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Abstract

The effect of infection by the rust fungusUromyces rumicisand fertilization by different concentrations of nitrate
or ammonium solutions on the concentrations of alcohol-soluble carbohydrates, fructans and starch inRumex
obtusifoliusleaves was investigated. In leaves from healthy plants there was an increase in concentration of alcohol-
soluble carbohydrates and fructans as the concentration of nitrate given was decreased, with the exception of
nitrogen-stressed plants (those fed less than 10 mM l−1 nitrate) which had a lower concentration of alcohol-soluble
carbohydrates than plants fed 10 mM l−1 nitrate. There was an increase in fructan and starch concentration in
leaves as the concentration of ammonium solution given was decreased. The concentration of alcohol-soluble
carbohydrates was reduced in infected leaves and increased in healthy leaves on infected plants, while the fructan
concentration increased in infected leaves, compared to healthy leaves. The effects of infection were consistent
over the range of nitrogen concentrations used, and thus were additive to the effects of fertilization. These results
confirm the known effects of fertilization or fungal infection, singly, and indicate that, when combined, nitrogen
deficiency and fungal infection may produce an additive stress on the plant.

Introduction

Low soil nutrient levels and infection by pathogenic
fungi are two stress factors faced by plants that can
result in altered plant metabolism and growth (Haynes
and Goh, 1978; Chapin, 1980; Whipps and Lewis,
1981; Ayres, 1992). Given that the form and amount
of nitrogen fertilization affects the severity of infection
by many plant pathogenic fungi (Huber and Watson,
1974), we may expect an interaction between the phys-
iological effects of nitrogen fertilization and fungal
infection, with implications for the tolerance of mul-
tiple stresses by crop plants and weeds. However, this
interaction has rarely been investigated.

In a previous experiment, we demonstrated that
when fed nitrogen concentrations below 15 mM l−1

nitrate and 10 mM l−1 ammonium, growth of the
weedRumex obtusifoliusL. was reduced, while high
nitrate concentrations (above 25 mM l−1) also led to

reduced plant growth (Hatcher et al., 1997a). Total
non-structural carbohydrate (NSC) concentration was
affected both by infection of plants by the rust fungus
Uromyces rumicis(Schum.) Wint. and nitrogen fer-
tilization, and when combined the effect of infection
was additive to that of nitrogen fertilization (Hatcher et
al., 1997b). Infection by the rust alters partitioning of
carbohydrate between NSC fractions inR. obtusifolius
leaves (Hatcher et al., 1995b) and this also affects NSC
storage in the roots (Hatcher, 1996). Host plant carbo-
hydrate metabolism is particularly affected by fungal
infection (Whipps and Lewis, 1981) and may also
be altered by nutrient deficiency (Pollock and Cairns,
1991). We now report whether nitrogen deficiency or
source also alters the partitioning to different NSC
fractions in leaves ofR. obtusifolius, and whether this
also produces an effect additive to that produced by
rust infection.
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Rumex obtusifoliusis a short-lived perennial, wide-
spread throughout the UK and Europe, and common
on wasteground and permanent pasture (Cavers and
Harper, 1964).Uromyces rumicisis a non-systemic
rust fungus which hasRumexspp. as primary hosts
andRanunculus ficariaas the alternate host (Inman,
1971). Field infection of leaves ofRumexspp. usually
occurs from August to October in northern UK.

Materials and methods

Plant rearing followed Hatcher et al. (1997a); only
brief details are given below.Rumex obtusifolius
seeds (from Herbiseed, Wokingham, UK) were ger-
minated in a mixture of one part vermiculite (J. Arthur
Bower’s, Lincoln, UK) and one part (v/v) steam steril-
ized loam (Keith Singleton, Egremont, UK). When the
first true leaf appeared, after about 10 days, seedlings
were pricked out into 9-cm diameter pots containing
400 g of a mixture of three parts horticultural sand
(Tarmac Roadstone (North West) Ltd, Buxton, UK)
and two parts (v/v) steam sterilized loam. A similar
soil : sand mixture was used by Melzer et al. (1984)
for R. obtusifolius. All plants were grown in a con-
stant environment (CE) room with a 16 h photoperiod
with photosynthetically active radiation (PAR) of 500–
700µmol m−2 s−1 at plant height from 400 W metal
halide lamps. The PAR above each plant was measured
with a quantum photometer (model 550, T & J Crump,
Rayleigh, UK), the treatments were applied randomly
to the plants and the plants were re-randomized under
the lights every week. Temperature was maintained at
20±1 ◦C day and 16±1.5◦C night.

Once pricked out into 9-cm pots, seedlings were
watered on a daily rotation: day 1, deionised water;
day 2, mineral solution; day 3, a nitrogen solu-
tion; day 4, deionised water, etc. The mineral solu-
tion was based on the ARC Letcombe nutrient solu-
tion (Paul and Ayres, 1986). The nitrogen-containing
compounds were removed, and the composition was
adjusted to retain the original balance between the
other elements. The stock mineral mixture is given in
Hatcher et al. (1997a), and the mixture was dissolved
in 5-l deionised water to make a 75% strength ARC
mineral solution.

At every third rotation of the solutions, sufficient
mineral solution was given to allow 50 ml to flush
through each pot. Apart from this, during the first
week plants were given 30 ml of liquid daily, rising
to 50 ml in week 2, 75 ml in week 3 and 100 ml in

week 4. These amounts were found to give a constant
ratio between supply and demand in trial experiments.
The nitrogen solution contained 0, 1, 5, 10, 15, 25,
35 or 50 mM l−1 nitrate as sodium nitrate dissolved in
deionised water. The experiment was repeated with 0,
5, 10 or 25 mM l−1 ammonium given as ammonium
sulphate dissolved in deionised water (both ANALAR
grade, BDH, Merck Ltd, Lutterworth, UK).

After 32 days growth in the 9-cm pots, 24 h af-
ter they had last been given the nitrogen solution, the
plants were harvested. The harvest took place between
3 and 6 h into the light cycle, all leaves were removed
from the plants, rinsed in deionised water to remove
any residue from the nitrogen or mineral solutions,
dried at 65◦C for 24 h and ground dry in a pestle and
mortar.

Uromyces rumicisinfection

Eight days before the harvest above, plants chosen
at random from each of the nitrogen treatments were
infected withUromyces rumicison all their leaves fol-
lowing our standard procedure (Hatcher et al., 1995a).
Briefly, frozen uredospores were suspended in Fluo-
rinert (FC-43, an inert fluorocarbon electronic liquid,
3 M Industrial Chemical Products Division, St Paul,
Minnesota, USA) to produce a concentration of 2–5×
105 spores cm−3. This was sprayed onto leaves using
a modeller’s air brush to produce a uniform coverage
of spores. The Fluorinert was allowed to evaporate
and then the plants were moistened with water from a
hand-held atomizer and enclosed in black plastic bags
for 24 h in the CE room to facilitate infection. In the
laboratory,U. rumicisusually showed first signs of in-
fection after 5–6 days, and sporulated after 7 days. On
the day of harvest, leaves were partitioned into those
without infection and those with infection (this was
not possible with the plants given 0 or 1 mM l−1 nitrate
or 0 mM l−1 ammonium, because too little leaf mater-
ial was present). The division between these categories
was usually clear-cut; when it was not, leaves with less
than 0.25 pustules cm−2 were placed in the uninfected
category. Leaves were harvested and dried as above.

Chemical analysis

NSC’s were determined using the methods of Far-
rar (1980). Samples of 25–35 mg leaf material were
extracted sequentially as follows:
1. Boiled under reflux in 6 ml 95% ethanol for 1 h,

rinsed, boiled with two further washes, the liquid
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removed and made up to 10 ml. This fraction was
the alcohol-soluble portion (Borland and Farrar,
1985);

2. The leaf samples were then incubated at 45◦C for
24 h in 10 ml acetate buffer (pH 4.5), and the liquid
removed. This fraction corresponded to the fructan
portion;

3. Finally, the leaf samples were incubated at 45◦C
for 24 h in 10 ml acetate buffer (as above) with
amyloglucosidase (fromRhizopusmould, Sigma
Chemical Co., St. Louis, MO, USA) and this liq-
uid removed. This fraction corresponded to the
starch portion.

Carbohydrate concentrations in these extracts were de-
termined colorimetrically by the phenol-sulphuric acid
method (Dubois et al., 1956) immediately after the
extracts had been produced. As we were interested in
relative changes between fractions and not in absolute
amounts of NSC, results from all the fractions were
calibrated using sucrose standards. Chemicals used for
all colorimetric assays were either of ANALAR grade
(BDH, Merck Ltd, Lutterworth, UK) or ACS grade
(Aldrich Chemical Co, Gillingham, UK), and two as-
say solutions were prepared from each sample. If the
difference in absorbance between these solutions was
greater than 2% the assay was repeated.

Statistical analysis

We recorded the proportion of the infected plant that
was infected (see Hatcher et al. (1997a)) and thus by
using the values from the chemical analysis of the
infected and uninfected leaves of the infected plant,
a mean value for all the leaves of the infected plant
was obtained. Thus, three comparisons between leaves
from the infected plant and the uninfected plant (all
leaves from the infected plant, infected leaves only,
uninfected leaves only) for infection and nitrogen con-
centration were carried out using two-factor ANOVA.
This allowed us to determine whetherU. rumicis in-
fection had a constant effect over the range of nitrogen
treatments (no significant interaction term) or whether
the effect of infection varied with nitrogen fertilization
(significant interaction term). For differences between
healthy and infected leaves on the same plant, a lin-
ear regression (y =a + bx) of the difference between
healthy and infected leaves against nitrogen concentra-
tion was calculated. The sign ofa and the significance
of the difference betweena and y = 0 determined
the difference between infected and uninfected leaves,
and the significance of the slopeb determined the

significance of any interaction between infection and
nitrogen concentration (Sokal and Rohlf, 1995).

Linear regression for each leaf class against nitro-
gen concentration was used to determine the presence
of any significant linear relationship with increasing
fertilizer concentration. Linear regression sufficed be-
cause although other equations or data transformations
may have explained a greater proportion of the vari-
ance, we were interested only in ascertaining the
presence of a relationship, and not its exact shape. Pro-
portional data were arcsine square root transformed
prior to analysis, and all analyses were carried out
using MINITAB (v. 7.2).

Results

Plant growth and infection (all data are from Hatcher
et al. (1997a))

Plants fed nitrate attained a maximum weight with
15 mM l−1 added nitrate, while a decrease in nitrate
from 15 to 0 mM l−1 led to a decrease in leaf weight
by 81% and total plant weight by 65%. Between 15
and 50 mM l−1 added nitrate there was a decrease
in leaf weight of 28% and total plant weight of 36%.
There was a decrease in leaf weight of 84% between
plants fed 25 and 0 mM l−1 ammonium solution.
Between 35 and 55% of the leaves (calculated from
leaf weight) on infected plants fed either nitrate or
ammonium solutions were classified as infected. The
younger expanded leaves and unexpanded leaves gen-
erally remained uninfected. There was no linear trend
in percentage of leaf weight infected with nitrate con-
centration, while the percentage leaf weight infected
significantly increased with decreasing concentrations
of ammonium fed to plants (Hatcher et al., 1997a).

Alcohol-soluble carbohydrates

Uninfected, nitrogen stressed plants (those fed 5, 1
or 0 mM l−1 nitrate) had a lower concentration of
alcohol-soluble carbohydrates in leaves than those
plants fed 10 mM l−1 nitrate, and as the nitrate
concentration given increased from 10 to 50 mM
l−1 there was a 15% decrease in concentration of
alcohol-soluble carbohydrate (Figure 1A). There was
no change in concentration of this NSC fraction over
the range of ammonium concentrations used (Figure
2A, Table 1). In plants given nitrate solutions, in-
fected leaves had a 15% lower concentration, and
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Table 1. Effects of nitrate and ammonium fertilization, and infection byUromyces rumicis, on the carbo-
hydrate composition ofRumex obtusifoliusleaves. R, all leaves from the infected plant; U, all leaves from
the healthy plant; Rr, infected leaves on the infected plant; Ru, healthy leaves on the infected plant

Variable Slope1 Analysis2

R U Rr Ru R vs U Rr vs U Ru vs U Rr vs Ru

Nitrate

d.f. 1,78 1,78 1,58 1,58

Alcohol-soluble 0 − 0 0 0 − + −
Fructans − − − − + 0 + 0

Starch 0 0 0 0 0 0 0 0

Ammonium

d.f. 1,36 1,38 1,28 1,28

Alcohol-soluble 0 0 0 0 + 0 + −
Fructans − − − − + + + 0

Starch 0 − 0 0 0 + 0 0

1 +,−, 0, indicates a positive, negative, or no slope, respectively, from the linear regression of that variable
against nitrogen concentration (P < 0.05).
2 Results of two-factor ANOVA (the two leaf classes and nitrogen) are given for the first leaf class vs. the
second, except Rr vs. Ru where linear regression was used, see text. +,−, 0, indicates the first class is
significantly greater, less, or no different from the second leaf class, respectively. Significance levelP =
0.05. There were no significant interaction terms.

healthy leaves on infected plants a 17% greater con-
centration of alcohol-soluble NSC, than leaves from
healthy plants (Figure 1A). Healthy leaves from in-
fected plants given ammonium solutions had 27%
greater concentrations of alcohol-soluble NSC than
leaves from healthy plants (Figure 2A). This effect
was consistent over the range of nitrogen concentra-
tions used for plants given either nitrate or ammonium
solutions; thus the infection effects on alcohol-soluble
NSC were additive to the effects of altering the nitro-
gen concentration given to plants (Table 1).

Fructans

In healthy plants there was an increase in fructan
concentration of 64% as the concentration of nitrate
solution given to plants decreased from 50 to 0 mM
l−1 (Figure 1B), and an increase of 144% in con-
centrations of fructans as the concentration of the
ammonium solution given to plants decreased from
25 to 0 mM l−1 (Figure 2B). Infected plants given
ammonium solutions had a 58% greater fructan con-
centration in their infected leaves, and 27% greater
concentration in their healthy leaves, compared to
leaves from healthy plants (Figure 2B), while, in in-
fected plants given nitrate solutions, the healthy leaves
also increased in fructan concentration compared to
leaves on healthy plants (Figure 1B). All infection ef-

fects were additive to the effects of the nitrogen given
to plants (Table 1).

Starch

Starch content of leaves from healthy plants did not
change as the concentration of nitrate solutions given
decreased (Figure 1C), but there was a 133% increase
in starch content in leaves from healthy plants as the
concentration of ammonium solutions given decreased
from 25 to 0 mM l−1 (Figure 2C). Starch content was
unaffected byU. rumicisinfection in nitrate-fed plants
(Figure 1C), but was increased in infected leaves of
plants given ammonium solutions, compared to leaves
from healthy plants (Figure 2C, Table 1).

Discussion

Although all leaves on the infected plants were in-
oculated withU. rumicis spores, only some of the
leaves became infected. These infected leaves had a
lower alcohol-soluble NSC concentration than unin-
fected leaves on the same plant (Table 1). However,
comparisons between healthy and infected leaves on
the same plant should be made with care as infection
by U. rumicis is age-related, with young, developing
leaves tending to be resistant toU. rumicis infection
(Hatcher et al., 1995a). Overall, the leaves from in-
fected plants had higher fructan concentrations when
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Figure 1. The effect of nitrate fertilization and infection by
Uromyces rumicison the concentration of leaf non-structural car-
bohydrate fractions inRumex obtusifolius, A) alcohol-soluble car-
bohydrates, B) fructans, C) starch. Means±SE given, although SE
omitted sometimes for clarity,n = 10.#——#, healthy plants (U);
 —— , whole infected plant (R);#- - - - -#, healthy leaves from
infected plant (Ru); - - - - - , infected leaves from infected plant
(Rr). See Table 1 for analysis.

Figure 2. The effect of ammonium fertilization and infection by
Uromyces rumicison the concentration of leaf non-structural car-
bohydrate fractions inRumex obtusifolius, A) alcohol-soluble car-
bohydrates, B) fructans, C) starch. Means±SE given, although SE
omitted sometimes for clarity. See Figure 1 for symbols.n = 10,
except 0 mM l−1 R, wheren = 8, see Table 1 for analysis.
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fed nitrate or ammonium, and higher alcohol-soluble
NSC concentrations when fed ammonium solutions,
compared to leaves from healthy plants (Table 1). This
is compatible with the overall increase in NSC con-
centration reported earlier forR. obtusifoliusinfected
with U. rumicis (Hatcher et al., 1997b). In previous
experiments, we have also observed a decreased parti-
tioning of NSC to starch in the portion of uninfected
leaf between the pustules, while the partitioning to
alcohol-soluble carbohydrate and fructan fractions in-
creased (Hatcher et al., 1995b). This is similar to that
observed in several species (Whipps and Lewis, 1981;
Farrar, 1989).

In our experiments it is possible that the amyloglu-
cosidase extract (starch fraction) was contaminated
by residual fructans (Borland and Farrar, 1985). Al-
though any contamination would alter the absolute
values recorded for the fractions, we believe that any
contamination would be constant between treatments
and thus would not alter our conclusions.

The leaves of healthy plants given nitrate solutions
underwent an increase in concentration of alcohol-
soluble NSC and fructan fractions, with no change
in starch concentration as the concentration of nitro-
gen given to plants decreased and became limiting
(Figure 1, Table 1). However, as the concentration
of ammonium solutions given to healthy plants de-
creased, so both fructan and starch concentrations in-
creased, while there was no change in alcohol-soluble
carbohydrate concentrations (Table 1).

The effect of nitrogen fertilization on the con-
centration of different NSC fractions in leaves has
received little study, although Archbold (1938, 1940)
reported that both total leaf NSC content and fruc-
tan concentration increased with decreasing nitrogen
fertilization in barley, leading to an alteration of the
relative amounts of the different sugars present at dif-
ferent levels of nitrogen fertilization, results confirmed
by our study. Likewise, the concentration of solu-
ble sugars (mainly glucose and fructose) in leaves
increased whenArabidopsis thalianawas given de-
creasing concentrations of ammonium nitrate solu-
tions (Schulze et al., 1994). A similar result was
found in tobacco, although leaf sucrose concentrations
did not increase with a decrease in concentration of
nitrogen fertilization (Fichtner et al., 1993).

Accumulation of starch is likely to occur when
low levels of nitrogen limit metabolism of photosyn-
thesized sugars for protein synthesis (Herold, 1984;
Schulze et al., 1994; Mooney et al., 1995). As nitro-
gen fertilization increases and nitrogen is no longer

limiting for plant growth, carbohydrates are remo-
bilised. Fructans form an accessible reserve carbo-
hydrate store (Pollock and Cairns, 1991) and are the
most heavily depleted (Figures 1, 2). In healthyR. ob-
tusifoliusplants given nitrate, further depletion of the
leaf alcohol-soluble NSC occurs (Figure 1) while with
ammonium fertilization depletion of the leaf starch
reserves takes place instead (Figure 2).

Differences in other aspects ofR. obtusifolius
metabolism between ammonium and nitrate fertiliza-
tion have been observed (Melzer et al., 1984; Hatcher
et al., 1997a, b). These differences, and those reported
in these experiments, may reflect the different physio-
logical responses of the plant to these ions; since high
levels of ammonium ions in plants become toxic, these
ions must be used immediately to synthesize organic
molecules, leading to depletion of NSC reserves (Fig-
ure 2). Nitrate is not so toxic, may be accumulated,
and must be reduced before it is assimilated; thus it
affects NSC levels less (Haynes and Goh, 1978).

This study has provided the first evidence that the
effect of biotrophic fungal infection on leaf carbohy-
drate composition acts in an additive manner to the
effect of nitrogen fertilization by both nitrate and am-
monium solutions. This additive interaction is perhaps
surprising since there was a significant decrease in
pustule density and in percentage sporulation eight
days after inoculation with increasing concentration of
nitrate given to plants, but not with increasing ammo-
nium (Hatcher et al., 1997a). However, this additive
interaction is similar to the effect of nitrogen fertil-
ization on oxalic acid concentration inR. obtusifolius
(Hatcher et al., 1997b) and suggests that inR. obtusi-
foliusgiven nitrate solutions, pro rata, eachU. rumicis
pustule must have been having a greater effect on plant
metabolism as the concentration of nitrate fed to the
plant was increased.

A diseased leaf typically photosynthesizes less
than a healthy one yet, in addition to the normal use
of photosynthate, these leaves have increased respi-
ration compared to a healthy leaf due to growth of
the pathogen and defence responses. This leads to a
smaller proportion of NSC available for export (Farrar,
1992). Therefore, a biotrophic fungal infection, cou-
pled with the plant’s use of NSC to detoxify the effects
of fertilization by ammonium, must have a significant
effect on the amount of NSC available to be mobilized
to the roots. Since root weight correlates with regrowth
ability in R. obtusifolius(Monaco and Cumbo, 1972;
Hatcher, 1996), this should have consequent effects on
the regrowth ability of this weed.
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The experiments reported here have highlighted
the possibly important role of fructans inR. obtusi-
folius, as this is the NSC fraction that undergoes the
greatest change with both nitrogen stress and fungal
infection. The research also highlights how little is
known about the role of these sugars in plant stress
physiology, and especially in response to multiple
stresses. Further research needs to clarify these points
for dicotyledons as well as for monocotyledons.

Acknowledgments

This work was supported by a grant from the Nat-
ural Environment Research Council (GR3/9109) for
which we are grateful. We thank A.J. Lawson for tech-
nical assistance throughout this experiment, and two
anonymous referees for their comments on this paper.

References

Archbold HK (1938) Physiological studies in plant nutrition VII.
The role of fructosans in the carbohydrate metabolism of the
barley plant. Part 2. Seasonal changes in the carbohydrates, with
a note on the effect of nitrogen deficiency. Annals of Botany 2
(new series): 403–435

Archbold HK (1940) Fructosans in the monocotyledons, a review.
New Phytologist 39: 185–219

Ayres PG (ed) (1992) Pests and Pathogens: Plant Responses to
Foliar Attack. Bios Scientific Publishers, Oxford

Borland AM and Farrar JF (1985) Diel patterns of carbohydrate
metabolism in leaf blades and leaf sheaths ofPoa annuaL. and
Poa x jemtlandica(Almq.) Richt. New Phytologist 100: 519–531

Cavers PB and Harper JL (1964)Rumex obtusifoliusL. and R.
crispusL. Journal of Ecology 52: 737–766

Chapin FS (1980) The mineral nutrition of wild plants. Annual
Review of Ecology and Systematics 11: 233–260

Dubois M, Gilles KA, Hamilton JK, Rebers PA and Smith F (1956)
Colorimetric method for determination of sugars and related
substances. Analytical Chemistry 28: 350–356

Farrar JF (1980) Allocation of carbon to growth, storage and respi-
ration in the vegetative barley plant. Plant, Cell and Environment
3: 97–105

Farrar JF (1989) Fluxes and turnover of sucrose and fructans in
healthy and diseased plants. Journal of Plant Physiology 134:
137–140

Farrar JF (1992) Beyond photosynthesis: the translocation and
respiration of diseased leaves. In: Ayres PG (ed) Pests and
Pathogens: Plant Responses to Foliar Attack (pp 107–127) Bios
Scientific Publishers, Oxford

Fichtner K, Quick WP, Schulze E-D, Mooney HA, Rodermel
SR, Bogorad L and Stitt M (1993) Decreased ribulose-1,
5-bisphosphate carboxylase-oxygenase in transgenic tobacco
transformed with ‘antisense’rbcS. Planta 190: 1–9

Hatcher PE (1996) The effect of insect-fungus interactions on the
autumn growth and over-wintering ofRumex crispusand R.
obtusifoliusseedlings. Journal of Ecology 84: 101–109

Hatcher PE, Ayres PG and Paul ND (1995a) The effect of natural
and simulated insect herbivory, and leaf age, on the process of
infection ofRumex crispusL. andR. obtusifoliusL. by Uromyces
rumicis (Schum.) Wint. New Phytologist 130: 239–249

Hatcher PE, Paul ND, Ayres PG and Whittaker JB (1995b) Inter-
actions betweenRumexspp., herbivores and a rust fungus: the
effect of Uromyces rumicisinfection on leaf nutritional quality.
Functional Ecology 9: 97–105

Hatcher PE, Paul ND, Ayres PG and Whittaker JB (1997a) Nitro-
gen fertilization affects interactions between the components of
an insect-fungus-plant tripartite system. Functional Ecology 11:
537–544

Hatcher PE, Paul ND, Ayres PG and Whittaker JB (1997b) The
effect of nitrogen fertilization and rust fungus infection, singly
and combined, on the leaf chemical composition ofRumex
obtusifolius. Functional Ecology 11: 545–553

Haynes RJ and Goh KM (1978) Ammonium and nitrate nutrition of
plants. Biological Reviews 53: 465–510

Herold A (1984) Biochemistry and physiology of synthesis of starch
in leaves: autotrophic and heterotrophic chloroplasts. In: Lewis
DH (ed) Storage Carbohydrates in Vascular Plants (pp 181–204)
Cambridge University Press, Cambridge

Huber DM and Watson RD (1974) Nitrogen form and plant disease.
Annual Review of Phytopathology 12: 139–165

Inman RE (1971) A preliminary evaluation ofRumexrust as a
biological control agent for curly dock. Phytopathology 61:
102–107

Melzer A, Gebauer G and Rehder H (1984) Nitrate content and ni-
trate reductase activity inRumex obtusifoliusL. II. Responses
to nitrate starvation and nitrogen fertilization. Oecologia 63:
380–385

Monaco TJ and Cumbo EL (1972) Growth and development of curly
dock and broadleaf dock. Weed Science 20: 64–67

Mooney HA, Fichtner K and Schulze E-D (1995) Growth, photo-
synthesis and storage of carbohydrates and nitrogen inPhaseolus
lunatusin relation to resource availability. Oecologia 104: 17–23

Paul ND and Ayres PG (1986) The effects of nutrient deficiency and
rust infection on the relationship between root dry weight and
length in groundsel (Senecio vulgarisL.). Annals of Botany 57:
353–360

Pollock CJ and Cairns AJ (1991) Fructan metabolism in grasses and
cereals. Annual Review of Plant Physiology and Plant Molecular
Biology 42: 77–101

Schulze W, Schulze E-D, Stadler J, Heilmeier H, Stitt M and
Mooney HA (1994) Growth and reproduction ofArabidopsis
thaliana in relation to storage of starch and nitrate in the wild-
type and in starch-deficient and nitrate-uptake-deficient mutants.
Plant, Cell and Environment 17: 795–809

Sokal RR and Rohlf FJ (1995) Biometry, 3rd edn. Freeman, New
York

Whipps JM and Lewis DH (1981) Patterns of translocation, storage
and interconversion of carbohydrates. In: Ayres PG (ed) Effects
of Disease on the Physiology of the Growing Plant (pp 47–83)
Cambridge University Press, Cambridge

ejpp704.tex; 11/08/1998; 11:47; p.7


