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† Background and Aims Experiments have shown that biotrophic fungi divert assimilates for their growth.
However, no attempt has been made either to account for this additional sink or to predict to what extent it com-
petes with both grain filling and plant reserve metabolism for carbon. Fungal sink competitiveness with grains
was quantified by a mixed experimental–modelling approach based on winter wheat infected by Puccinia
triticina.
† Methods One week after anthesis, plants grown under controlled conditions were inoculated with varying loads.
Sporulation was recorded while plants underwent varying degrees of shading, ensuring a range of both fungal
sink and host source levels. Inoculation load significantly increased both sporulating area and rate. Shading sig-
nificantly affected net assimilation, reserve mobilization and sporulating area, but not grain filling or sporulation
rates. An existing carbon partitioning (source–sink) model for wheat during the grain filling period was then
enhanced, in which two parameters characterize every sink: carriage capacity and substrate affinity. Fungal
sink competitiveness with host sources and sinks was modelled by representing spore production as another
sink in diseased wheat during grain filling.
† Key Results Data from the experiment were fitted to the model to provide the fungal sink parameters. Fungal
carriage capacity was 0.56+0.01 mg dry matter 8Cd21 per lesion, much less than grain filling capacity, even in
highly infected plants; however, fungal sporulation had a competitive priority for assimilates over grain filling.
Simulation with virtual crops accounted for the importance of the relative contribution of photosynthesis loss,
anticipated reserve depletion and spore production when light level and disease severity vary. The grain filling
rate was less reduced than photosynthesis; however, over the long term, yield loss could double because the
earlier reserve depletion observed here would shorten the duration of grain filling.
† Conclusions Source–sink modelling holds the promise of accounting for plant–pathogen interactions over time
under fluctuating climatic/lighting conditions in a robust way.

Key words: Triticum aestivum, Puccinia triticina, source–sink model, dry mass partitioning, spore production,
reserve balance, environmentally linked disease damage, tolerance to disease.

INTRODUCTION

Foliar pests reduce the net assimilation rate of infected plants
through a source effect, i.e. they are directly responsible for a
decrease in photosynthesis (Johnson, 1992; Bancal et al.,
2007). They also reduce the net assimilation rate through a
sink effect, i.e. they divert carbon fluxes from growing plant
organs to themselves for their own growth (Whipps and
Lewis, 1981; Farrar, 1992). Fungal sinks can also affect net as-
similation by an increase in leaf respiration associated with
either fungal growth (Sabri et al., 1997; Garry et al., 1996)
and/or plant defence responses (Farrar and Lewis, 1987;
Farrar, 1992).

Among plant pathogens, biotrophic fungi are the most cited
regarding the need to better understand sink effects (Boote
et al., 1983; Ayres et al., 1996). Their sink activity has been
strongly suggested by studies conducted at different scales
using either 14C labelling techniques (Okwulehie, 2000), the
characterization of enzyme switches involved in source–sink

transitions induced by infection (Berger et al., 2004;
Pérez-Garcia et al., 1998) and even the quantification of myce-
lium or spores produced by the fungus (Sache, 1997; Robert
et al., 2002). In the last-named case, mycelium or cumulative
spore biomass represents up to 50 % of infected leaf biomass,
and heavily infected leaves behave as net importers of carbon
(Farrar and Lewis, 1987). Although these studies agree that
biotrophic fungi need to be accounted for as a sink for the
plant, they rarely quantify the damage and extrapolate it
under varying growth conditions. The competitiveness for
sugar use by biotrophic pathogenic fungi is frequently assigned
to architectural changes in nutritional pathways, e.g. through
haustoria, specific structures at the interface with leaf tissues,
whose ability to import carbohydrates has been demonstrated
at the molecular level (Wirsel et al., 2001; Voegele et al.,
2006). However, in wheat infected by leaf rust (Puccinia
triticina) at the uredial stage, the invasion by D-haustoria in
vascular tissues has only been reported once (Andreev et al.,
1982). Thus, fungal competitiveness with grain growth would
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result from preferential use rather than limited access to assim-
ilates released from phloem.

To gain a thorough quantification of what is lost by the plant
due to fungal sink activity, the latter needs to be integrated into
a whole-plant model of carbon partitioning. To account for
degradation in net assimilation, Bastiaans (1993) simply used
a power coefficient to green area loss. Yet many enzyme pro-
cesses that are often studied independently actually drive the
fungal sink activity; among them, fungal invertase (Voegele
et al., 2006), hexose (Voegele et al., 2001) and sucrose
(Wahl et al., 2010) transporters have been reported to be
involved in fungal sink strength in plant-compatible interac-
tions with biotrophic pathogens. Fungal sink activity per se
involves both spore production and mycelium growth inside
the leaf, and it is accompanied by new carbon needs due to
plant reaction to fungal invasion, but no attempt has been
made to quantify overall fungal sink in terms of any one of
these aspects. Pinnschmidt et al. (1995) introduced a constant
‘assimilate consumption’ as well as a ‘reserve blockage’ func-
tion as coupling points in a multiple pest model; however,
competition between plant organs and pests was not repre-
sented in a dynamic way.

Numerous plant models already account for competition
between plant sinks to predict assimilate partitioning
(Genard et al., 2008). Empirical approaches use a fixed parti-
tioning coefficient (West et al., 1997) that may vary as new
sinks appear. These models usually assume that sink priority
results from a combination of the age of an organ and/or its
size (i.e. its biochemical capacity to import assimilates).
Although this has proved useful to extend modelling from
plant growth to yield, it is insufficient if sink competition in
the case of varying resources is to be investigated. Thus, alter-
native mechanistic approaches of source–sink interactions
were developed. Minchin et al. (1993) described a model by
analogy to the well-known response of enzyme activity to sub-
strate concentration. They characterized each sink as an activ-
ity consuming a common substrate, e.g. labile carbon, which is
released by sources. Any sink is thus characterized by two
parameters: its affinity to substrate K, and its carriage capacity
V. Adding any new sink amounts to quantifying its parameters.
However, this model remains theoretical because sources were
defined as producing a given substrate concentration without
explaining mechanisms. Bancal and Soltani (2002) have pro-
posed to define sources based on their rate of substrate produc-
tion. In this case, substrate concentration becomes an internal
variable of the model, which is easily fit to available data on
activities of sources and sinks. The authors also suggested
that carriage capacities V would continuously vary throughout
sink growth, while affinities K are intrinsic characteristic of the
various sinks. In other words, K would not vary with growth
conditions and could be readily obtained from the literature.
Lastly, Bancal and Soltani (2002) validated their model with
regard to wheat during grain filling by splitting carbohydrate
temporary reserve into two functional pools: a sink, using
labile carbon as the substrate for reserve polymerization; and
a source, delivering labile carbon from reserve hydrolysis.

Here, fungal sink competitiveness with grains of winter wheat
(Triticum aestivum) was quantified with regard to leaf rust
(Puccinia triticina), a biotrophic and endoparasite fungus attacking
leaves. We based our study on a mixed experimental–modelling

approach. An experiment was set up under controlled condi-
tions using crossed levels of inoculum load and incident light
intensity during spore production to display the source–sink re-
lationship for carbon partitioning. We then enhanced the model
of Bancal and Soltani (2002) regarding fungus activity (charac-
terized through spore production) as another sink in a carbon
partitioning model of diseased plants. The dynamics of spore
production over time then permitted us to fit the two parameters
characterizing fungus sink: carriage capacity Vs and substrate
affinity Ks. Lastly, the model was used to investigate the com-
petitiveness between plant and fungal sinks under different
source–sink balances.

MATERIALS AND METHODS

Plant growth and development

Due to its high susceptibility to leaf rust, Triticum aestivum
‘Soissons’, a commercial cultivar of high yield and quality,
was used. Wheat seeds were soaked in water and vernalized
in Petri dishes for 6 weeks in the dark at 5 8C. About 500 seed-
lings were then transplanted by groups of five into 3-L pots
filled with expanded silica (Perlitew) rather than soil,
because Perlite avoids compaction and it eases the supply of
nutrients. The Perlite had been soaked in water for 2 weeks
prior to potting. The bottom of the pots remained in water
throughout the experiment to meet the plant demand for
water. Pots were bound together to obtain a density of 550
seedlings m22. Seedlings were then raised under glasshouse
conditions until anthesis at a mean temperature of 18 8C.
Additional light was provided to obtain 380+ 25 mmol m22

s21 photosynthetically active radiation (PAR) over a 16-h
photoperiod. Twice a week plants were fed nutrients in solu-
tion amounting to 10.7 mg N per plant. Water or nitrogen stres-
ses were thereby avoided. A fungicide that targets powdery
mildew (Ethyrimol, 2 mL L21, 0.3 L m22) was applied
every 2 weeks to avoid any exogenous contamination.

In total, 550 single-culm plants were individually tagged to
record heading as well as anthesis dates for each of them. From
these 550 plants, 144 were selected with the same heading and
anthesis dates. Spikelet number and height of flag leaves below
the lamp were then individually measured. According to these
numbers, four 36-plant sets were established, with bigger or
taller plants equally distributed among them. As expected,
no significant differences were found between sets for the fol-
lowing criteria: the timing of development (heading and anthe-
sis dates) and the size of plants (height and area of flag leaf) as
well as the number of grains per spike. The four sets later
underwent various treatments as indicated below.

Treatments

Inoculation of flag leaves. One set of plants was not inoculated,
serving as the control treatment (I-1). The remaining plants
were inoculated 5 d after anthesis (GS 69) using P. triticina
spores (isolate B9384-1C1) supplied by H. Goyeau (INRA,
Grignon, France). Spores mixed with Lycopodium spore powder
(Coopération Pharmaceutique Française, Melun, France), at
1 : 3–2 : 3, were applied with a paint brush to one-third,
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two-thirds or all of the flag leaf area (further designated as
treatments I-2, I-3 and I-4). Plants were incubated for 16 h
in the dark in a dew chamber, at the mean temperature of 15
8C. They were then transferred to a growth chamber at a tem-
perature regime of 20/14 8C day/night at 80 % relative humid-
ity. During the 16-h photoperiod, provided by 400-W lamps
(HPIT Plus, Philips, Eindhoven, the Netherlands), the light in-
tensity at the top of the cover was 700 mmol m22 s21.
Sporulation began 11–13 d after inoculation, during the first
2 d after shading (see below). It peaked 5 d later and continued
until the end of the experiment. Shading was therefore carried
out at the time of both sporulation and maximum rate for grain
filling (GS75–GS85).

Shading the flag leaves. Eleven days after inoculation, 48
control plants (12 from each inoculation load) were sampled,
while the 96 other plants were submitted to shading treatments
(0, 35, 50 and 65 % shading of flag leaf; respectively S-1, S-2,
S-3 and S-4) during the following 11 d. Shading nets
(Diatexw) were checked to ensure that they were having no
effect on light quality or air temperature. Lower leaves were
kept in the dark to suppress their contribution to carbon
gain. To guarantee that each flag leaf was always the same dis-
tance from the lamps, the base of each pot was more or less
elevated. Each flag leaf was placed in a transparent plastic cy-
linder and maintained in a horizontal position. These cylinders
were open on the top to avoid water condensation that would
have hampered spore collection. This experimental design
simplified spore sampling over time and ensured the homogen-
eity of light intensity applied to flag leaves.

Measurements

Harvesting and weighing spores. Spores were collected every
2–3 d from 13 to 22 d after inoculation (five samples). Flag
blades were gently shaken to recover the spores in the cylin-
ders. The collected spores were transferred to a plastic vial
with a known weight, lyophilized in a centrifuge evaporator
(Jouan RC 10.09) and dry weighed.

Interpolating individual plant and grain dry mass (DM) at the
start of the shading treatment. The 48 control plants were col-
lected the day the shading treatments began (day 11 after in-
oculation). They were individually characterized according to
their grain number and flag leaf area, in addition to the DM
of grains and the DM of the remaining aerial parts of plants.
These growth characteristics were related to the non-destructive
measurements made during plant growth (heading and anthesis
dates plus the height of the flag leaf) by way of multiple
regressions. Thus, the DM of plant aerial parts (P11), grains
(G11) and vegetative parts (V11) was fitted at the beginning
of shading. These regressions do not indicate any physiologic-
al determinism, but they could be used within the reported ex-
periment to independently determine the initial values of P11,
V11 and G11 for the 96 plants further submitted to differential
shading. The regression equations were as follows:

P11 = (55HFlag + 16AFlag + 36Ngrains) × 10−3

− 1.87 [RMSE = 0.14 g],

V11 = (48HFlag + 17AFlag + 21Ngrains) × 10−3

− 1.59 [RMSE = 0.11 g]

G11 = (0.28HFlag − 0.78Dhead − 0.66Danth + 25)Ngrains

× 10−3 − 1.87 [RMSE = 0.05 g]

where Dhead is date of heading, Danth is date of anthesis date,
HFlag is flag leaf height (cm), AFlag is flag leaf area (cm2)
and Ngrains is number of grains per spike.

Clearly, P11 ¼ V11 + G11, but different parameters were
chosen to avoid mathematical binding. The obtained root
mean square error (RMSE) suggested an accuracy of estimates
better than 10 %, with neither bias in their determination nor
effect of previous inoculation level (P . 0.05).

Estimating the rates of plant and organ growth during the shading
treatments. At the end of the shading treatment (day 22 after
inoculation), plants were individually harvested and spikes
were separated from the flag leaves and the rest of the plant.
Flag leaves were scanned in colour (EPSON Expression
1680 Pro) at a resolution of 300 d.p.i. Total, green, apical nec-
rotic and sporulating areas were then measured and lesion
number was counted by image analysis using Optimas soft-
ware (Media Cybernetics, Silver Spring, MD, USA). Flag
leaves were added to the rest of the plant aerial parts, oven
dried at 80 8C and then dry weighed. Dry spikes were then
separated into grains and chaff, and both the number and the
DM of grains per spike were recorded. From measured final
values (G22, P22 and V22) and from estimated initial values
of G11, P11 and V11, the respective rates of grain filling, net
assimilation and reserve balance were assessed for each plant,
as the slopes between values at day 11 and day 22. For easier
extrapolation to field conditions, these ‘observed’ rates are
reported in degree days (8Cd) rather than in number of days.
Hereafter these rates are named Ug, Ua and Up–Uh, respectively.

Data analysis

Multiple correlations and multiple factor analyses of
variance were performed with STATGRAPHICS Plus
(Manugistics, Inc., MD, USA). Means were compared with a
Newman Keuls test. Individual effects of inoculation (I) and
shading (S) were analysed as well as first-level interactions
I × S. The overall error rate was a ¼ 0.05. Paired comparisons
were made between data and values simulated by the model.
The t-test was used for the paired comparisons for both Ug

and reserve balance. It could not be used for Us and other para-
meters relative to spore production because of excessive stand-
ard skewness, due to either no or very low infection in
non-inoculated plants. Thus, either I1-plants were not regarded
and ANOVA could be applied or I1-plants were regarded using
sign and rank tests.

Modelling spore production of P. triticina as a competitive
sink for carbon

Overview. Bancal and Soltani (2002) have proposed a source–
sink model that simulates the allocation of carbon between
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sources (photosynthesis and reserve utilization) and sinks
(grain filling and reserve storage) in wheat after anthesis.
Sources and sinks thus refer to activities, not to organs. In
this study, the model was extended to wheat infected with
P. triticina. Figure 1 describes the four compartments the
model explicitly takes into account: flag leaf, grain DM,
spore DM and reserves. Free carbon circulating between
organs is characterized by the concentration S, which is the
driving variable in the following equations. Free carbon is
released by the varying sources (flag leaf net assimilation Ua

and reserves hydrolysis Uh) while it is used to feed the
varying sinks (grain filling Ug, sporulation Us and reserves
polymerization Up). The reserve compartment is filled by
means of polymerization activity (sink), while it is depleted
by hydrolysis activity (source). The two other compartments,
i.e. grain DM and spore DM, are only linked to free carbon
through sink activities that import carbon from the plant to
respectively fill grains and produce spores.

Equations. The main source of carbon is the net assimilation
rate of flag leaf (Ua), which is also a model input. Reserve
hydrolysis is the secondary source of carbon (Uh), which is
downregulated through retro inhibition by S, according to

Uh = Vh.Kh/(Kh + S) (1)

where Vh represents its potential activity, and Kh is the constant
of inhibition by S, the substrate concentration.

In an infected plant, three sink activities were taken into
account: reserve polymerization (Up), grain filling (Ug) and
spore production (Us). In a first hypothesis (H1), it was

assumed that every activity consumes the substrate S and
follows a Michaëlis–Menten kinetic:

U = V .S/(K + S) (2)

where Vp, Vg and Vs represent potential activities and Kp, Kg

and Ks represent affinities for the substrate of reserve polymer-
ization, grain filling and spore production, respectively. Under
H1 it is thus supposed that spore production only depends on
the current sources (Ua and Uh) of the plant. As an alternative,
a second hypothesis (H2) proposes that spore production also
depends on carbon remobilization from the mycelium, and
thus it partly functions independently of current plant nutri-
tion. In that case,

Us = [Vs.S/(Ks + S)] + Vm (3)

Vm being an additional parameter that represents carbon remo-
bilization from the mycelium. Under the two hypotheses, the
model assumes that concentration S converges to a steady
state when all the carbon released by the sources is used by
the sinks:

Ua + Uh − Up − Ug − Us = 0. (4)

Parameter estimation. For each plant characterized by its mea-
sured Ua rate, a single value of S solves eqns (1)–(4), provid-
ing the parameters V and K are given. On the one hand, Kh, Kp

and Kg are intrinsic characteristics of hydrolysis, polymeriza-
tion and grain filling. Thus, they are independent of the experi-
ment and were set to 2500, 2500 and 65 mM, respectively,
according to Bancal and Soltani (2002). The values of K char-
acterizing the sink strength for spore production will function
independently of experimental conditions once it is deter-
mined as described below. On the other hand, potential activ-
ities Vh, Vp, Vg, Vs and Vm vary with both plant development
stage and previous growth conditions. These parameters
could be provided by a dynamic growth model; alternatively,
they could be fitted for each experiment, which was done
here. Additionally, the potential activities were assumed to
also vary with plant size (Vh, Vp and Vg) or infection level
(Vs and Vm). Accordingly, Vh, Vp and Vg were normalized by
the number of grains per spike, while Vs and Vm were normal-
ized by the number of lesions per flag leaf. The numbers of
grains and lesions, as well as Ua rate, were therefore model
inputs for each plant.

Parameters Vh, Vp, Vg, Vs, Vm and Ks, common to all plants,
as well as the variable S characterizing each plant, were esti-
mated by minimizing the three RMSE between measured
values (using data obtained at days 11 and 22) and simulated
values (using eqs 1–4) of Ug, Us and reserve balance (Up–
Uh) rates. Because these rates were markedly different in mag-
nitude, the procedure minimized a weighted sum of RMSE,
using the standard deviation of the measured rates to weigh
the corresponding RMSE. A bootstrap procedure was then
used to obtain confidence intervals for each parameter.

Example of model predictive use. Once the parameters were esti-
mated as indicated, the model could be used to simulate the

Sink activity
Compartment

Source activity

Spike

Grain DM

Plant vegetative parts

Polymerization
Hydrolyse

Reserve

Free
carbon

Grain filling

Flag leaf

Net assimilation

Parasite

Sporulation

Spore DM

Irradiance

FI G. 1. Following Bancal and Soltani (2002), the enhanced carbon repartition
model that now accounts for fungal sink competitiveness. Sources (metabolic
activities that release free carbon) are drawn as triangles and arrows, while
sinks (metabolic activities that consume free carbon) are drawn as ellipses
and arrows. The carbon compartments are drawn as rectangles with plain

lines, and the plant/fungus organs with dashed lines.
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output variables (i.e. Ug, Us and Up–Uh) corresponding to
varying input levels (i.e. Ua, grain and lesion number). An
example is given for a virtual crop of 550 culms m22, each
bearing 40 grains, which corresponds to the median of plants
in the lab experiment. Ua in control culms was calculated
from incoming daily PAR using a radiation use efficiency of
3 g DM MJ21. Diseased culms bear 250 lesions on their flag
leaf, approximately the third quartile observed in the lab ex-
periment, leading to a 6 % loss of green area in the flag leaf.
The epidemic was homogenously distributed on the culm
green leaves. Diseased culms thus bore a total of 1000
lesions, because flag leaf green area was about one-quarter
of total green leaf area between GS75 and GS85 (P. Bancal,

unpubl. data). Lesions therefore led to a 6 % loss of green
area in all leaves, and Ua was reduced two-fold more than
the green area loss reported by Robert et al. (2005).

RESULTS

Effects of shading and inoculation treatments on plant functioning

Data for net assimilation (Ua) and grain filling (Ug) rates were
derived for each plant from the increase in total DM during the
shading period. As expected, Ua (Fig. 2A) significantly
decreased with increasing shading intensity from 4.8+ 1.4
to 3.7+ 1.2 mg DM 8Cd21. However, ANOVA resulted in
quite low (0.01 , P , 0.05) significance levels (Table 1)
due to a large variation in Ua within each shading level. To in-
crease the accuracy of the analysis, flag leaf area (AFlag) vari-
ability was accounted for through a covariance analysis.
Indeed, the analysis of covariance showed that AFlag had a
significant effect on Ua (P , 1024; Table 2), increasing the
significance of shading (P , 0.01). The effect of the inocula-
tion level on Ua was also significant (P , 0.05), but across
treatments quite inconsistent, as Ua of the most highly inocu-
lated treatment (I-4) was not significantly different from the
non-inoculated treatment (I-1). Using AFlag as covariable de-
creased the effect of inoculation on Ua, which became only
marginally significant (P ¼ �0.05). Neither inoculation nor
shading treatments showed any significant effect on Ug during
their application (Fig. 2B; Table 1). In fact, Ug showed less vari-
ability than Ua, with coefficient of variations of 24 and 30 %,
respectively. Mean Ug was 3.8+1.0 mgDM 8Cd21 when all
data were accounted for. As observed in the case of Ua,
AFlag had a significant effect on Ug (P , 1024; Table 2), but
the analysis of covariance did not lead to a significant effect.
Finally, no interaction between inoculation and shading treat-
ments was found (P . 0.05; Table 2).

Effects of shading and inoculation treatments on spore production

Spore production rate Us. Non-inoculated plants I-1 were incu-
bated together with inoculated plants I-2, I-3 and I-4, so some
contamination might have occurred, which could explain why
Us was not exactly zero in set I-1 (Fig. 2C). As expected, Us

significantly increased for each inoculation level (P , 1024;
Table 1). A significant effect of shading treatments on Us

was also found, but only S-1 differed from S-4 (P , 0.01;
Table 1). AFlag had a significant effect on Us (P , 0.05;
Table 2), but taking AFlag as a covariable in ANCOVA led to
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FI G. 2. The effects of inoculation and shading levels on rates of net assimi-
lation Ua (A), grain filling Ug (B) and rust sporulation Us (C). Inoculation
levels (I-1 to I-4) indicate either no inoculation (I-1) or inoculation of
one-third, two-thirds or all of the flag leaf area (treatments I-2, I-3, I-4 respect-
ively). Shading treatments refers to 0, 35, 50 and 65 % shading of flag leaf
(S-1, S-2, S-3, S-4, respectively). Box plots represent the range between the
first and third quartile. Medians are shown as bold lines and minimum and

maximum recorded values as circles.

TABLE 1. The probability of no effect of treatments (shading and
inoculation) on the rates of net assimilation (Ua), grain filling
(Ug) and sporulation (Us) according to analysis of variance; the
non-inoculated plants from set I-1 were not taken into account

for Us

Ua Ug Us

Inoculation 0.0128 0.5970 ,1024

Shading 0.0364 0.1719 0.0050
Interaction I × S 0.8078 0.9993 0.2330
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the same results as previously shown with ANOVA. The dif-
ferent components of spore production were then examined,
as either shading or inoculation may have impacted them
differently.

Components of spore production. As commonly observed, the
inoculation efficiency (lesion number per inoculated area)
varied strongly within each plant treatment, which led to
large distributions of Us (Fig. 2C). A significant variation in
inoculation efficiency was also observed across inoculation
levels (P , 0.01; Table 3), but not across shading levels
(P . 0.05). However, inoculation efficiency did not show
any significant effect on Us (P . 0.05; data not shown)
when used as a covariable. The number of lesions per leaf
increased very significantly (P , 1024; Table 3) among inocu-
lation levels. However, the variability in inoculation efficiency
led to a large variability in the number of lesions per leaf
within each inoculation level: from 17 to 289, 16 to 432 and
89 to 687 in treatments I-2, I-3 and I-4, respectively. This vari-
ability masked any significant effect of shading on the number

of lesions per leaf or interaction between shading and inocula-
tion treatments (P . 0.05).

Sporulating area, expressed either as raw values (up to
6 cm2) or relative to AFlag (up to 20 %), was found to increase
significantly with inoculation (P , 1024; Table 3). Shading
had a significant effect on this variable, but only S-1 was dif-
ferent from S-4 (P , 0.01), while the inoculation × shading
interaction was not significant (P . 0.05).

Mean lesion size increased from 0.2+ 0.1 to 1.0+ 0.4 mm2

with increasing inoculation levels (P , 1024; Table 3), sug-
gesting it increased with lesion number (Fig. 3A). However,
mean lesion size did not increase with lesion density over
the inoculated area (Fig. 3B). Therefore, the effect of inocula-
tion level on mean lesion size probably resulted from the vari-
ability in inoculation efficiency observed across inoculation
levels. Mean lesion size also decreased significantly from
1.0+ 0.4 to 0.5+ 0.2 mm2 with increasing shading (P ,
0.01), and no inoculation × shading interaction was found
(P . 0.05).

Finally, variations of Us with inoculation and shading were
analysed when Us was expressed by lesion number or by
sporulating area. Sporulation rate per lesion increased signifi-
cantly with inoculation level (P , 1024; Table 3), but not
with lesion density over the inoculated area (data not
shown). Sporulation rate per lesion also decreased significantly
with shading level (P , 0.01), and no significant interaction
occurred between inoculation and shading (P . 0.05).
Conversely, specific Us (relative to sporulating area) was not
found to vary significantly with either inoculation or shading
(P . 0.05), and no interaction between inoculation and
shading was found (P . 0.05).

Because of variability between plants and within treatments
and because sink growth results from non-linear relationships
between sources and sinks, modelling is a key step to charac-
terize fungal sink characteristics with regard to those of wheat
grains.

TABLE 2. The probability of no-effect of treatments (shading and
inoculation) on the rates of net assimilation (Ua), grain filling
(Ug) and sporulation (Us) according to analysis of covariance
using flag leaf total area (AFlag) as a covariable; the non-
inoculated plants from set I-1 were not taken into account for Us

Ua Ug Us

Covariable ,1024 ,1024 0.0421
Inoculation 0.0488 0.9987 ,1024

Shading 0.0024 0.0544 0.0053
Interaction I × S 0.7585 0.6153 0.2047

TABLE 3. Effects of inoculation and shading intensities on the components of rust sporulation at the end of 200 8Cd

Inoculation efficiency
(lesion per cm2

inoculated)
No. of
lesions

Sporulating
area (cm2)

Relative
sporulating area

(% AFlag)
Mean lesion
size (mm2)

Mean sporulation rate
(mg DM 8Cd21 per

lesion)
Specific sporulation rate
(mg DM 8Cd21 mm22)

I
effect

** *** *** *** *** *** n.s.

I-2 9.7a 120a 0.7a 2a 0.6a 0.27a 47a

I-3 9.0a 163a 1.3a 4a 0.8a 0.37a 44a

I-4 13.5b 332b 3.2b 10b 1.0b 0.46b 47a

S
effect

n.s. n.s. ** ** ** ** n.s.

S-1 11.0a 212a 2.2b 7b 1.0b 0.44b 44a

S-2 9.1a 159a 1.4a 4a 0.8b 0.36ab 46a

S-3 11.4a 217a 1.9ab 6ab 0.8b 0.39ab 45a

S-4 11.7a 220a 1.3a 4a 0.5a 0.27a 50a

I × S n.s. n.s. * * n.s. n.s. n.s.
LSD 4.1 91 0.8 3 0.2 0.12 9

Data averaged by I- or S-levels (excluding I-1 plants) are indicated with results of variance analysis. The letter after the mean indicates no significant
difference with the Bonferroni test at 0.05: Latin letters (a,b) refer to the I-effect, while Greek letters (a,b) refer to the S-effect. Least standard deviation
(LSD) was calculated based on the mean comparisons according to the Bonferroni test. Multiple factor ANOVA was carried out fully crossing inoculation
(I-2, I-3 and I-4) and shading (S-1 to S-4) effects. The first-order interaction between factors was examined (I × S). A probability lower than 0.05 denotes a
significant effect of a treatment or an interaction, with *, 0.01 , P , 0.05; **, 0.001 , P , 0.01; ***, P , 1024; n.s., non-significant effects.
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Parameterization of Us as a competitive sink for carbon

Model evaluation. Two versions of carbon partitioning models
were then fitted to data obtained on each plant. Models
assumed either that Us relies only on carbon currently avail-
able by plant organs (H1) or that it relies at least partly on
carbon specifically remobilized from mycelium (H2). Models
were fitted by minimizing together three RMSEs between
simulated and observed values of Ug, Us and reserve balance
rate (Up–Uh). Correlations between observed and simulated
values were not significantly different from identity (P .
0.05), with r2 of 0.86, 083 and 0.78 for Ug, Up–Uh and Us,
respectively (Fig. 4). Paired comparison also indicated that
simulated values of Ug, Us and reserve balance rate were not
significantly different from observed values (P . 0.05).
Models therefore properly took into account the effects of
infection over a wide range of Ua. Adding a parameter in the
case of hypothesis H2 did not increase the accuracy of the
relationships (data not shown).

Sporulation competitiveness according to model. Fitting the
models provided estimates for Vm, Vs, Vh, Vp, Vg and Ks,
which are parameters common to all fitted plants, and it also
provided an estimate for S, which is a variable specific to

each plant. Parameter variability was assessed using bootstrap
techniques (Table 4). Assuming hypothesis H1 (which
assumes that Us depends only on current carbon availability),
spore production exhibited a high affinity for circulating
carbon, with Ks ¼ 29+ 6 mM within a lower range than Kg

set at 65 mM for grain filling. Thus, as S was fitted in the
range 0.1–1.0 M for each of the 96 plants (data not shown),
both Ug and Us were close to their respective potential Vg

and Vs according to Michaelis–Menten equations (eqn 2). In
other words, both Ug and Us were saturated, and therefore
quite insensitive to a decrease in Ua by shading. The variability
in Ug and Us reported in Fig. 2 was mostly due to variability in
either grain or lesion number, as the potential sink activities
were accurately determined at 164+ 1 mg DM 8Cd21 per
grain for Vg and 0.56+ 0.01 mg DM 8Cd21 per lesion for
Vs. By contrast, Up was far from saturated in the observed
range of S, as Kp was set at 2500 mM: Up was always much
lower than fitted Vp, and stem reserves closely followed any
variation in Ua.

Following hypothesis H1, the accuracy of fitting Ks was
quite low, suggesting that Us did not exactly follow a
Michaelis–Menten equation. A second version of the model
was therefore tested (hypothesis H2): Us not only depends
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on current carbon availability during shading but also on pre-
vious mycelium growth parameterized by Vm, according to eqn
(3). Hypothesis H2, despite using one more parameter, did not
result in a clear improvement in the fitting, as the RRMSE for
Us decreased by only 0.2 %. The potential activity Vm was ac-
curately determined (0.41+ 0.06 mg DM 8Cd21 per lesion).
Conversely, the accuracy of Vs decreased (0.29+ 0.09 mg
DM 8Cd21 per lesion), and Ks, equal to 586+ 175 mM, was
no more accurately determined than under hypothesis H1.
Under hypothesis H2, the level of Ks suggested that the corre-
sponding activity was not saturated in the observed range of S,
and therefore suited Ua variation. However, the fact that Vs was
in the same range as Vm suggested that the component of Us

that would not respond to current net assimilation would be
around half Us.

Simulation of carbon repartition according to the model. The
model with fitted parameter values was thereafter used to
simulate the varying source and sink activities for any given
Ua, Ngrains, and number of sporulating lesions over the range
of Ua observed in the experiment (1–6 mg DM 8Cd21 per
plant). The following example relates to the field scale: on a
25-year set of weather data, the incoming daily PAR from
GS75 to GS85 ranged from 1 to 15 MJ m22, but average
data over 2 weeks were between 7 and 12 MJ m22 (P.
Bancal, unpubl. data), leading to Ua ¼ 2–4 mg DM 8Cd21

per culm when no disease occurs (Fig. 5A). By comparison,
in an infected crop bearing 1000 lesions per culm, the net as-
similation rate Ua decreased by 12 %, thus decreasing the cir-
culating carbon to be partitioned. The sporulation rate Us

(Fig. 5B) showed a smoothed response to PAR under hypoth-
esis H1, whereas it was nearly linear under hypothesis H2.
Nevertheless, the choice of either H1 or H2 resulted in less
than 3 % variation in Us when PAR was above 7 MJ m22.
Regardless of which hypothesis is used, Us was was much
less affected than Ua by PAR variations; moreover, the ratio
of Us to the control Ug was always 9–10 % for a medium-sized
plant (Ngrains ¼ 40) regardless of PAR level. Fungus

competitiveness for assimilates made sporulation quite insensi-
tive to PAR level. The rate of grain filling Ug (Fig. 5C), never-
theless, was one order of magnitude higher than sporulation, in
control as well as in diseased plants. The choice of either
hypothesis H1 or H2 resulted in less than 1 % variation in
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cating that the results do not depend on the hypothesis.

TABLE 4. Parameterization of the carbon allocation model of
wheat infected by rust during grain filling following two
hypothesis: H1, rust sporulation is only a Michaelis sink; or H2,
rust sporulation adds a Michaelis sink to a component set before

shading in terms of mycelium growth

(a) Carrying capacity (mg DM 8Cd21 per quanta)

Hypothesis Vh Vp Vg Vs Vm

H1 46+1 306+5 164+1 0.56+0.01
H2 45+1 306+4 165+1 0.29+0.09 0.41+0.06

(b) Substrate affinity (mM)
Hypothesis Kh Kp Kg Ks

H1 2500* 2500* 65* 29+6
H2 2500* 2500* 65* 586+175

‘Quanta’ means ‘grains’ for plant parameters (Vh, Vp and Vg), and ‘lesions’
for fungus parameters (Vs and Vm).

*Kh, Kp and Kg are set according to Bancal and Soltani (2002). Means+
95 % confidence intervals for the other parameters were obtained by a
bootstrap procedure.
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Ug assessment when PAR was above 7 MJ m22. The Ug loss in
diseased relative to control plants declined with increasing
PAR: from –0.4 to –0.3 mg DM 8Cd21 per plant, i.e. –12
to –7 % of control, within the usual range 7–12 MJ m22.

Diseased plants also depleted reserves more markedly,
strongly depending on PAR, regardless of hypothesis
(Fig. 5D). In control plants, the balance Up–Uh was either
positive (net storage) or negative (net remobilization), depend-
ing on incoming PAR values. In the given example, Up–Uh

reached +0.0 mg DM 8Cd21 at 12 MJ m22, indicating that
the reserve pool was at equilibrium, whereas it dropped to
–1.0 mg DM 8Cd21 at 7 MJ m22, indicating that reserves
were depleted. The effect of disease on reserves was somewhat
counterintuitive: the reserve balance was more affected by
disease at high rather than at low PAR levels. This increased
pressure on reserves due to disease could eventually reduce
the duration of grain filling, and then grain yield. Yield loss
should then be related to disease impact not only on Ug, but
also on Ug + Up–Uh. This index decreased by 27 and 21 %
in comparison with disease-free plants at 7 and 12 MJ m22,
respectively. Taking reserves into account thus suggested
disease decreased yield to a greater extent than that predicted
from the direct competition between grain filling and sporula-
tion. This example also indicated how damage due to disease
resulted from non-linear interactions between sources and
sinks in plant.

DISCUSSION

Despite the procedure used for plant selection before treat-
ment, sources and sinks are very variable (e.g. size, state and
local irradiation of leaves, number of grains and parasites)
between infected plants, making it difficult to compare sink
activities of grains and spores directly from the data. Based
on these quantitative measurements, a simple model helped
to estimate the parameters of fungal sink activity. Moreover,
separating fungal sink characteristics into an intrinsic affinity
Ks and a carriage capacity Vs made it possible to distinguish
between the respective effects of fungus competitiveness
(Ks) and of infection level (Vs).

Fungal sink proved to have a competitive priority over grain
filling for assimilates. Even though biotrophic fungi have long
been thought of as an additional sink competing with plant
growth, this study represents a first estimation of its competi-
tiveness relative to concomitant plant sinks at the plant
scale. Larson and Whitham (1997) consider that parasites
either redirect phloem flows, thereby changing allocation pat-
terns for their own benefit, or simply self-serve from local as-
similate flow to other plant parts. In an extensive investigation
of the literature, little evidence has surfaced to argue for an in-
vasion by D-haustoria in vascular tissues, and fluorescence
studies have shown that infection with crown rust has little
impact on surrounding tissues (Scholes and Rolfe, 1996).
Nevertheless, the present study shows that the leaf rust did
disturb the whole plant source–sink equilibrium. Therefore,
even local stress by a biotrophic pathogen acted as a mobiliz-
ing sink despite the fact that the fungus did not modify phloem
architecture. Bancal and Soltani (2002) have previously shown
that plant architecture and hydraulic resistance to fluxes do not
need to be accounted for to model the DM partitioning of

healthy wheat plants during grain filling. In the model pre-
sented here, this assumption has been maintained: a common
pool of circulating carbon is shared by all sinks without
accounting for plant architecture and infection site location.
Were this assumption not to hold, the model would not have
fit the given data for grain filling in diseased plants when in
our case it did.

The enhanced model was used to estimate the characteristics
of the fungal sink when fitted to experimental data obtained
under a wide range of carbon availability, exceeding that
observed under field conditions. The fungal sink exhibited a
higher affinity Ks for circulating carbon than the spike sink
representing carbon needs for grain filling. This result fits
well with previous observations of carbohydrate metabolism.
For instance, Voegele and Mengden (2003) have shown that
rust fungi import carbohydrates from the plant through hau-
storia that synthesize hexose transporters with a high affinity
for nutrients. Voegele et al. (2006) suggested that expression
of a fungal gene with homology to invertases is increased in
infected plants. Hayes et al. (2010) also showed that a plant
reacts to infection by a biotrophic pathogen, increasing the ex-
pression of plant invertase and hexose transporters that switch
diseased organs from source to sink; circulating carbon is thus
diverted to diseased organs. Finally, Wahl et al. (2010) found a
novel high-affinity sucrose transporter that efficiently carries
apoplastic sucrose to the benefit of the fungus even before
cleavage into hexoses. This interplay during infection between
plant and pathogen through sugar metabolism (Rolland et al.,
2006) suggests why disease cannot be explained by the single
equation (eqn 3) that led to a decrease in the accuracy of Ks es-
timation. It also explains why a clear difference was not found
between hypotheses H1 and H2. Overall, studies carried out
at the molecular level have provided the biological foundations
for P. triticina being more competitive than grains for sucrose.
Spore production is a sink that diverts plant carbohydrates
more efficiently than grain filling. Comparison between Ks

and Kg suggests that neither competition with grain growth
nor variation in carbon availability impacts spore production.

Competition with current grain filling by spore production
is not the greatest impact of fungal disease. Here, the carrying
capacities (V ) for the varying sinks were expressed per single
grain or lesion, but at the scale of the infected plant the size of
the fungal sink (Vs) was one order of magnitude lower than
that of the spike sink (Vg). Despite its higher competitiveness,
spore production in diseased plants therefore hardly decreased
the grain filling rate by the resulting current shortage of assim-
ilates. Disease, however, also led to an increased pressure on
carbon reserves, as pointed out by Gaunt and Wright (1992),
who suggested that the reserve may partially compensate for
a drop in net assimilation in order to save yield. The model
makes it possible to simulate reserve depletion by varying
disease severity and net assimilation rate. Reserves minimize
the losses for plant yield depending on PAR level. At higher
levels of net assimilation rate, for instance in the case of
sunny weather, the current grain filling rate was less affected
by disease; however, the early depletion of the reserve
would shorten the duration of grain filling. Conversely, at
lower light levels disease would decrease the rate as well as
the duration of grain filling. At the field scale, similar epi-
demics on similar crops could lead to different yield losses
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because of the wide range of photosynthesis due to variations
in light levels. To our knowledge, this interplay between
source–sink behaviour and fluctuating weather conditions
has yet to be investigated.

Variations in fungal sink activity should be further studied
throughout the fungal cycle. The present experiment was
carried out to characterize fungal sink activity through spore
production, which represents the part of fungal sink activity
that can be easily measured, moreover diverting large amounts
of carbon (up to 200 g DM m22, according to Robert et al.,
2004). However, building fungus biomass also consumes
carbon from host cells (Manners and Gay, 1982; Ayres and
West, 1993), including both hyphae and haustoria. In the
case of endoparasitic fungi, fully separating intact haustoria
and mycelia from host cell activities remains difficult
(Bushnell, 1972; Voegele and Mengden, 2003). In our case,
only the lesion size, and not the specific sporulation rate,
responded to shading, suggesting that shading was provided
when lesion size was not completely set. Further studies could
assess how sensitive the setting of the number of lesions
and/or spore production per sporulating area are to shading. If
shading is applied just after inoculation, i.e. when mycelium
grows inside the leaf tissues during the latency stage, we
would expect to measure the contribution of mycelium growth
to later spore production components. The model would
thereby be extended to the entire fungal cycle in interaction
with fluctuating leaf carbon availability over time.

To conclude, a mixed experimental–modelling approach
has made it possible to characterize a fungal sink in terms of
spore production affinity Ks and carriage capacity Vs for
carbon use. Principally, the fungal sink has a competitive pri-
ority over grain filling for circulating carbon, but because of its
low capacity, damage resulting from rust infection was quanti-
tatively more than DM loss through spore production. Three
types of damage were involved: photosynthesis loss, increased
net reserve mobilization and assimilate depletion by spore pro-
duction. The resulting damage depends on the level of both light
and disease, without following linear equations. Circulating
carbon used for spore production primarily affected either
grain filling or net reserve mobilization depending on the
level of the net assimilation rate. Thus, this simple modelling
framework makes it possible to account for compensation effects
between plant organs that either mitigate or delay damage due
to disease depending on resource availability. It is a first step
towards accounting for the interplay between sources and
sinks that needs to be integrated over time to quantify damage
to plants in a fluctuating environment. It may also provide
insight into how multiple pathogens compete with plant
resources and result in damage according to the respective
affinity and capacity of the sinks they develop.
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