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PAPA mimics Nod factor responses 

Summary y 

Rhizobium-secrettdRhizobium-secrettd nodulation factors are lipo-chitooligosaccharides that initiate nodule 

formationn on the host legume root. Recently, the signalling lipid phosphatide acid (PA) was 

shownn to be rapidly synthesised in Vicia sativa roots in response to Nod factor application. 

PAA can be synthesized via two signalling routes, i.e. via the phospholipase D (PLD) and the 

phospholipasee C (PLC) signalling pathways. When the formation of PA by either pathway 

wass inhibited, root hair deformation was blocked. To further explore PA's role in Nod factor 

signalling,, we investigated whether this phospholipid can activate ENOD12 expression using 

RT-PCR.. Blocking PLC-generated PA by neomycin treatment inhibited ENOD12 expression. 

Primaryy butanol, a potential blocker of PLD-derived PA, also inhibited the expression of this 

gene.. Exogenously added synthetic PA with relatively short fatty acid chains activated 

ENOD12ENOD12 expression. However, it did not elicit root hair deformation. Lyso-PA (L-PA), a PA 

moleculee with only one fatty acid, did activate root hair deformation. After the addition of 
32P-labelledd L-PA to V. sativa seedlings [32P]-PA was extracted, showing that L-PA is 

convertedd into PA in the plant. These results underline the importance of PA in Nod factor 

signalling. . 

Introductio n n 

Thee interaction between leguminous plants and Rhizobium bacteria results in the formation of 

roott nodules, in which a symbiotic relationship between the two organisms is established. 

Thee bacteria are able to fix atmospheric nitrogen into ammonia compounds, promoting plant 

growthh independent of soil nitrogen. During early stages of the Rhizobium-legame 

interaction,, specific lipo-chitooligosaccharides are produced by the bacteria. These molecules 

aree referred to as nodulation (Nod) factors, since they are essential for initiating early plant 

responsess leading to nodule formation (reviewed in Geurts and Bisseling, 2002). 

Thee mechanism by which leguminous plants perceive Nod factor signals is not well 

known.. Nod factors are able to induce various responses in root epidermal cells. The primary 

responsee is an influx of Ca + that opens transmembrane anion channels (Felle et al, 1998; 

1999),, leading to a depolarisation of the plasma membrane (Ehrhardt et al., 1992; Felle et al, 

1995;; Kurkdjian, 1995) and alkalinisation of the cytosol (Felle et al, 1996). About 10 min 

afterr Nod factor application, cytosolic Ca2+ spiking starts (Ehrhardt et al, 1996; Wais et al, 

2002;; Walker et al, 2000). Although these responses are specifically activated by Nod 

factors,, it is not clear whether they are part of the signal transduction pathway that leads to 

nodulee development. Recently, the phospholipid phosphatidic acid (PA) was suggested to be 

aa second messenger in early nodulation (Den Hartog et al, 2001). Its synthesis in Vicia sativa 
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seedlingg roots is stimulated by Nod factor addition via two signalling pathways: the 

phospholipasee C (PLC) and the phospholipase D (PLD) pathways. PLC hydrolyses 

phosphatidylinositoll  4,5-bisphosphate (PIP2) into inositol 1,4,5-trisphosphate (IP3) and 

diacylglyceroll  (DAG). The latter is rapidly phosphorylated to PA by DAG kinase (DGK; Den 

Hartogg et al, 2001; Munnik et al, 1998; Munnik, 2001). PLD hydrolyses a structural lipid 

suchh as phosphatidylcholine, resulting in the direct formation of PA. Blocking the synthesis 

off  PA by either pathway caused the inhibition of root hair deformation, indicating that both 

PAss are important for down-stream Nod factor responses (Den Hartog et al, 2001). 

Too further explore the role of PA in Nod factor signalling, we investigated whether 

thiss phospholipid is instrumental in activating other symbiosis-specific plant responses. A 

numberr of plant genes have been identified whose transcription can be specifically elicited in 

roott tissues in response to Nod factor application (reviewed in Heidstra and Bisseling, 1996). 

Onee of the best studied is ENOD12, which has been characterised in pea (Scheres et al, 

1990),, vetch (Vijn et al, 1995b), alfalfa (Allison et al, 1993), Medicago truncatula (Pichon 

etet al, 1992) and Vicia faba (Fruhling et al, 2000). It encodes a repetitive proline-rich 

protein,, which may function as a cell wall component modifying the infectibility of the root 

hairss (Pichon et al, 1992). Using transgenic Medicago truncatula plants expressing a fusion 

betweenn the MtENOD12 promotor and the reporter gene ^-glucuronidase (GUS), ENOD12 

transcriptionn was shown to be elicited in epidermal root cells within 1 h of Nod factor 

treatmentt (Journet et al, 1994; Pichon et al, 1992; Pingret et al, 1998). In addition, reverse 

transcriptasee PCR (RT-PCR) experiments have shown Nod factor-dependent expression of 

ENOD12ENOD12 in pea (Horvath et al, 1993), vetch (Heidstra et al, 1997; Vijn et al, 1995a) and 

alfalfaa (Bauer et al, 1994). In this study, we show that PA is involved in the activation of 

ENOD12ENOD12 expression in V. sativa roots, providing further evidence that PA is an important 

secondd messenger in Nod factor signalling. 

Results s 

NodNod factor elicits ENOD12 expression in V. sativa roots 

Too investigate the expression of ENOD12 in V. sativa seedling roots, an RT-PCR procedure 

wass used (Heidstra et al, 1997; Vijn et al, 1995a). V. sativa seedlings were treated for 

differentt periods of time with 10"9 M Nod factor after which susceptible zones of 10 roots 

weree collected. Total RNA was isolated and for each time point the amount of ENOD12 

mRNAA was quantified. As shown in Figure 1, ENOD12 expression was detectable after 1 h 

andd increased after longer treatment. As an internal control ubiquitin mRNA was amplified 

(Horvathh et al, 1993). The ubiquitin gene consists of five multiple units (Watts and Moore, 
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1989)) of which three were clearly visible after 18 cycles of amplification (Figure 1; Heidstra 

etet al, 1997; Vijn et al, 1995a). 

Ohh 1h 2h 3h 5h 8h 

ENOD12 ENOD12 

Ubiquitin Ubiquitin 

Figuree 1. RT-PCR analysis of ENOD12 expression in V. saliva roots. 

Seedlingss were treated with 10'9 M Nod factor and susceptible zones were collected after 0, 1, 2, 3, 5 and 8 h. 

Totall  RNA was isolated for RT-PCR experiments. As an internal control, ubiquitin mRNA was amplified. 
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Figuree 2. Primary butanol inhibits ENOD12 expression in V. sativa roots. 

ENOD12ENOD12 expression was induced by adding 1O"9 M Nod factor in the presence or absence of butanol isomers 

(0.5%).. After 5 h, total RNA was isolated from the susceptible zones of the roots and used for RT-PCR 

experiments.. Ubiquitin mRNA was amplified as an internal control. Levels of ENOD12 and ubiquitin 

expressionn were quantified by phosphoimaging. ENOD12 expression was normalised against ubiquitin 

expressionn and plotted relative to the untreated control. Error bars indicate standard deviations (n=A). 
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Figuree 3. Neomycin inhibits ENOD12 expression in V. sativa roots. 

Seedlingss were treated with 10"9 M Nod factor in the presence or absence of neomycin (100 or 200 uM) for 5 h. 

Subsequently,, the susceptible zones of the roots were harvested and total RNA was isolated for RT-PCR 

experiments.. Ubiquitin mRNA was amplified as an internal control. Levels of ENOD12 and ubiquitin 

expressionn were quantified by phosphoimaging. Expression of ENOD12 was normalised against ubiquitin 

expressionn and plotted as relative expression against the untreated control. Error bars indicate standard 

deviationss (n=3). 

EffectEffect ofbutanols on ENOD12 expression in V. sativa roots 

PLDD generates PA (PAPLD) via a unique transphosphatidylation mechanism in which the 

phosphatidylgroupp of its substrate is transferred to water, resulting in the formation of PA. 

Primaryy alcohols can inhibit the formation of PAPLD by competing with water for the 

phosphatidyll  group, whereas tertiary alcohols can not, because they are not 

transphosphatidylationn substrates (Den Hartog et al., 2001; Gilbert et al, 1998; Jacob et al., 

1999;; Munnik et al, 1995; Lee et al., 2001; Ritchie and Gilroy, 1998). In order to investigate 

whetherr PAPLD is important for ENOD12 expression, the effects of primary («-) and tertiary 

(tert-)(tert-) butanol were tested. Butanols (0.5%) were added together with Nod factor and the 

rootss were treated for 5 h. Susceptible root zones were then collected and total RNA isolated 

forr RT-PCR analysis. As shown in Figure 2, «-butanol clearly inhibited ENOD12 expression 

(31%% , in contrast to fert-butanol (4.9% . Treating the roots with just n- or tert-

butanoll  had no effect on the expression of ENOD12, nor was the expression of the control 
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genee ubiquitin affected by the butanols. These results indicate that PAPLD is involved in the 

signallingg pathway leading to ENOD12 expression. 

NeomycinNeomycin inhibits ENOD12 expression in V. sativa roots 

Neomycinn inhibits the formation of PLC-generated PA (PAPLc) by chelating PIP2, PLC's 

substrate.. Consequently, the formation of DAG and its subsequent phosphorylation to PA is 

inhibitedd (Den Hartog et al, 2001; De Jong et al, 2003). To investigate whether PAPLC is 

importantt for ENOD12 expression, the effect of neomycin was studied. As shown in Figure 

3,, 100 uM neomycin reduced the Nod factor-induced ENOD12 expression by approximately 

30%% ) whereas 200 uM inhibited approximately 55% . Neomycin alone had no effect 

onn ENOD12 or ubiquitin expression. These results imply that PA generated via the PLC 

pathwayy is also important for the induction ofENOD12 expression. 

PCC PA 

1000 0 50 100 200 500 jyM 

* »» H l *  * ENOD12 

Figuree 4. PA elicits ENOD12 expression in V. sativa roots. 

V.V. sativa seedlings were treated with different concentrations of PA. As a control, 100 uM PC was used. After 5 

hh of treatment, the susceptible root zones were harvested and total RNA isolated for RT-PCR experiments. 

UbiquitinUbiquitin mRNA was amplified as an internal control. 

CanCan PA mimic the Nod factor responses? 

Thee experiments with butanol and neomycin suggest that PA is upstream of ENOD12 

expressionn and root hair deformation (Den Hartog et al, 2001). The next step was to 

investigatee whether ENOD12 expression and root hair deformation could be elicited by 

exogenouss PA. There are, however, limitations to administering PA, since it is relatively 

insolublee in water. This is caused by the long fatty acid chains which give the lipid its 

hydrophobicc character. Nonetheless, there are synthetic analogues with relatively short fatty 

acidd chains that are more water-soluble. Therefore, to study the effect of PA on ENOD12 
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expressionn and root hair deformation, a synthetic short-chain PA was used. As a control, 

seedlingss were treated with short-chain phosphatidylcholine (PC), a synthetic analogue of 

naturall  PC that is a common phospholipid in plant membranes. 

Figuree 5. Effect of exogenously added phospholipids on root hair deformation. 

V.V. sativa seedlings were treated with 100 uM PC (a), 100 uM PA (b), 50 uM L-PC (c), 50 uM L-PA (d), growth 

mediumm (e) or 10"' M Nod factor (f). Root hair deformation was microscopically examined after 4 h of 

treatment. . 

Accordingly,, seedlings were treated with different concentrations of short-chain PA 

forr 5 h. Susceptible root zones were then harvested and total RNA was isolated for RT-PCR 

analysis.. As shown in Figure 4, ENOD12 expression was readily elicited by the exogenously 

appliedd short-chain PA. Maximal activation was reached at 100 uM. The control lipid PC did 

nott elicit ENOD12 expression. These results demonstrate that PA can mimic Nod factor in 

inducingg ENOD12 expression. In contrast, no root hair deformation was induced by PA or PC 

(Figuree 5a,b). However, the addition of another form of 'soluble' PA, lyso-PA (L-PA), did 

resultt in root hair deformation (Figure 5d). L-PA is more water-soluble than PA, since it 

lackss one of the fatty acids. The finding that L-PA can trigger root hair deformation could 

meann that L-PA itself elicits this response or that L-PA is taken up and converted to PA via 

ann acylation step. Since no changes in the level of L-PA were found after Nod factor 
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treatmentt (Den Hartog et ai, 2001), we tested the hypothesis that L-PA is converted to PA. 

V.V. sativa seedlings were incubated with 32P-labelled L-PA for different periods of time. Root 

lipidss were subsequently extracted, separated by TLC and the radioactive lipids visualised by 

autoradiography.. Indeed, as shown in Figure 6, radioactive L-PA was taken up by the 

seedlingss and within 30 min converted to PA. Other radioactive lipids were also synthesised, 

indicatingg that radioactive L-PA is metabolised in the roots. 

Ék Ék 
mm w PG 

 PC 

 PI 
- *  PA 

-- t • f • ! • -* 

• • • • • •• ™ 
0.255 0.5 1 2 4 20 

incubationn time (h) 

Figuree 6. Exogenously applied 32P-labelled L-PA is taken up and metabolised into PA in V. sativa roots. 

Seedlingss were treated with 32P-labelled L-PA for different periods of time. Lipids were extracted from the 

excisedd root and separated by thin layer chromatography. Radioactive lipids were detected by autoradiography. 

Discussion n 

PAA is emerging as an important signalling molecule in animals and plants (Munnik, 2001; 

Munnikk and Musgrave, 2001). Its level increases within minutes in response to a variety of 

stresss treatments including ethylene, pathogen elicitors, wounding, osmotic stress, abscisic 

acidd and oxidative stress (Meijer and Munnik, 2003). Recently, PA was implicated in Nod 

factorr signalling, as supported by several lines of evidence (Den Hartog et ah, 2001, 2003). 

First,, Nod factor triggers PA formation in V. sativa roots within minutes of application. This 

PAA is synthesised via two signalling pathways, i.e. PLD and PLC, the latter in combination 

withh DGK (Den Hartog et ai, 2001, 2003). Second, the formation of PA can be inhibited by 
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neomycinn (Den Hartog et al, 2001; De Jong et al, 2003) and this also inhibited root hair 

deformationn and ENOD12 expression. Similar results were obtained with M. truncatula 

wheree ENOD12 expression was inhibited by neomycin and the PLC-inhibitor U73122 

(Pingrett et al, 1998). Third, both responses were also impaired when PLD was inhibited 

usingg a primary butanol. Fourth, mastoparan, a potent activator of PLC and PLD activity, 

inducedd PA formation and triggered root hair deformation (Den Hartog et al, 2001) and 

ENOD12ENOD12 expression (Pingret et al, 1998). Here, further evidence was provided by showing 

thatt exogenously applied PA or L-PA, which is at least partially converted to PA, mimicked 

somee of the Nod factor responses in V. sativa roots. 

Whilee synthetic short-chain PA activated ENOD12 expression, it was not sufficient to 

elicitt root hair deformation. Since root hair deformation is more complex than the expression 

off  a single gene, this is not unexpected. Root hairs may require more signals than PA alone to 

deform.. For example, changes in cytosolic Ca2+ are thought to be important for deformation 

(Fellee et al, 1999). Such changes may be activated via a PA-independent pathway, for 

examplee via PLC-generated IP3. The length of PA's fatty acids or their composition could 

alsoo be important for activating down-stream responses. Synthetic short-chain PA may not 

mimicc the natural endogenous PA. In support, exogenously applied L-PA was able to trigger 

roott hair deformation. The addition of L-PA outside the roots is an indirect method to 

increasee the level of PA inside, for we showed that 32P-Iabelled L-PA is metabolised into 

radioactivee PA. This PA carries fatty acids that resemble the natural composition, in contrast 

too the synthetic short-chain (C8:0) PA. Synthetic PA with relatively short fatty acids may also 

adverselyy influence the physical properties of the membrane or be incorporated in membranes 

wheree a response is not elicited. When a root is stimulated with Nod factor, PA is likely to be 

formedd in different membranes in the cell, since PLC and PLD are probably activated at 

differentt locations. These PA species may induce locally different downstream effects which 

aree not easy to mimic by adding synthetic short-chain PA. If metabolic products of PA are 

cruciall  for down-stream responses, the use synthetic short-chain PA could be detrimental, for 

PAA may not be metabolised by the relevant enzymes. A phosphorylated product of PA in 

plantss is diacylglycerol pyrophosphate (DGPP). It has been detected in response to various 

physiologicall  stresses, including Nod factor treatment (Meijer et al, 2001; Munnik et al, 

1996;; 2000; Hartog et al, 2001; Pical et al, 1999; Van der Luit et al, 2000). DGPP is 

believedd to attenuate PA levels, but since it is only synthesised under conditions that evoke 

signalling,, DGPP could be a signal in its own right. At this moment, it is not known whether 

DGPPP plays a role in the activation of down-stream Nod factor responses. 

Howw PA triggers downstream responses is still unknown. Several proteins that are 

activatedd by PA or are able to bind it have been identified (Munnik, 2001; Testerink and 

Munnik,, 2003). Increasing the local concentration of PA could generate a docking site for 

targett proteins, recruiting them from the cytosol to the membrane. Concentrating such 
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proteinss on the membrane increases the chances of protein-protein interactions, indirectly 

regulatingg enzyme activity (Laxalt and Munnik, 2002). In addition, PA binding could induce 

aa conformational change in the protein causing it to become active or inactive. In soybean, 

PAA has been shown to activate a MAPK cascade that is involved in wound signalling (Lee et 

al.,al., 2001). In carrot, a Ca2+-dependent protein kinase (CDPK) was isolated that is activated 

byy PA in vitro (Farmer and Choi, 1999). PA could also affect ion channel activity. For 

examplee in guard cell protoplasts, PA inhibited the activity of an inward-rectifying K+-

channell  (Jacob et al, 1999). Apart from a function for PA, a role for PLD itself has been 

proposed.. Recently, an Arabidopsis microtubule-associated protein was identified as a 

membrane-localisedd PLD (Gardiner et al, 2001). This indicates that PLD can hold the 

microtubuless at the plasma membrane and can function as a general membrane-microtubule 

linkerr (Munnik and Musgrave, 2001). This model is supported by the work of Dhonukshe et 

al.al. (2003), where they show that the cytoskeleton of tobacco cells is released from the plasma 

membranee when cells are treated with a primary butanol, but not with secondary or tertiary 

butanols.. Other PLD-activators (i.e. osmotic stress, xylanase) were also shown to induce 

microtubularr reorganisation. To investigate whether PLD has such a function in the 

establishmentt of the Rhizobium-legame symbiosis is exciting, since the cytoskeleton has been 

reportedd to reorganise after Nod factor application (Timmers et al, 1999). 

Experimentall  procedures 

PlantPlant material 

ViciaVicia sativa spp. nigra seeds were germinated and grown in modified Fahreus slides as 

describedd by Den Hartog et al. (2001). The growth medium was composed of 2.72 mM 

CaCl2,, 1.95 mM MgS04, 2.20 mM KH2P04, 1.26 mM Na2HP04 and 0.08 mM ferric citrate. 

Eachh slide contained 1 ml medium and five seedlings grown at 22*  C in a light/dark regime 

(166 h/8 h) with an average photon flux of 42 uE m"2 sec"1 provided by Philips TL 65 W/33 

fluorescentfluorescent tubes (Eindhoven, The Netherlands). After 2-3 days the seedlings were used for 

experiments. . 

PlantPlant treatments 

Freshh plant growth medium containing NodRlv factor, PA (C8:0, dioctanoyl), PC (C10:0, 

didecatonoyl),, L-PA (CI8:1, oleoyl) or L-PC (CI8:1, oleoyl) was added and the plants were 

incubatedd at 22°C for the times indicated. Neomycin and butanol were added together with 

Nodd factor. Lipids, dissolved in chloroform, were dried under nitrogen gas and then dispersed 
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inn growth medium using a bath sonicator, to a concentration of 1.0 mM. This stock solution 

wass diluted with fresh growth medium to produce the final concentrations. 

Roott hair deformation was microscopically determined 4 h after treatment. Per 

incubation,, three Fahreus slides, each containing 5 seedlings, were used (Den Hartog et al, 

2001). . 

ReverseReverse transcription PCR analysis 

Susceptiblee root zones (Den Hartog et al, 2001; Heidstra et al, 1994) of 10 seedlings were 

collectedd in liquid nitrogen and total RNA was isolated using the Trizol-LS reagent method 

(Gibcoo BRL, Breda, The Netherlands). RNA was quantified using spectrophotometry and 

agarosee gel electroforesis. cDNA was made from total RNA (1 ug) using SUPERSCRIPT II 

(Gibcoo BRL, Breda, The Netherlands) and an oligo-dT primer (5'-ttggatcctctaga(t)i5-3'), 

accordingg to the manufacturer's manual. Subsequently, 20 ng of cDNA was used for PCR. 

Thee ENOD12 cDNA was amplified during 22 cycles (1 min 95°C, 1 min 48°C, 1 min 72°C) 

usingg a specific forward primer (ENOD12-F: 5'-cttgtccacactagttttct-3') and an oligo-dT 

primer.. Ubiquitin cDNA was amplified during 18 cycles (1 min 95 "C, 1 min 48 °C, 1 min 

72°C)) using a specific forward primer (VsUBI3-F: 5'-atgcagatc/ttttgtgaagac-3') and an oligo-

dTT primer. The PCR reaction was performed in the presence of 10 mM Tris-HCl (pH 8.0), 50 

mMM KC1, 2 mM MgCl2 and 0.1 unit Taq DNA polymerase (MBI Fermentas, St. Leon-Rot, 

Germany).. All primer concentrations were 1.6 uM. The amplification rate was in a linear 

rangee for all PCR products which were separated by electrophoresis in a 1.5% (w/v) agarose 

gell  and transferred to Hybond-XL nylon membrane (Amersham, Roosendaal, The 

Netherlands).. ENOD12 or ubiquitin fragments were detected by hybridisation with 32P-

labelledd cDNA probes from Pisum sativum which are highly identical to the corresponding 

sequencess from V. sativa (Scheres et al, 1990; Vijn et al, 1995b). Radioactivity was 

visualisedd by autoradiography (X-Omat S, Kodak, Amsterdam, The Netherlands) and 

quantifiedd by phosphoimaging (Storm, Molecular Dynamics, Sunnydale, CA, USA). 

Inn control experiments, total RNA was treated as above but without SUPERSCRIPT 

II .. In all cases, these control reactions gave no signal after hybridization (data not shown). All 

RT-PCRR experiments were performed at least twice, using independent RNA preparations. 

PreparationPreparation of32P-labelledL-PA 

Cellss of the green alga Chlamydomonas moewusii were pre-labelled with [32P]-

orthophosphatee and treated with 300 mM KC1 to trigger L-PA formation (Meijer et al, 

2001).. Lipids were then extracted, separated by 2D-TLC and [32P]-L-PA was isolated directly 

fromfrom the TLC plate (Arisz et al, 2000). 
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Materials Materials 

Thee water-soluble, short-chain PA (1,2-dioctanoyl-sn-glycerol 3-phosphate) and PC (1,2-

didecatonoyl-sn-glycero-3-phosphocholine)) were purchased from Sigma (St. Louis, MO, 

USA).. L-PA (l-oleoyl-2-hydroxy-sn-glycero-3-phosphate) and L-PC (l-oleoyl-2-hydroxy-

sn-glycero-3-phosphocholine)) were obtained from Avanti polar lipids (Alabaster, AL, USA). 

Lipidss were dissolved in chloroform and stored at -20°C under nitrogen gas. Neomycin 

sulphatee was obtained from Sigma (St. Louis, MO, USA). Other reagents were from Merck 

(Darmstadt,, Germany). NodRlv factors were purified as described earlier (Den Hartog et al, 

2001). . 
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