately 1613 moles O-acetylated chitin pentaose and %0
were analysed for these small foci, their number is not includeaholes uridine corresponds to the number of nodule primordia
in Table 1A. Surprisingly, the cortical cell divisions were neverelicited by external addition of 10to 2x10°¢ M LCO.

found at exactly the same position where microtargeting was We also tested whether the size of the oligosaccharide
performed but just acropetal of that position (1-10 mm). Ifbackbone or chemical modifications are important factors for
externally added, the combination @-acetylated chitin elicitation of cortical cell divisions. The results, presented in
pentaose and uridine did not lead to cortical cell divisions, nofable 1A, show thaD-acetylated chitin tetraose and hexaose
did microtargeting of O-acetylated chitin pentaose alone (Tablean also elicit nodule primordia-like cell divisions if co-
1A). Control experiments, using only water or uridine,targeted with uridine. However, the efficiency is 4.5-fold less
excluded non-specific effects of ballistic microtargeting asompared toO-acetylated chitin pentaose, considering the
none of these treatments elicited cortical cell divisions (Tablaumber of cortical cell division foci per root. Microtargeting

Table 1. Development of cortical cell division foci after microtargeting of chitin oligosaccharide derivatives, uridine or
combinations of these, to roots o¥. sativa

(A) High-pressure experiments

Uridine Delivery Number of positive plants Mean number of cortical
Compound (M3 (107 M) method per tested totél cell division foci per plant
O-Acetylated-chitin pentaose (¥0or 1075) - mt 0/30 0
- ext 0/60 0
+ mt 8/30 0.7
+ ext 0/45 0
O-Acetylated-chitin tetraose (19 + mt 5/30 0.16
O-Acetylated-chitin hexaose (10 + mt 5/30 0.16
Chitin pentaose (1@ or 1075) + mt 0/45 0
Chitin tetraose (10) + mt 0/15 0
Chitin hexaose (18) + mt 0/15 0
H20d - mt 0/60 0
mt 0/60 0
LCO® (2x1079) - ext 14/15 1.7
(107 - ext 15/15 0.4

(B) Low-pressure experiments

Mean number of cortical cell division foci per plant

Uridine Delivery Number of positive plants
Compound (M3 (51077 M)a method® per tested totél Class | Class I Class Il
O-Acetylated-chitin pentaosex50~7) - mt 3/58 0.05 0 0
- ext 0/15 0 0 0
+ mt 23/123 0.11 0.07 0.03
+ ext 0/19 0 0 0
O-Acetylated-chitin tetraose ¥3077) + mt 0/12 0 0 0
O-Acetylated-chitin hexaoseX%0~7) + mt 2/22 0.05 0.05 0
Chitin pentaose (6L0°7) + mt 0/12 0 0 0
Chitin tetraose (81077) + mt 1/12 0.08 0 0
Chitin hexaose (6107) + mt 2/18 0 0.05 0.05
H204 - mt 0/16 0 0 0
- ext 0/12 0 0 0
+ mt 0/39 0 0 0
+ ext 0/11 0 0 0
LCOe(107) - mt 6/8 0.13 0.50 0.50
(107 - ext 10/10 0 0.33 3.65

aThe concentration of the compound is given in the suspension of which 20 nl (high-pressure experiments) or 60 nl (low-pressure experiments) was loaded for
microtargeting or which was present in the growth medium when the compound was externally added.

bmt, microtargeting with projectiles; ext, externally added.

®Number of roots with cortical cell division per total number of treated roots.

dwater, either supplemented with uridine or not, was used as negative control.

€LCO, NodRIv-V(C18:4,Ac) (Spaink et al., 1991) dissolved in DMSO in the high-pressure experiments and in cyclodextrin in the low-pressure experiments.
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of chitin oligosaccharides consisting of 4, 5 or 6 residueshowed that the observed effect Qf-acetylated chitin
lacking an O-acetyl group did not induce cortical cell divisionoligosaccharides and uridine was significantly different from

foci observable from the outside (Table 1A). all the negative control$?£0.01). Microtargeting of purified
) LCOs gave rise to cortical cell division in six out of eight
Low-pressure experiments plants. A lower number of cortical cell division centres and

Using a modified microtargeting device that was established ismaller foci belonging to class | were detected when LCOs
the laboratory of Leiden, comparable experiments to the onegere microtargeted rather than added externally (Table 1B).
described above were performed. The major differenc€ortical cell divisions induced either by LCO or Byacetyl
between the two sets of experiments was the use of a twofotthitin pentaose were observed 1-10 mm acropetal from the
lower pressure during bombardment, since high-pressugmsition of targeting.
experiments are technically difficult to perform. Microscopic The importance of th€©-acetyl decoration as well as the
analysis revealed that with the low-pressure technique tHength of the sugar backbone for the induction of cortical cell
microprojectiles were mainly targeted to the epidermis and théivision in V. sativaroots was examined by microtargeting of
first two cortical cell layers (data not shown). Pilot experimentghitin oligosaccharides of different chain length carrying or
indicated that the penetration depth of the particles did not altéacking anO-acetyl group. The negative results with microtar-
the qualitative data obtained withracetylated chitin oligosac- geted chitin pentaose (Table 1B) suggest that the presence of
charides and uridine in the high-pressure experimentan O-acetyl group at the chitin pentamer is a prerequisite to
described above (data not shown). Treateshtivaroots were  obtaining cortical cell division. However, one event of cortical
examined using light microscopy after fixation, histochemicatell division was found with chitin tetraose. Furthermore, this
staining of the nuclei and clearing. Cortical cell divisions aramodification seems not to be required when a chitin hexasac-
indicated by accumulation of nuclei in the cortex, whereasharide is introduced into the root tissue, since microtargeting
young lateral root primordia can be distinguished by a mucbf chitin hexaose gives rise to the same number of cortical cell
more intensely stained and strictly bordered region of accudivisions as O-acetyl chitin hexaose, provided that uridine is
mulating nuclei in the stele (Fig. 2B, lower part). Because ofo-targeted. The lower efficiency oD-acetylated chitin
the staining method used, a resolution much higher than withexaose and tetraose compare@1acetylated chitin pentaose
the results presented in Fig. 1 could be achieved, resulting in induction of cortical cell divisions confirms the results
the discovery that both LCO and chitin oligosaccharideobtained in the high-pressure experiments.
molecules can induce various different patterns of cortical cell . o
division. The observed structures were ordered into threBnatomical examination
classes. Class | represents small foci of cortical cell divisiorGortical cell division foci belonging to class | were small and
class Il represents larger foci, morphologically inbetweersometimes hard to distinguish from very young lateral root
nodule and lateral root primordia (designated as hybrid strugrimordia. To confirm cortical cell divisions in such structures
tures), and class lll represents broad regions of dividing celthey were studied by anatomical analysis after embedding and
in the inner cortex, which closely resemble classical nodulsectioning of the root tissue. Nomarski interference contrast
primordia of the indeterminate type. It is worth noting that themicroscopy of the sections enabled us to observe the Casparian
class Il structures sometimes seem to result from cell divisiorstrip and thereby to identify the endodermis without any addi-
in all cortical cell layers. Representative examples of th&ional staining. It was found that the class | foci were often
different classes are illustrated in Fig. 2. positioned opposite xylem poles, but in contrast to the situation
In the positive control experiment. sativaplants were with lateral roots, not always. Moreover, the results confirm
exposed to LCOs in growth medium. Cortical cell divisionsthat the class | foci showed cell division in the endodermis and
were found in the roots of all treated plants (Table 1B). Prein adjacent cells of the inner cortex (Fig. 3B-D). In addition,
dominantly found were nodule primordia, indicated as class Ilhowever, cell divisions in the pericycle were evident when
(Table 1B), and consistent with earlier observations (Spaink ¢tese structures further developed (Fig. 3D). This may either
al., 1991). Class Il structures were observed as well, though la¢ a similarity with normal nodule primordia, which at later
much lower frequency (Table 1B). stages become invaded by vascular bundles, or alternatively,
Microtargeting was performed at various positions in themany of the observed class | foci are chimerae, inbetween an
root with respect to the distance from the root tip. Since thesadeterminate nodule and a lateral root primordium. To distin-
variations did not result in obvious differences, each data sguish between these possibilities two control experiments were
is not separately presented. From Table 1B it can be concludpdrformed. Firstly, nodule primordia induced by externally
that O-acetyl chitin pentaose can induce cortical cell divisioradded LCOs were microscopically examined. These primordia
when delivered by microtargeting. When uridine was cowere found most frequently opposite xylem poles or, in several
targeted the frequency of cell division foci and positivelycases, opposite phloem poles as shown in Fig. 3A. They clearly
responding plants increased considerably. In most positighowed cortical cell divisions and, in addition, mitogenic
roots one centre of cortical cell division was present with activity in the pericycle (Fig. 3A). Secondly, to obtain a
maximum of up to three belonging either to the same or tdetailed anatomical picture of lateral root primordia under our
different classes. The structures belonging to class | were fouatperimental conditiond/. sativaroots were examined micro-
most frequently; those classified as class Il or 11l were foundcopically after microtargeting with a control solution that did
in lower numbers (Table 1B). No cortical cell divisions werenot contain chitin oligosaccharides or LCOs. The results show
observed when O-acetyl chitin pentaose and uridine, separatéhat in lateral root primordia cortical cell divisions were never
or in combinations, were added externally to the plants (Tablebserved and that all cell divisions occurred exclusively inside
1B). Statistical analysis using a non-parametric Wilcoxon teghe endodermis (Fig. 3E). Sections of further developed lateral
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Fig. 2. Light microscopic
examination oW. sativaroots

(after fixation, staining and
clearance) treated by low-pressure
microtargeting ofD-acetylated
chitin pentaose in combination
with uridine. Representative
examples of cortical cell divisions

belonging to different classes are s
shown. (A) Class |, small foci of el
cortical cell division. (B) Top &
part: class I, hybrid structure. { :

Bottom part: lateral root
primordium, shown for
comparison. (C) Class Ill, broad
region of dividing cells in the
inner cortex. Bars, 200m.

ikdgee-..s5

roots clearly showed that the growing lateral root breakbexaose and tetraose showed mitogenic activity even when
through the endodermis, which does not participate in itkacking the O-acetyl moiety, but their efficiency was much
growth (Fig. 3F). These observations led us to conclude th&dwer than that oD-acetylated chitin pentaose (Table 1). The
mitogenic activity in the inner cortex, including the endoder-differences in mitogenic activity of the various chitin oligosac-
mis, accompanied by divisions in the pericycle caused by theharides may reflect different degradation rates by plant chiti-
microtargeting ofD-acetylated chitin oligosaccharides, is in allnases, as has been suggested previously (Staehelin et al.,
respects different from the formation of lateral root primordial994b).
Most likely, the induced cortical cell division foci are com- The cell divisions induced by chitin oligosaccharides were
parable to normal nodule primordia. observed in the inner cortical cell layers even when the pro-
jectiles were mainly targeted to the epidermis and the first
two cell layers of the cortex. Furthermore, we have shown
DISCUSSION that these cortical cell division events were always found just
acropetal to the position that was microtargeted. These obser-
Chitin oligosaccharides have been shown to be elicitors ofations suggest that chitin oligosaccharides act indirectly on
various plant responses suggested to be related to mechanighnsir target cellvia a secondary signal transduction pathway,
for defence against pathogens (Aldington and Fry, 1993; Reamhich is activated as soon as the oligosaccharide enters the
and West, 1992; Shibuya et al., 1993; Staehelin et al., 1994apot tissue. The results of Heidstra et al. (1994), who report
However, here we show for the first time that O-acetylatedn accumulation of LCOs in the epidermis, may also suggest
chitin oligosaccharides are able to trigger cell division in thehat LCOs act indirectly on the cells of the inner cortex. Inner
root cortex of V. sativavhen delivered by ballistic microtar- cortical cell division may result from a local alteration in the
geting. These results were repeatedly obtained in two differeauxin/cytokinin hormone balance, for instance by influencing
laboratories using slightly different conditions. The novelhormone transport across the endodermis, giving rise to local
approach of microtargeting devised by Sautter et al. (199X1ell divisions. Support for this hypothesis comes from
enabled us to introduce compounds in solution into plant tisswdifferent investigations. Hirsch et al. (1989) showed that
at a very localized position. A modified version of microtar-auxin transport inhibitors induce pseudo-nodules in alfalfa.
geting was used in the so-called low-pressure as comparedEaternally added cytokinin appeared to induce foci of inner
the high-pressure experiments, which led to a change of sevecairtical cell divisions comparable to LCO-induced nodule
technical parameters. A combination of the parameters usedpnimordia (Bauer et al., 1996). LCOs mimic auxin action in
the high-pressure experiments might have led to a highéhat they stimulate cell division and enhance the expression
frequency of clearly detectable foci of cortical cell division thatof the auxin-responsive promoter aXRohrig et al., 1995).
look like large nodule primordia, as compared to the low+urthermore, most recently it has been shown, using
pressure experiments which predominantly led to thepotinoculation and microtargeting bombardment techniques,
formation of small foci of cortical cell division (indicated as that LCOs and €acetyl chitin oligosaccharides can induce
class | in Table 1). auxin transport inhibition locally in the pericycle exactly
The presence of aD-acetyl substituent at the C6 position opposite the site of application in transgenic white clover
of the non-reducing terminal sugar of microtargeted chitirplants. This phenomenon is accompanied by a local increase
pentaose is a prerequisite for the induction of cortical celbf auxin concentration immediately acropetal of that position
divisions in V. sativaioots (Table 1), consistent with the resultsin the pericycle and in the inner cortical cells (Mathesius et
of earlier studies on the specific requirements of LCOs foal., 1998). Interestingly, the location where the cortical cell
mitogenic activity (Spaink et al., 1991). In contrast, chitindivisions were observed corresponds with this region of
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Fig. 3.Root cross sections of
V. sativashowing cell
divisions in nodule and lateral
root primordia and in cortical
cell division foci belonging to
class I. (A) Nodule
primordium induced by
externally added LCO dR.
leguminosaruntov. viciae

cell divisions in the cortex
and inside the endodermis.
This is an example of a
nodule primordium which is
not present opposite a xylem
pole, as is mostly the case.
(B-D) Class I cell division

foci induced by microtargeted
O-acetyl chitin pentaose in
combination with uridine in
three successive stages of
development. Besides the
apparent cell divisions in the
cortex, cell divisions in the
endodermis are present. This
is very clear in D, where the
distance between two
subsequent Casparian strips is &
about two cell lengths. '
(E) Very young lateral root
primordium. Cell divisions
occur exclusively inside the
endodermis. (F) Older lateral
root. The lateral root breaks
through the endodermis.
Sections D-F were made after
the nuclei were stained with
Feulgen reagents. White
spots, some cells generated by
recent cell divisions; +,
identified endodermis cells;
arrows, examples of
Casparian strip in radial cell
walls of the endodermis;
arrowheads, approximate
outer border of the nodule
primordium or lateral root.

enhanced auxin levels. The results suggest that the causepafadoxical. The most likely explanation is that at the site of
the local activation of the cell cycle in nodule primordiamicrotargeting the concentration of uridine is rate-limiting. We
formation is a higher auxin/cytokinin ratio induced by LCOsperformed our microtargeting in young parts of the root in
or chitin oligosaccharides. which no lateral root development was observed. Such young
The results (Table 1) show that in our test system uridine i®ots might have very low concentrations of free uridine in this
required for induction of cortical cell division. This supports aparticular part of the root. Since it is impossible to calibrate the
role of uridine in nodulation, as has been indicated previouslyolume that is actually transported by the microprojectiles into
by the results of Smit et al. (1995). Uridine enhances hormonéhe plant cells, it is difficult to test the required absolute doses

induced proliferation of root cortical cells, and thus mayof uridine concentrations while maintaining a consté@nt

amplify the response to chitin oligosaccharides. Uridine iscetyl chitin pentaose concentration by microtargeting. We
expected to be a normal component of the plant root, althougihowed that extremely low doses of added uridine, which can

its intracellular concentrations has never been determinelle roughly estimated to be less than&@oles per shot, are
Therefore, the requirement of uridine in our system seemeffective in our system.
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The question remains as to whether the effects of chitithe molecule inside the plant tissue, and we are encouraged to
oligosaccharides and uridine that we observed are identical sgarch for a proposed receptor for chitin oligosaccharides. A
the early stages in the processRifizobium-induced nodule transport role of the LCO lipid is supported by the data recently
formation in leguminous plants. The cortical cell divisionsdescribed by Philip-Hollingsworth et al. (1997). Our novel
were always found in the same region, where nodule primordi@pproach, of using ballistic microtargeting for delivery of
are normally present, namely in the regions of developingignal molecules, could be of great importance for further elu-
lateral roots. Like nodule primordia they were mostly, but notidation of the mechanism of nodule meristem formation.
always, present opposite xylem poles. However, the numbers
anatomically analysed were too low for us to perform a reliable H.R.M.S. and N.E.M.Q. were supported by a Pionier grant from
statistical analysis of this positioning. On the anatomical levefhe Netherlands Organisation for Scientific research (NWO) awarded

cortical cell division foci belonging to class | induced by!© H:P-S. G.B. was supported by the Netherlands Foundation of
: : _ o ; ; Chemical research (SON) with financial aid of the NWO. We are
microtargeting ofO-acetylated chitin pentaose are identical to rateful to Teun Tak who supplied us withsativaseedlings and we
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