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Abstract The role of the host in the nitrogen nutrition of Striga hermonthica (Del.) Benth. (Scrophulariaceae) parasitic on Sorghum bicolor cv. SH4 Arval has been investigated using 15N-nitrate as the tracer. It is shown that, when nitrate is absorbed only by the roots of the host plant, a rapid transfer of nitrogen to the parasite can be detected. The xylem sap of S. hermonthica contained approximately equal amounts of nitrate and amino acids, mostly glutamine and asparagine. Infection altered the free amino acid pro®le of the host tissues, leading notably to a large increase in asparagine and a decrease in glutamine. The haustoria of S. hermonthica, although rich in nitrate, showed a low concentration of free amino acids, particularly lacking in asparagine and glutamine. The roots of S. hermonthica, in contrast, were rich in both asparagine and glutamine while, in the shoots, asparagine constituted 80% of the total FAA pool. Asparagine was also found to be the primary 15N-enriched amino acid in the shoots of S. hermonthica while, interestingly, it was glutamate that was most strongly enriched in the roots. It is concluded that nitrogen nutrition in S. hermonthica 4



is based on a supply of both nitrate and amino acids from the host. This implies a non-speci®c transfer in the transpiration stream. Nitrate reduction probably occurs mainly in the leaves of the parasite. Assimilation also occurs in S. hermonthica and excess nitrogen is stored as the non-toxic nitrogenrich compound, asparagine. This speci®c trait of nitrogen metabolism of the parasite is discussed in relation to the effect of nitrogen fertilization on reducing infestation. Key words: Asparagine, nitrate, nitrogen nutrition, parasitic weeds, sorghum, Striga.



Introduction Striga hermonthica (Del.) Benth. (Scrophulariaceae), the giant witchweed, is a chlorophyllous root parasite of tropical Poaceae, including maize, sorghum, sugar cane, and millet. Infection results in a dramatic reduction of overall host biomass and a massive loss of grain yield (Graves et al., 1989; Thalouarn and Fer, 1993). After attachment to the host root and connection with the host xylem vessels via the primary haustorium (DoÈrr, 1997), the



To whom correspondence should be addressed. Fax: +33 2 51 12 56 12. E-mail: [email protected] Present address: UniteÂ de Nutrition AzoteÂe des Plantes, INRA de Versailles, Route de St Cyr, 78026 Versailles Cedex, France. Abbreviations: AA(s): amino acid(s); AS, asparagine synthetase; GC-MS, gas chromatography±mass spectrometry; DM, dry matter; FAA(s), free amino acid(s); FW, fresh weight; GABA, g-butyric acid; HPLC, high performance liquid chromatography; IRMS, isotopic ratio mass spectrometry; NR, nitrate reductase; WAE, weeks after emergence; WAS, weeks after sowing. 5
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young parasite grows under the soil surface for about 4±6 weeks, developing a short stem with achlorophyllous scale-like leaves. Following emergence from the soil, the parasite develops numerous thin adventitious roots carrying secondary haustoria and a green leafy shoot that exhibits a high transpiration rate, maintaining an intensive water uptake from the host (Musselman and Press, 1995; Press, 1995). The concurrent transfer of organic compounds from sorghum to S. hermonthica was ®rst demonstrated by Okonkwo (1966) by supplying sorghum shoots alone with 14CO2. As the parasite is not connected directly to the host phloem, organic solutes initially produced in the host leaves have to be transferred to the parasite after their remobilization into the xylem stream within the host roots (Press et al., 1991). The carbon balance of S. hermonthica growing on sorghum was determined by Isotope Ratio Mass Spectrometry (IRMS) (Press et al., 1987) and, more recently, the kinetics of carbon ¯ux during development was quanti®ed (Pageau et al., 1998). Paradoxically, despite the evident bene®t of nitrogen fertilization as a means of crop protection against infestation (Eplee and Norris, 1995), nitrogen relationships between host and S. hermonthica are currently only poorly described (Press, 1995). Essentially, S. hermonthica could obtain its nitrogenous nutrition (1) by the direct uptake of nitrate from the soil, or (2) by the transfer of nitrate and/or reduced nitrogen from the host via the haustoria. That nitrogen is taken up from the host was ®rst suggested by IsmaõÈl and Obeid (1976) and this proposal received support from evidence that FAAs, essentially glutamine according to McNally and Stewart (1987) or citrulline according to Press (1989), could be transferred from host to parasite. Furthermore, S. hermonthica was characterized as having only a low ability to reduce nitrate (NR) as well as only a slight nitrate-induced NR activity (Press et al., 1986). More recently, however, this view has been challenged. Igbinnosa and Thalouarn (1996) measured signi®cant constitutive and nitrate-induced NR activity in the parasite, primarily in leaves after emergence, and Press and Gurney (personal communication) now consider that haustoria may also exhibit a signi®cant activity in nitrate reduction and assimilation. In the present study, the aim is to clarify the role of the host (S. bicolor) in nitrogen nutrition of the parasite S. hermonthica. As it has been found that natural variation in 15N is insuf®cient to distinguish between nitrogen assimilation in the host and the parasite (Pageau, 2001), the use of short-term 15N-labelling was used, which has proved effective in elucidating such problems within another host±parasite association (Tennakoon et al., 1997). The approach involves supplying roots of host plants with 15 NO3± almost one month after emergence of the parasite. The high transpiration rate of the parasite is thought to drive nutrient uptake from sorghum. The enrichments in 15 N of the DM, of the xylem sap and of FAAs in the



infected sorghum and in the parasite were analysed by IRMS. The major nitrogenous compounds taken up from sorghum were identi®ed and the metabolic pro®le in the different organs of the parasite was established. 15Nlabelling experiments were also carried out on noninfected sorghum to assess the impact of infection on nitrogen metabolism in the host. Materials and methods Plant materials Plants were grown in a greenhouse under controlled conditions: 13 h photoperiod, 300 mmol m±2 s±1 photosynthetically-active photon ¯ux density, and a temperature of 30±35 °C (night/day). Seeds of S. hermonthica (Del.) Benth., collected in 1995 from Wad Medani (Sudan), were preconditioned for 7 d at a density of 10 mg l±1 in 15 cm diameter pots containing 1.0 l of a mixture of garden soil and sand (1:1, v/v) (Reid and Parker, 1979). Three seeds of Sorghum bicolor L. cv. SH4 Arval were placed in each pot containing preconditioned seeds of the parasite. Cultures were watered three times per week with tap water. S. hermonthica emerged 4±6 weeks after sowing. Non-infected sorghum was grown in the same conditions. Speci®c K15NO3 supply to sorghum roots Three weeks after emergence of the parasites, cultures were treated as described by Thurman (1965) (Fig. 1). Three pots of infected sorghum were placed on a sand-bed and watered daily with tap water and weekly, for 3 weeks, with 0.5 l KNO3 at either 100 mM or 5 mM for IRMS or GC-MS analyses, respectively. Thus, only the sorghum root tips grew into the moist sand. Then, those parts of the roots that carried no haustorium were washed with distilled water and placed in 100 mM KNO3 enriched with 15N at 50 atom% or in 5 mM KNO3 enriched with 15N at 99 atom%. Plants were maintained in light for 6 h (08.00 h to 14.00 h). In parallel, infected control plants were identically treated but with non-enriched KNO3. Each experimental series also contained three pots of non-infected sorghum. Sample collection At the end of the 6 h treatment, plants were harvested and divided into (1) sorghum roots without haustorium, (2) sorghum leaves, (3) haustoria, (4) roots without haustorium, and (5) shoots of S. hermonthica. For the parasite, only plants at 3±4 WAE were harvested. The tissue samples were dried at 80 °C for 24 h and ground to a ®ne powder using a Retch ball-mill. Bleeding xylem saps were collected from the stumps, during the 6 h period of KNO3 feeding, after cutting the shoots of sorghum (7±9 WAS) or S. hermonthica (3±4 WAE) 3 cm above the soil surface (Cooper and Clarkson, 1989). Nitrogen isotopic composition and N:C ratio Isotopic (d15N) and elemental analyses (N:C ratio) were determined using a FinniganMat Delta E isotope ratio mass spectrometer coupled to a Carlo Erba NA 1500 C-N micromass elemental analyser. The isotopic deviation d15N (½) was calculated using the established relationship: d15N (½)=(Rs/Rr±1)3103



(1)



where Rs and Rr are, respectively, the isotope ratios of the sample and the working standard reference gas (N2). Isotopic deviation was expressed in parts per thousand (½) versus N2. Between 10 and 30 mg of DM powder or of a freeze-dried aliquot of the FAA extract,



Sorghum±Striga: nitrogen relationships 791 of protein AAs (Sigma Standard AA-S-18) complemented with Asn, Gln, citrulline, and GABA in equimolar amounts (2.5 mM). GC-MS analysis was performed with a gas chromatograph (HP-5890) equipped with an autosampler (HP-6890), ®tted with a HP-1 column (12 m30.2 mm, 0.2 mm ®lm thickness), linked to a Hewlett-Packard 5971A mass selective detector and data processor (Hewlett-Packard ChemStation software). The initial temperature was held for 2 min at 120 °C, raised to 300 °C at 15 °C min±1 and then maintained at 300 °C for 3 min. Derivatized FAAs (2 ml) were introduced via a split-splitless injector (split ratio 1:50) at 280 °C. Ionization was done in the Electronic Impact mode (70 eV) and acquisition carried out in the SIM mode (Selected Ion Monitoring), recording 10 signal groups with up to 15 ions de®ned in each group (Pageau, 2001). The (M+ ) ion of each derivatized AA was used to measure the enrichment in multiple AAs by EI, the (M+ +1) ion corresponding to the labelled component. For each derivatized AA, the isotope ratio (M+ +1)/(M+ )C of the control plants fed with 5 mM KNO3 and (M+ +1)/(M+ )T of the treated plants fed with 5 mM K15NO3 was determined. The (M+ ) ion, corresponding to the reference, was normalized at 100%. The 15N content of each AA, expressed as a percentage of 15N, was calculated according to equation 2 (Williams and Wolfe, 1994): d
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Fig. 1. Apparatus used to supply infected sorghum roots with K15NO3. Secondary haustoria and roots of S. hermonthica were not drawn in this picture.



puri®ed as described below, were used for analysis. Each sample was analysed in triplicate. Extraction of FAAs from tissue samples Approximately 150 mg of DM powder was extracted three times in 80% ethanol (v/v) (Fer et al., 1993). Ethanol-soluble fractions were combined, then dried at 35 °C under vacuum. Residues were dissolved in 2 ml distilled water. Supelclean LC18 cartridges (1 g, 59 mm mesh size, Supelco) were preconditioned with 10 ml methanol and 20 ml distilled water prior to being loaded with 2 ml of plant extract. Eluents, collected after washing the cartridges with 50 ml distilled water, were dried at 35 °C under vacuum and the residue taken up into 2 ml distilled water. Solutions were adjusted to pH 2.2 with 5 M HCl. Dowex 50W cartridges (10 ml, H+ form, 8% crosslinkage, 200±400 mesh size, Sigma) were preconditioned with 100 ml distilled water, loaded with 2 ml of extract and washed with 50 ml distilled water. FAAs were eluted with 50 ml 6 M NH4OH. Eluents were dried at 35 °C under vacuum and redissolved in 1 ml distilled water. Both drying and residue solubilization were repeated twice more to eliminate NH4 traces. FAA extracts were stored at ±80 °C until further analysis. FAA extraction was not carried out on xylem saps that were used directly for FAA analysis, as described below. CG-MS analysis of 15N- enriched FAAs An aliquot (20 ml) of FAA extract or of xylem sap was freeze-dried in 13310 mm GC vials. The procedure for the derivatization was essentially that described by Patterson et al. (1993). The residue was dissolved in 25 ml of ter-butyldimethylsilyl-tri¯uoroacetamide (MTBSTFA). After capping, vials were heated for 2 h at 80 °C in a heating block. Calibration was performed using a standard mixture
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FAA compositional analysis An aliquot (50 ml) of FAA extract or of xylem sap was analysed by ion exchange HPLC (Biotronik LC 5001 analyser) as described by Rochat and Boutin (1989). Calibration was performed using a standard mixture of protein AAs (Sigma Standard AA-S-18) complemented with Asn, Gln, citrulline, and GABA in equimolar amounts (20 mM). Nitrate and total protein quanti®cation Nitrate concentration was measured enzymatically, using the nitrate kit (Roche) according to the manufacturer's instructions, directly on crude xylem sap or on the plant extract fraction not retained by Dowex 50W during FAA isolation. Proteins were extracted from freshly-harvested plant tissues in Tris-HCl buffer as described by Delavault et al. (2002), then quanti®ed according to Bradford (1976). Statistical analysis Nitrogen feeding with K15NO3 was performed on six separate experimental series, each consisting of three pots of non-infected sorghum and three pots of sorghum infected by S. hermonthica. Plants were harvested and pooled after each experimental series as described above. Xylem sap collection was carried out using the same six separate experimental series from which one sorghum plant and one Striga plant was sacri®ced to collect the sap. Thus, data are expressed as means 6con®dence interval (n=6, P=0.05, Student's t-test).



Results Measurement of by IRMS



15



N enrichment of DM and total FAAs



After weekly feeding for 3 weeks with a solution of 100 mM KNO3 (non-enriched, d15N=+4.5½), the DM and the total FAAs of both sorghum and Striga plants displayed a d15N



792 Pageau et al. Table 1. 15N enrichment (d15N ½) in DM and FAAs in non-infected and infected sorghum and in S. hermonthica following a speci®c supply of sorghum roots with K15NO3 Measurements were carried out on plants previously fed weekly with 100 mM KNO3 for 3 weeks, then control plants were fed with 100 mM KNO3 solution for 6 h while 15N-treated plants were supplied with 100 mM KNO3 solution enriched with 15N at 50% for 6 h. Parasites were 3±4 WAE. Values are expressed as means 6con®dence intervals (n=6; p=0.05; Student's t-test). DM



Non-infected sorghum Roots Leaves Infected sorghum Roots without haustoria Leaves Striga hermonthica Roots carrying haustoria Shoots



FAA



Control



15



Control



15



+4.8360.56 +3.2660.34



+504.4564.21 +15.3861.16



+4.7460.45 +3.7160.25



+461.9063.75 +284.1061.23



+4.3360.87 +6.2760.23



+36.8861.94 +13.3460.70



+4.5660.14 +5.9360.13



+52.5260.45 +69.1460.34



+4.6360.44 +4.9160.18



+51.1161.07 +16.8960.78



+4.5960.21 +4.9560.36



+58.9960.85 +34.1760.24



N-treated



N-treated



the root FAA pool was enriched 11.5- and 12.9-fold, respectively. By contrast, the extent of accumulation of 15 N in leaves was unaffected in the host and the FAA pool was only enriched 6.9-fold in the shoots of S. hermonthica, less than in either the roots or the green tissues of the host (11.7-fold).



Fig. 2. Inorganic and organic-N concentrations (mmol N l±1) in xylem sap collected from non-infected and infected sorghum and from S. hermonthica. Plants were fed with 5 mM KNO3 for 3 weeks then with 5 mM K15NO3 enriched with 15N at 99% for 6 h. Parasites were 3±4 WAE. Xylem saps were collected throughout the 6 h period of K15NO3 supply. Values are expressed as means 6con®dence intervals (n=6; p=0.05; Student's t-test).



similar to that of the nutrient solution (Table 1). Following this period of equilibration, the supply of 100 mM K15NO3 enriched in 15N at 50% to the roots of non-infected sorghum for 6 h led to a large increase in d15N in the root DM (104-fold) and FAA pool (97-fold) (Table 1). In contrast, although the level of 15N in the leaf DM was also increased (Table 1), the effect was much less marked (4.7fold). Conversely, the FAA pool was intensely enriched (77-fold). A similar labelling pattern was observed for infected sorghum and for 3±4 WAE S. hermonthica. However, in the host±parasite association, a markedly lower level of 15 N accumulation in both the root DM and the root total FAA pool was observed. Thus, root DM was enriched only 8.5-fold in the sorghum and 11-fold in the parasite, while



Identi®cation of the principal forms of nitrogen in the xylem sap of sorghum and S. hermonthica About 58% of the total nitrogen carried by the xylem sap of non-infected sorghum was present as nitrate (Fig. 2). Gln was found to be the major component in xylem sap (Fig. 3A), representing 30% and 13% of the organic-N (total FFAs) and of the total N-pool, respectively. Moreover, the supply of 5 mM K15NO3 enriched in 15N at 99% to the roots of non-infected sorghum for 6 h led to a great 15N-incorporation (51%) into Gln in the xylem sap (Table 2). Ala, Asn and Glu, the three other major FAAs present, were all found at signi®cantly lower levels, together constituting 6% of the total N-pool. Following the treatment of sorghum roots with 15N-nitrate, Ala and Glu displayed a speci®c enrichment in 15N in the xylem sap approximately 2±3-fold lower than that of Gln. In contrast, 15 N was incorporated into Asn to a similar extent as into Gln (Table 2). Parasitism led to a dramatic increase in the total-N content (nitrate+total FAAs) in the xylem sap of sorghum, with both the nitrate and FAA pools increasing signi®cantly (Figs 2, 3A). The greater proportion of the total-N pool remained inorganic (61%) with a relatively larger increase in FAAs. This was especially notable for Gln and Asn, whose concentrations increased by 6- and 13-fold respectively (Fig. 3A). These FAAs now together constituted 71% and 43% of the organic-N (total FAAs) and of the total N-pools, respectively. Thus, although Gln remained the major FAA carried by the xylem sap of
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Fig. 3. N-content of the major FAAs (mmol N l±1) in xylem sap collected from non-infected and infected sorghum (A) and from S. hermonthica (B). Plants were fed with 5 mM KNO3 for 3 weeks then with 5 mM K15NO3 enriched with 15N at 99% for 6 h. Parasites were 3±4 WAE. Xylem saps were collected during all the 6 h period of K15NO3 supply. Values are expressed as means 6con®dence intervals (n=6; P=0.05; Student's t-test).



Table 2. 15N enrichment (%) in the major FAAs in xylem sap of non-infected and infected sorghum following a speci®c supply of sorghum roots with K15NO3 Measurements were carried out on plants previously fed weekly with 5 mM KNO3 for 3 weeks, then control plants were fed with 5 mM KNO3 solution for 6 h while 15N-treated plants were supplied with 5 mM KNO3 solution enriched with 15N at 99% for 6 h. Parasites were 3±4 WAE. Values are expressed as means 6con®dence intervals (n=6; P=0.05; Student's t-test).



Non-infected sorghum Infected sorghum



Gln



Asn



Ala



Glu



51.360.47 29.260.14



4563.48 27.560.14



18.361.13 14.160.92



23.861.92 7.560.58



sorghum, infection by S. hermonthica considerably increased the transport of organic-N in the form of Asn. By contrast, only a small increase was seen in the summed pool of other FAAs. The xylem sap of the parasite exhibited a total-N level 4.6-fold higher than that of the host (Fig. 2) with approximately equal concentrations of inorganic and organic-N (Fig. 2). Once again, the FAA pool was dominated by Gln and Asn (Fig. 3B), Gln being the major AA. Gln and Asn alone constituted more than 85% of the organic-N and 47% of the total-N in xylem sap. Concentration of nitrate and of the principal FAAs in the different organs of sorghum and S. hermonthica



The concentration of nitrate was similar in the leaves and in the roots of non-infected sorghum, while FAAs were accumulated to a greater extent in the leaves (Table 3). The composition of the FAA pool was also similar, with the marked difference that in the roots, Asn was 15% of FAAs, whereas in the leaves it was only 1.2% of FAAs. On the other hand, the leaves were characterized by a larger accumulation of Ala (29% FAAs versus 14% in the roots).



Amongst the other FAAs known to be stress-related compounds, Ser and GABA occurred in both roots and leaves at around 2.6 and 0.6 mmol g±1 FW, respectively. Parasitism induced a rise in the concentration of nitrate in the roots of the host, while the concentration remained unchanged in the leaves (Table 3). The FAA pools, however, showed considerable infection-related changes. Firstly, the total FAA increased 127% and 24% in the roots and in the leaves, respectively. Secondly, although the composition of the root FAA pool remained little affected, the foliar FAA pool underwent marked compositional changes, notably in the relative proportions of Asn and Gln. Asn increased to represent 15% of the total FAA pool, and contributed 74% of the overall increase in FAAs observed. By contrast, the Gln pool was markedly reduced. Infected host plants had an enhanced Ala concentration, but this AA showed no proportional increase, though other stress-related FAAs, GABA and Ser, did show nearly a 2fold increase in concentration (5.760.9 and 1.060.1 mmol g±1 FW, respectively in infected sorghum leaves). Nitrate and FAAs were also examined in the tissues of S. hermonthica, a distinction being made between the



794 Pageau et al. Table 3. Nitrate and major FAA contents (mmol g±1 FW) in non-infected and infected sorghum and in S. hermonthica Measurements were carried out on the plants previously fed weekly with 5 mM KNO3 for 3 weeks then with 5 mM K15NO3 enriched with at 99% for 6 h. Parasites were 3±4 WEA. Values are expressed as means 6con®dence intervals (n=6; P=0.05; Student's t-test).



Non-infected sorghum Roots Leaves Infected sorghum Roots without haustoria Leaves Striga hermonthica Haustoria Roots without haustoria Shoots



15



N



Nitrate



Asp



Glu



Asn



Gln



Ala



Others AA



Total FAAs



0.3860.02 0.4460.03



0.9760.02 1.9960.02



2.0160.04 8.3261.05



1.8060.09 0.6060.05



0.1960.01 2.1760.27



1.6560.18 14.2560.59



5.3060.31 21.9862.04



11.9260.65 49.3164.02



0.6260.04 0.4060.03



2.6160.11 3.3060.22



3.8360.33 9.8260.53



2.9160.24 9.3760.87



0.2560.03 0.3760.04



2.6560.21 19.2060.85



14.8261.06 19.0661.24



27.0761.98 61.1263.75



3.3260.14 0.3160.03 0.3260.02



1.0660.09 3.6060.17 4.5660.47



1.0260.11 2.7360.15 3.5160.30



0.0960.01 6.3260.52 81.4462.50



0.0560.01 6.4660.86 2.4060.34



1.7360.09 1.1060.04 2.0160.17



11.1661.32 2.7560.24 7.8260.24



15.1161.62 22.9661.98 101.7461.77



haustoria, the roots and the shoots (Table 3). Nitrate was found to accumulate in the haustoria to 5.4-fold the level in the host roots, indicating an active sequestration. However, this elevated level was con®ned to this speci®c organ, both roots and shoots of the parasite showing nitrate levels comparable to those of the infected host (Table 3). The FAA pools also showed marked differences between haustoria and roots. Firstly, the total FAA pool was smaller in the haustoria than in the roots, the root value being close to that of the host roots. Secondly, the ®ve FAAs (Asp, Glu, Asn, Gln, Ala) previously identi®ed as dominating the FAA spectrum, only constituted about 25% of FAAs in haustoria, Asn and Glu being notably present at very low levels. By contrast, these ®ve AAs constituted 88% of the total FAA pool of the roots, Asn and Gln together representing 56% of the FAA pool. This trend was found to be even more marked when the shoots of S. hermontica were examined. The total FAA pool was 4.4- and 6.7-fold higher than the roots and haustoria, respectively, indicating these tissues to be by far the most important site of accumulation of FAAs in the parasite. Furthermore, the spectrum of FAAs was very heavily dominated by Asn, which alone represented 80% of the total FAA pool. Interestingly, in contrast to the roots, this massive accumulation of Asn was not accompanied by an equivalent increase in Gln, which constituted only 2% of the FAA pool. Measurement of the speci®c enrichment in 15N of the principal FAAs in the different organs of sorghum and S. hermonthica The incorporation of 15N-label into the FAAs identi®ed as constituting the majority of the FAA pools studied, was examined after the 6 h exposure of the root system of sorghum to 5 mM K15NO3 (enriched at 99%). For the roots of non-infected and infected sorghum plants, both the level of incorporation and the distribution of incorporated 15N were similar (Table 4), the main difference being a 2-fold



lower incorporation into Gln in the infected tissues. By contrast, the leaves of non-infected and infected sorghum plants showed markedly different pro®les. In infected plants, 15N-label incorporation was signi®cantly greater into Glu (1.6-fold) and this was accompanied by a large decrease in label accumulation in both Asn and Gln (9.4and 6.5-fold less, respectively). The levels of speci®c enrichment of the other FAAs of the host appeared less affected by the parasitism. As seen when the concentrations of FAAs were examined, this trend was continued in the FAA pool of S. hermonthica. Thus, Asn and Glu from haustoria and roots both showed high enrichment (Table 4). Root Glu was particularly enriched, being 2.1- and 1.4-fold higher than the Glu extracted from the haustoria or the host roots, respectively. Surprisingly, no enrichment was detected in Gln. While this might re¯ect a limitation in the detection threshold for the haustorial extract, this cannot be the case for the roots, in which Gln was one of the most abundant FAAs present (Table 3). In shoots, enrichment of Gln could be detected, but Asn proved to be not only the most abundant FAA (Table 3) but also to have the highest speci®c enrichment, 3.2- and 4.3-times higher than that of Glu and Gln, respectively (Table 4). Measurement of the protein content and N:C ratios of sorghum and Striga tissues



Because an increase in the total FAA pool was observed in infected sorghum, the protein pools were also examined. As can be seen (Table 5), the protein content of both the roots and the leaves of sorghum was markedly diminished as a result of infection. Mature leaves were the major organs active in soluble protein accumulation in the parasite, the level being nearly 3-fold higher than in the leaves of infected sorghum (Table 5). By contrast, there was no signi®cant infection-related change in the N:C ratios of sorghum, as determined by elemental analysis during IRMS measurements (Table 5).



Sorghum±Striga: nitrogen relationships 795 Table 4. 15N-enrichment (%) of the major FAAs in non-infected and infected sorghum and in S. hermonthica following a speci®c supply of sorghum roots with K15NO3 Measurements were carried out on the plants previously fed weekly with 5 mM KNO3 for 3 weeks then with 5 mM K15NO3 enriched with at 99% for 6 h. Parasites were 3±4 WAE. Values are expressed as means 6con®dence intervals (n=6; P=0.05; Student's t-test).



Non-infected sorghum Roots Leaves Infected sorghum Roots without haustoria Leaves Striga hermonthica Haustoria Roots Shoots a



Asp



Glu



5.060.2 4.960.2



11.962.0 8.560.5



3.760.3 2.460.2 0.460.1 1.060.2 3.060.4



Asn



15



N



Gln



Ala



6.461.1 9.460.6



12.160.8 11.760.8



2.460.5 2.460.3



15.662.0 13.660.9



7.860.5 1.060.2



5.660.4 1.860.3



1.460.2 1.660.2



10.261.0 21.461.5 3.760.3



12.561.1 8.960.7 11.960.9



nda nda 2.861.0



3.060.5 3.560.5 3.860.6



nd, Not determined.



Table 5. Protein content and N:C ratio in non-infected and



infected sorghum and in S. hermonthica following a speci®c supply of sorghum roots with KNO3



Measurements were carried out on plants fed weekly with 5 mM KNO3 for 3 weeks. Parasites were 3±4 WAE. Values are means 6con®dence intervals (n=6; P=0.05; Student's t-test). Protein content (mg g±1 FW) Non-infected sorghum Roots Leaves Infected sorghum Roots without haustoria Leaves Striga hermonthica Roots carrying haustoria Mature leaves



N:C ratio



2.260.2 7.161.0



0.01760.001 0.02360.001



1.360.2 5.460.4



0.02060.001 0.02760.001



2.760.2 14.562.1



0.02460.001 0.05460.001



By comparison, analyses carried out on the tissues of S. hermonthica revealed a N:C ratio for the leaves 2-fold higher than that of the host leaves (Table 5). Discussion Most agronomic observations indicate that the impact of S. hermonthica on crops is more severe when the soil is poor and that infection can be reduced by nitrogen fertilization (Eplee and Norris, 1995). However, changes in nitrogen metabolism in infected plants and the characteristics of nitrogen nutrition of S. hermonthica need to be better understood to improve current agronomic practices and to develop new protective strategies. The principal objectives of the present study were to quantify the transfer of N into S. hermonthica, to assess the effect of infection on the N-accumulation pro®le in the host and to identify



the principal forms of N-transfer to and N-accumulation in the parasite. To this end, a short 15N-labelling period (only 6 h) without cold chase was selected. This labelling protocol was designed to allow 15N-uptake, assimilation and transport towards shoots via the transpiration stream (Table 1). Indeed, the labelling period was suf®ciently long for the assimilation of 15NO3± and for 15N to enter the FAA pool, as evident by the high 15N enrichment of the FAAs in both roots and leaves (Table 1). That absorbed nitrogen is distributed throughout the plants in both inorganic and organic form was indicated by the occurrence of nitrate and FAAs in xylem sap (Fig. 2) and by the 15 N-labelling of FAAs carried by the xylem sap (Table 2). The effects of the infestation by S. hermonthica on nitrogen metabolism of sorghum The observed increase in nitrate accumulation in host roots in response to infection (Table 3; Fig. 2) is probably due to the combined effect of several processes acting reciprocally and simultaneously at different rates. In general, a reduction in transpiration rate, known to be associated with infection in the host (Stewart et al., 1984; Press, 1989), results in an enhanced concentration of ions including nitrate in the xylem sap and thus in the roots (Smith, 1991). By contrast, infection will tend to limit nitrate accumulation in the host roots as a result of nitrate transfer from host roots to the parasite. This was evident by the high nitrate concentration in haustoria and the strong decrease in d15N in roots of infected plants following a short labelling period (Table 1). Similar effects on nitrate accumulation in host roots were also reported for other host±parasite associations (Misra and Saxena, 1971; Singh et al., 1972). Infection was found to induce in sorghum a rise in the FAA content of roots and, especially, of leaves (Table 3). This may be correlated to the lower protein content observed in the infected sorghum (Table 5) and could be related to a reduced rate of protein synthesis, as supported
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by the high 15N-enrichment seen in the foliar Glu of infected plants (Table 4). Clearly, as a result of the infection, Glu became the major end-product of N-assimilation in sorghum, especially in leaves (Table 4). Another marked change in nitrogen metabolism in sorghum due to parasitism consisted of a signi®cant reduction in nitrogen incorporation into Gln (Tables 2, 3), especially in leaves, associated with a massive increase in Asn accumulation (Table 3). Asn also became a principal FAA translocated in host xylem sap (Fig. 3A). This suggests, in agreement with the highly speci®c 15N-labelling of Asn in roots and in xylem sap (Tables 2, 4), that the activity in Asn production and in its export towards leaves were strongly enhanced in sorghum roots by infection. Furthermore, although Gln was the major FAA in the xylem sap coming from roots (Fig. 2A), it did not accumulate in leaves (Table 3). On the other hand, Asn accumulation was highly stimulated by infection and then both Asn and Glu were the major endproducts of nitrogen assimilation in leaves of infected sorghum. This suggests that Asn carried by xylem sap was targeted towards foliar accumulation, with the low 15Nenrichment measured in foliar Asn probably being due to the large size of the extant pool (Tables 3, 4). High enrichment of Glu presumably was due to the metabolism of the transported nitrate by NR and GS-GOGAT signi®cantly enriching a smaller extant pool of Glu (Table 4). Asn synthesis is known to be closely linked in higher plants, and notably in cereal roots, to a high N:C ratio and to be over-expressed in response to speci®c conditions resulting in carbon de®ciency, including sustained darkness or metabolic stresses (Oaks and Ross, 1984; Brouquisse et al., 1992; Sieciechowicz et al., 1988). Previous studies of gas-exchange of infected sorghum or maize (Graves, 1995; Gurney et al., 1995) indicated that such conditions may occur, notably that a water de®cit status in the host, induced by the high transpiration rate of the parasite, resulted in a reduced photosynthetic capacity. Moreover, carbon transfer towards the parasite (Pageau et al., 1998), may contribute to carbon de®ciency in the host, particularly in roots. Such conditions may favour Asn synthesis in the roots of infected plants. Indeed, Ala, GABA and Ser, all known to contribute to adaptation to abiotic stresses (Moutot et al., 1987; Ndong et al., 1997; Shelp et al., 1999), increased both in xylem sap and in leaves of infected sorghum. However, these changes occurred to a lesser extent than changes in Asn and Gln metabolism (Fig. 3A, Table 3). Furthermore, a rise in nitrogen incorporation into GABA was observed in the 15 N-fed infected sorghum (9-fold and 5-fold in leaves and roots respectively, data not shown) and also emphasized the stressed status of the plants which may be re¯ected by the rise in Asn production in roots. Asn prevalence is certainly not a universal response of the infection-related



stress, nevertheless it was also observed in Hordeum parasitized by Rhinanthus (Seel and Jeschke, 1999). Nitrogen transfer between sorghum and S. hermonthica



The 15N-enrichment of Striga DW following the speci®c feeding with K15NO3 of roots of infected sorghum that carried no haustorium unambiguously demonstrated the existence of nitrogen transfer from host to parasite (Table 1). According to Stewart et al. (1984), a direct feeding of pots containing roots of sorghum and S. hermonthica with 15NH4+ also resulted in 15N-labelling of the parasite. However, the protocol used was not able to demonstrate the extent of nitrogen transfer from host to parasite as some direct uptake of 15N from soil by the roots of S. hermonthica can occur (Hunter and Visser, 1986; Igbinnosa and Thalouarn, 1996). Thus, nitrogen nutrition of S. hermonthica is closely linked to the nitrogen metabolism of the host plant, itself dependent on nitrogen fertilization. In infected sorghum supplied with KNO3, concentrations of both nitrate and FAAs were high in xylem sap (Fig. 2), indicating that nitrate is assimilated in sorghum in both roots and leaves. The data presented show that the parasite obtains its nitrogen nutrition by deriving both nitrate and FAAs from its host, FAAs being slightly more important for the overall N-transfer. The FAA pro®le in the xylem sap of S. hermonthica was notably rich in Gln and Asn (Fig. 3B). Shah et al. (1984) also identi®ed Asn as the predominant FAA in xylem sap of S. hermonthica. On the other hand, when soil was fertilized with 15NH4+, only traces of nitrate were present in sorghum xylem sap and nitrogen nutrition of S. hermonthica was apparently solely based on the FAA uptake from the host (Stewart et al., 1984). Crucially, however, it appears that the FAA composition of the xylem sap of S. hermonthica is identical to that of the host, independent of the nitrogen fertilization regime. The observation that haustoria are relatively inactive in the metabolism of the host-derived nitrogen compounds has been made for a number of other host±root hemiparasite associations (Tennakoon et al., 1997; Seel and Jeschke, 1999; Pate, 2001) but cannot be generalized for all cases where the parasite is connected to the host xylem (Govier et al., 1967; Pate et al., 1991, 1994). Even given that recent work on nitrate assimilation in haustoria of S. hermonthica indicates that some hostderived nitrate may be assimilated in this organ (MC Press and AL Gurney, personal communication), the results presented here (Fig. 3B), indicate that this does not change qualitatively the FAA composition of the xylem sap of S. hermonthica. It was observed that haustoria accumulated a large amount of nitrate (Table 3) and it was hypothesized that this might re¯ect the function of this compound mainly as a major osmotically active solute in the haustoria. Furthermore, much of the host-derived
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nitrate was translocated unchanged to aerial parts of the parasite, as indicated by the high nitrate concentration in the xylem sap of S. hermonthica (Fig. 2). Nitrogen metabolism of S. hermonthica



The high transpiration rate of S. hermonthica acts as the major driving force for N-uptake from sorghum xylem sap. Indeed, severely limiting transpiration of the parasite by covering Striga plants with a black waterproof plastic bag largely stopped 15N-transfer (data not shown). However, nitrate did not accumulate in the shoots of the parasite under conditions of normal transpiration (Table 3). This result con®rms previous data (Igbinnosa and Thalouarn, 1996) and proves the ability of S. hermonthica to reduce host-derived nitrate, especially in shoots. As observed in host roots, the roots of S. hermonthica displayed a high 15 N-incorporation into Glu and Asn during the labelling period, probably linked to the very low nitrogen incorporation into Gln, in which 15N-enrichment was not detected, although the Gln pool was large (Table 4). Then utilization of a part of the 15N-enriched Gln transferred from the host may occur in the subterranean organs of the parasite during the labelling period, resulting in nitrogen incorporation mainly in Glu and Asn. It is hypothesized that concurrent AS and GOGAT activities may explain the high 15N-enrichment of Glu in the roots of the parasite. In the haustoria, Asn was also highly 15Nenriched, but the pool was very low (Tables 3, 4), indicating a rapid turnover of Asn in those organs. By contrast, S. hermonthica was found to accumulate large concentrations of Asn in the shoots under the conditions of fertilization used for these studies as this formed 80% of the total FAA pool (Table 3). Even though the Asn pool was very large, Asn was highly 15N-enriched following the labelling period (Tables 3, 4). This emphasizes the occurrence of an intensive nitrogen ¯ux towards Asn in the shoots of S. hermonthica. Accumulation apparently resulted from the direct Asn transfer from the host (Fig. 3), complemented by an Asn synthesis from the host-derived nitrate, as suggested by the 15 N-labelling of the FAA pool (Table 1). On the other hand, while the Gln concentration in xylem sap was almost 2-fold higher than that of Asn (Fig. 3B), the Gln pool was very small in the shoots of the parasite (Table 3). This strongly implies a rapid utilization in the shoots of the Gln arriving in the transpiration stream, essentially for Asn production. This suggests that a diurnal AS activity occurred in S. hermonthica, essentially in the shoots. At present, little is known about the occurrence of AS activity and the regulation of AS genes in parasitic weeds. Delavault et al. (1998) isolated a cDNA showing signi®cant homology with AS from the facultative root-hemiparasite, Triphysaria versicolor (Scrophulariaceae) and suggested a putative role for AS in nitrogen uptake from the host.



Clearly, further work is required to de®ne AS activity and gene expression in S. hermonthica. The role of asparagine in emerged S. hermonthica



Apart from arginine, Asn has the highest N:C ratio of the common AAs, making it the preferred AA for N-storage and long-distance translocation in many plants, notably in temperate legumes (Urquhart and Joy, 1982; Lam et al., 1994; Seel and Jeschke 1999). Furthermore given the upregulation of the expression of most AS genes by nitrate or a high N:C ratio (Lam et al., 1996; Hughes et al., 1997; Shi et al., 1997; Yamagata et al., 1998), Asn synthesis is proposed to act as a mechanism for the elimination of excess-N in many species. As also suggested by Quested et al. (2002), who emphasized the high concentration of N in seven root hemiparasites, a high in¯ux of nitrogen associated with a high transpiration rate may be a characteristic feature of chlorophyllous parasitic angiosperms. The high N:C ratio measured in the leaves of S. hermonthica (Table 5) is a convincing argument. While some mistletoes have an extensive N-sequestration into arginine (Pate et al., 1991; Urech, 1997), S. hermonthica is exposed in the present study to a high in¯ux of nitrate (Fig. 2) that is not accumulated in the shoots (Table 3), but is apparently converted to Asn. The marked ability of the parasite to convert both inorganic-N and organic-N transported to the shoots into Asn indicates a very effective mode for coping with excess nitrate. Moreover, the Asn that accumulates to a high level in the shoots can contribute jointly with mannitol to maintain low water potential values in the parasite (Stewart et al., 1984; Pageau et al., 1998). As a result of this adaptation, once S. hermonthica displayed an active photosynthetic process, it grew without dif®culty when cultures were submitted to a weekly 5 mM nitrate application for 3 weeks. Conclusion Why, then, in the ®eld, does a nitrogen fertilization regime decrease the impact of S. hermonthica on crops? Firstly, levels of nitrogen fertilization applied in ®elds to control S. hermonthica (100±200 kg N ha±1, Eplee and Norris, 1995) are higher than that applied in the present study (about 10 kg N ha±1) and detoxi®cation through Asn production is presumably not limitless, as suggested by the decrease in Striga shoot development when the parasite was submitted to much higher nitrate application (60±500 mM) (Igbinnosa and Thalouarn, 1996). Secondly, sensitivity to nitrogen fertilization might be closely dependent on the developmental stage of the parasite, with an enhanced sensitivity during the early subterranean vegetative growth of the parasite (Mumera and Below, 1993). In view of the evidence presented that substantial synthesis of Asn occurs in the shoots of S. hermonthica, it can reasonably be argued
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that the negative effect of N supply on infestation might be most important during the young stages of subterranean development. As the parasite displays a carbon nutrition limited to the host-transferred carbon before the emergence and acquisition of an active photosynthetic machinery, the imbalance between C and N may be much more pronounced during its subterranean growth under a nitrogen fertilization regime. It should also be noted that nitrogen application has been reported to inhibit the germination of S. hermonthica (Pesch and Pieterse, 1982; Raju et al., 1990). In order to de®ne more rigorously the nitrogen metabolism in S. hermonthica, a better understanding of the factors that regulate N assimilation by the parasite is required, particularly the levels of NR and AS in the different tissues and how these activities are controlled. Acknowledgements The authors sincerely thank Dr Bertrand Hirel (INRA, Versailles, France) for reviewing the manuscript, Pr Norbert Naulet (LAIEM) for help with the SMRI analysis, and Dominique Bozec for excellent technical assistance.
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