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Stellingen

. De ene lesie is de andere niet.
Dit proefschrift

. De verlaagde produktic van een rijstgewas na een aantasting door de brand-
vlekkenziekte kan worden verklaard uit een verminderde onderschepping
van licht en een verminderde benutting van het onderschepte licht.

Dit proefschrift

. De verhoogde respiratie van rijstbladeren na infektie door Pyricularia
oryzae beinvloedt nauwelijks de opbrengst.
Dit proefschrift

. De asymmetrische verdeling van de adembaling over de dag draagt bij aan
de namiddag-depressie in het dagelijks verloop van de netto CO;-uitwisse-
lingssnelheid van een gewas.

Dir proefschrift

. De stelling “niet simuleren zonder experimenteren” is onvoldoende terug te
vinden in trainingscursussen in de systeemanalyse.

. De ruime keuzevrijheid van de studenten aan de Landbouwuniversiteit bij
het samenstellen van hun vakkenpakket en de hoge kwaliteit van de
Wageningse afgestudeerde staan niet los van elkaar.

Onderwijsvisitatie landbouwwetenschappen, VSNU, 1993

. Bij het terugdringen van het bestrijdingsmiddelengebruik in de landbouw
ligt de nadruk te eenzijdig op een verlaging van de hoeveelheid aktieve stof.

. De vurigste pleidooien voor het werken op contractbasis worden gehouden
door mensen met een vaste aanstelling.

. Eén van de grootste verdiensten van de biotechnologie is dat zij de
hooggespannen verwachtingen weet te consolideren.
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De veronderstelling dat het wereldrecord op de marathon vanaf 1998 bij de
vrouwen scherper zal staan dan bij de mannen is onjuist.
Whipp, B.J. & Ward, S.A., 1992. Will women soon outrun men? Nature, 355: 25

De in de westerse cultuur veelvuldig gehanteerde directe benadering heeft
er toe geleid dat minder belang wordt gehecht aan non-verbale communica-
tie.

De grote hoeveelheid naslagwerken over het tekstverwerkingsprogramma
Word Perfect is illustratief voor het gebruikersonvriendelijke karakter van
dit pakket.

Basketbal in Nederland is als korfbal in Papua New-Guinea.

Twee AIO’s op één kussen, daar past geen kleintje tussen.

L.ammert Bastiaans
Understanding yield reduction in rice due to leaf blast
Wageningen, 21 september 1993




Abstract

The study described in this thesis focuses on a quantitative understanding of the
effect of leaf blast on growth and production of a rice crop, based on insight in
the physiological processes underlying damage. For this purpose, experimental
research was conducted at two levels of integration: plant and crop. Research
was first conducted at the plant level and focused on the effects of the disease on
photosynthesis and respiration. To determine the consequences of these
physiological disturbances for crop growth and production, submodels for the
effects of leaf blast on photosynthesis and respiration were constructed and
introduced in a mechanistic model for crop growth. Experimental research at
the crop level was used to validate and improve the extended crop growth
model. At the same time the model was used to analyse the results of the field
experiments. This interaction resulted in a better understanding of yield
reduction in rice due to leaf blast and in a model that can be used to estimate
yield reduction due to leaf blast for various epidemics under variable
environmental conditions.

additional index werds: model, Oryza sativa, photosynthesis, Pyricularia
oryzae, respiration, simulation, systems analysis
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General introduction

The rice blast disease

Blast disease is generally considered as the principal disease of rice (Oryza
sativa L.), because of its wide distribution and its destructiveness under
favourable conditions (Ou, 1985). The disease is caused by a fungus belonging
to the ascomycetes that is known under various names. Currently, the most
commonly used names are Magnaporthe grisea (Hebert) Barr, used to describe
the teleomorph, and Pyricularia oryzae Cavara and Pyricularia grisea Sacc.,
used to describe the anamorph (Rossman et al., 1990).

The life cycle of the fungus starts when conidia are deposited on a rice
plant. Infection is soon followed by the colonization of host tissue, and after
four to five days the first symptoms are visible to the naked eye. In susceptible
host genotypes, rapidly enlarging whitish or grey lesions emerge that often
develop a brown margin and a yellow halo in a later stage. The lesions are
elliptical or spindle-shaped. Sporulation occurs in the central grey area of the
lesion. Conidia are formed on conidiophores and dispersed by wind or by rain
splash.

Rice is most susceptible to P. oryzae in the seedbed, and during tillering
and heading stages of the crop (Anderson et al., 1947). During early growth
stages lesions are mainly formed on leaves, whereas after heading the pathogen
infects the panicle or the neck node. Accordingly, the rice blast pathosystem is
divided into two major subsystems: the leaf and the panicle blast pathosystems
(Teng et al., 1991). Lesion formation on leaves is followed by premature leaf
senescence of infected leaf tissue, especially in case of heavy infections. The
highest fraction of leaf area covered by lesions is usually reached around
maximum tillering, followed by a gradual decline in disease severity. This
gradual decline has been attributed to adult plant resistance. The resistance of
newly formed leaf tissue increases with time (Yeh and Bonman, 1986; Koh et
al., 1987; Roumen, 1993). Leaves that appear on physiologically older plants
obtain this property faster. Consequently, leaf blast is mainly present before
flowering.

After heading, P. oryzae may infect the panicle or the neck node. Panicle
blast causes direct yield losses, since filling of the grains on infected panicies is



poor at best. For this reason, and because panicle blast occurs late in the season
when the farmer has invested all of his production inputs for the crop, panicle
blast is the most serious phase of the blast disease. Several studies were made to
estimate yield loss due to panicle blast. In most studies panicle blast incidence
was linearly related to yield loss (Kuribayashi and Ichikawa, 1952; Goto, 1965;
Padmanabhan, 1965; Katsube and Koshimizu, 1970; Tsai, 1988a), resulting in
simple empirical damage functions. Comparison of the various studies showed
that the estimated yield loss ranged from 0.4-1.0% per percent infected
panicles. Ou (1985) ascribed this variation to differences in the time of
infection: the earlier the infection, the larger the loss.

Estimation of yield loss due to leaf blast by means of correlation studies has
proven more difficult (Ou, 1985). Leaf blast is mainly present before
flowering. This period consists of the vegetative and the reproductive phase and
is characterized by the formation of source and sink capacity for yield
formation. After flowering, the source is used to fill the grains. Leaf blast thus
mainly affects grain growth indirectly, through a delayed effect on crop
production. Consequently, a thorough understanding of the yield physiology is
a prerequisite for the construction of a reliable damage model.

Disease-loss appraisal

" During the late 1960's a growing concern evolved about the consequences of
environmental pollution. Accordingly, a need arose for more sophisticated
disease management schemes that could justify and rationalize the use of
fungicides. Implementation of disease management schemes aiming at economic
control requires the estimation of economic loss due to different amounts of
disease. Therefore, disease-loss appraisal received much interest during this
period.

In the early 70's, Zadoks (1973) reviewed the attempts to relate yield loss to
disease and categorized them as critical point, multiple point and area under the
disease progress curve (AUDPC) models. The models differ in the epidemic
characteristics that are used to predict crop loss. Critical point models use one
measurement of disease severity, multiple point models use several
measurements, and AUDPC models use the integrated level of disease for the
entire epidemic. All models are used to derive empirical damage functions by
applying regression analysis to field data. The models directly relate a measure
of disease intensity to yield or yield loss, without considering the causes of yield
reduction. For this reason, the question remains whether empirical damage
functions are specific for the conditions (time, location and cultivar) in which
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they were derived, or whether they have a more general applicability.

In the 80's, the awareness grew that a complete understanding of crop loss
would not be possible without considering the physiological response of crops
to disease (Gaunt, 1978; Madden, 1983). Therefore the crop, rather than the
disease, was used as the basis for the determination of crop loss. Several papers
appeared in which yield of infected crops was directly related to the green leaf
area at a single growth stage (Lim and Gaunt, 1986), to green leaf area
duration (Rotem et al., 1983) or to the cumulative amount of radiation
intercepted by the green leaf area of the crop (Haverkort and Bicamumpaka,
1986; Waggoner and Berger, 1987). Implicitly, this type of relation assumes
that the effect of a disease on crop production is limited to a reduction in
photosynthetic leaf area. For some pathosystems, like Phyfophthora infestans
in potato, this assumption has proven valid (van Oijen, 1990). However, apart
from a reduction in the amount of intercepted radiation, diseases may also alter
the utilization efficiency of intercepted radiation for crop growth (Johnson,
1987). In these situations the relation between yield and intercepted radiation
becomes more complex.

Another methodology in line with a more crop oriented approach was
developed by Rabbinge and Rijsdijk (1981). In their approach discase intensity
or a host characteristic is not directly related to yield or yield reduction.
Attention is first concentrated on the whole plant level, being the next lower
level of integration. At this level the various ways through which a disease
interferes with basic plant growth processes (photosynthesis, respiration) or
existing biomass (leaf senescence) are identified (Boote et al., 1983). Research
is conducted to determine dose-response relations between the amount of
disease and the extent to which a process is affected. Subsequently, the relations
are introduced in a mechanistic crop growth model to determine the
consequences of the disease effects for crop growth and production. The model
enables the determination of yield reduction due to various epidemics under
variable environmental conditions, therewith meeting the limitations of
empirical damage functions. Examples of crop loss studies that were based on a
study of the effects of the harmful agent on physiclogical processes are given
by Rabbinge and Rijsdijk (1981), Boote et al. (1983), Rabbinge et al. (1985),
van der Werf (1988), Kropff (1989), van Roermund and Spitters (1990),
Rossing (1991) and Schans (1993).



Objective and approach

The main objective of the present study was to quantitatively explain the effect
of Jeaf blast on growth and production of a rice crop based on insight in the
effects of the pathogen on physiological plant processes. For this purpose,
experimental research was conducted at two levels of integration: plant and
crop, conform the methodology developed by Rabbinge and Rijsdijk (1981).
Research started at the plant level and focused on the effects of the disease on
photosynthesis and respiration. To determine the consequences of these
physiological disturbances for crop growth and production, submodels for the
effects of leaf blast on photosynthesis and respiration were constructed and
introduced in a mechanistic model for crop growth. Experimental research at
the crop level was used to validate and improve the extended crop growth
model. At the same time the model was used to analyse the results of the field
experiments. This interaction resulted in a better understanding of yield
reduction in rice due to leaf blast and in a model that can be used to estimate
yield reduction due to leaf blast for various epidemics under variable
environmental conditions.

The experiments were conducted with rice cultivar IR50, a blast susceptible
cultivar which is still grown in large parts of south east Asia. Isolate Po6-6 was
used for inoculation. The rice crop was grown under irrigated conditions, with
ample nitrogen. Similarly, rice plants grown in pots were raised with an ample
supply of water and nutrients. In this way yield limitation due to a shortage of
water and nutrients was avoided, and full attention could be given to the yield
reducing effect of the fungal pathogen.

Outline of the thesis

Experimental work on effects of leaf blast on leaf photosynthetic rate and
respiration is presented in Chapters 1 to 3. The effect of leaf blast on leaf
photosynthetic rate at light saturation is discussed in Chapter 1. Data from CO;,
exchange measurements were used to develop a simple model that relates the
reduction in leaf photosynthetic rate to the fraction of leaf area covered by
lesions (disease severity). To investigate the presence of genotypic differences
in tolerance, the reduction in leaf photosynthetic rate due to leaf blast was
determined for various rice cultivars (Chapter 2). In Chapter 3 the study on
effects of leaf blast on physiological processes was extended with observations
on the effect of the disease on initial light use efficiency and respiration.



The observations described in Chapters 1 to 3 were used to develop
submodels for the effect of leaf blast on photosynthesis and respiration. These
submodels were introduced in a model for canopy photosynthesis in order to
determine effects of leaf blast on photosynthesis of rice canopies (Chapter 4).
Model performance was validated with experimental data from CO, exchange
measurements of healthy and inoculated rice canopies in the field.

An experimental analysis of leaf blast effects on crop growth and
production is presented in Chapter 5. The same experimental data were used to
validate a crop growth model that contained the submodels for leaf blast effects
on photosynthesis and respiration (Chapter 6). Based on this comparison, the
model was extended with a submodel that accounts for carbohydrate uptake by
the pathogen for spore-production. In Chapter 7, the extended crop growth
model] is described and used to study yield reduction in rice due to leaf blast by
means of simulation.



Chapter 1

Ratio between virtual and visual lesion size as a
measure to describe reduction in leaf photosynthesis of
rice due to leaf blast

L. BASTIAANS

Department of Theoretical Production Ecology, Wageningen Agricultural
University, P.O. Box 430, 6700 AK Wageningen, The Netherlands

Bastiaans, L., 1991. Ratio between virtual and visual lesion size as a measure to describe
reduction in leaf photosynthesis of rice due to leaf blast. Phytopathology 81: 611-615



Abstract. The effect of Pyricularia oryzae, the causal organism of blast in rice,
on net photosynthetic rate of rice leaves was measured in the field and in a
greenhouse experiment. Leaf blast reduced photosynthesis not only through a
reduction in green leaf area, but also through an effect on photosynthesis of the
remaining green leaf tissue. A function was derived to relate the net
photosynthetic rate of diseased leaf area (,) to the photosynthesis of comparable
healthy leaf area (Pg) and disease severity (x): P, = Po(1-x)f. This function is
based on the assumption that the visual lesion is part of a virtual lesion in which
photosynthesis is negligible. The parameter § expresses the ratio between virtual
and visual lesion size, and characterizes the effect of the pathogen on leaf
photosynthesis for the entire range of measured disease severities. A value of §
between three and four gave a good description of the effect of leaf blast on net
photosynthetic rate of rice leaves, indicating a much stronger effect of leaf blast on
leaf photosynthesis than expected on the basis of visible lesion size.

1.1 Introduction

After infection of rice leaves with Pyricularia oryzae Cavara, the causal
organism of blast in rice (Oryza sativa L.), elliptical shaped lesions appear on
leaves of susceptible cultivars. Goto (1965) reported that yield loss due to leaf
blast exceeded yield loss caused by cutting off of a percentage of leaf area equal
to the percentage leaf covered by blast. This extra reduction meant that leaf
blast influenced the host plant more than just the loss in leaf area. For various
pathosystems, an effect of the pathogen on photosynthesis of the remaining
green leaf area has been reported (for example, Erysiphe graminis on wheat
[Rabbinge et al., 1985] and Alternaria alternata on cotton [Ephrath et al.,
19891). Pathosystems in which the pathogen did not impair photosynthesis of
healthy leaf tissue have also been reported (for example, Puccinia recondita on
wheat [Spitters et al., 1990] and Phyrophthora infestans on potato [van Oijen,
1990]). Obviously, the effect of a pathogen on host photosynthesis varies
according to the pathosystem under consideration.

As far as the effect of P. oryzae on photosynthesis of rice is concerned,
only observations on canopy photosynthesis of seedlings have been reported.
Both Burrell and Rees (1974) and Padhi et al. (1978) observed a marked
reduction in canopy photosynthesis of inoculated seedlings, when compared
with the performance of healthy plants. Whether the reduction was solely
attributable to a reduction in green leaf area was not determined.

In this study, the effect of P. oryzae on leaf photosynthesis was measured,
and a function was derived to describe the dependence of leaf photosynthetic



rate on the fraction of leaf area with blast lesions.

1.2 Materials and methods

In an experimental field at the International Rice Research Institute, Los Baiios,
the Philippines, net rates of leaf photosynthesis were measured to determine the
effect of leaf blast on photosynthesis of rice leaves. Similar observations were
made in Wageningen, the Netherlands, at the Centre for Agrobiological
Research, using rice plants grown in a greenhouse.

Plant material in the field experiment

In the spring of 1988, a field experiment was conducted to assess yield loss due
to rice blast. Part of the plant material in this experiment was used for
measurements of leaf photosynthesis. In the experiment, 11-day-old seedlings of
O. sativa (cultivar IR50) were transplanted in a large plot (2500 m?2), at a
planting distance of 0.2 x 0.2 m. Fertilizer {(N-P-K : 60-50-50 kgha—1) was
applied 2 days before transplanting. Plants were grown under irrigated
conditions. Three days after transplanting, different densities of blast diseased
seedlings were planted between rows of the rice seedlings. In this way, different
levels of blast epidemics were generated in the field. A disease rating at
maximum tillering revealed that diseased leaf area per hill, affected by blast,
ranged from 0 to 50%. At the same growth stage, rates of leaf photosynthesis
were measured, using plants in randomly selected healthy and diseased parts of
the experimental field. Fully developed leaves in the top layers of the canopy
were selected for the determination of leaf photosynthesis. Due to the natural
disease development, measured leaves contained lesions in different
developmental stages.

Plant material in the greenhouse experiment

Rice plants (cultivar IR50) were grown in 21-cm diameter closed pots filled
with sand. Before sowing, seeds were kept in moist petri dishes for 5 days.
Germinated seeds were selected and five seeds were sown per pot. Plants were
grown in a greenhouse during the summer of 1988. Measurements revealed that
radiation inside was 70% of the radiation outside the greenhouse. Temperature
ranged between 18 °C during the night and 30 °C in day-time and relative
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humidity (RH) varied between 60% (day) and 95% (night). Nitrogen fertilizer
was added to the pot soils at a rate of 500 mg NH4NO3; per pot at 12 and 22
days after sowing. The pots were inundated by maintaining the water level at O-
1 cm above the soil surface.

Plants were inoculated with P. oryzae at 27 days after sowing. The fungus
was grown on prune agar at a temperature of 28 °C. Inoculum was prepared as
described by Mackill and Bonman (1986) and the spore density was adjusted to
5 x 104 conidia ml-1. Gelatine was added to the inoculum in a concentration of
2.5 gL-1. Plants were sprayed with inoculum until run-off using a portable air
compressor. Control plants were sprayed with a gelatine solution. All plants
were incubated in a moist chamber for 36 hours at 23 °C.

Symptoms appeared on leaves 3-4 days after inoculation and new spores
were produced after further lesion development. Since conditions in the
greenhouse were favorable for infection, newly infected leaves with lesions in
different developmental stages appeared. This closely resembled a situation of
natural disease development in the field. At maximum tillering, 2.5 weeks after
inoculation, photosynthesis on leaves of healthy and diseased plants was
measured.

Photosynthesis measurements

In both experiments, net rates of photosynthesis were measured with a portable
leaf chamber analyzer (Analytical Development Co., UK). The rate of
photosynthesis was calculated following the procedure described by von
Caemmerer and Farquhar (1981). In the field experiment photosynthesis was
measured at light saturation. Average conditions within the chamber were: 330
Jm—25-1 of photosynthetically active radiation (400-700 nm; PAR), temperature
of 34 °C, and RH of 63%. In the greenhouse experiment, an incandescent lamp
was used to reach a high incident radiation at a stable level. Average conditions
within the chamber were: 230 Jm—2s~! of PAR, temperature of 31 °C and a RH
of 43%.

In both experiments, fully developed leaves in the top layers of the canopy
were selected. After photosynthesis was measured, the enclosed part of the
measured leaf was harvested, and leaf width was determined. Total leaf surface
was calculated by multiplying leaf width with the length of the leaf chamber
(5.6 cm). The lesions on this part of the leaf were traced on a plastic sheet with
a fine black overhead marker. Total area of traced lesions was determined with
a digital video image analyzer (Area Meter System 3439; DELTA-T Devices
Ltd., England). Lesions of both chronic and acute lesion type (Ou, 1985) were
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observed. Chronic lesions are brown, whereas acute lesions have a grayish
center, a brown margin and are sometimes surrounded by a yellow halo. For
this study, a visible lesion was defined to consist of brown (chronic) or grayish,
brown and yellow (acute) leaf area. Small differences in intensity of the green
color were sometimes observed around lesions of the acute type. However, leaf
area of any green color was defined as not being part of a visible lesion.

Accordingly, disease severity was defined as the fraction of leaf area
covered by visible lesions. In both experiments, disease severity on measured
leaves ranged from 0 to 0.3.

Model to relate disease severity and leaf photosynthetic rate

Justesen and Tammes (1960) described a formula to estimate the fraction of leaf
area remaining visibly healthy (1-x) when both the number of lesions and the
fraction of leaf area occupied by a single lesion are known. This formula takes
into account the possible overlap of individual lesions:

(1I-x) = (1-e)? (1.1)

in which x = visibly diseased fraction of the leaf area; n = number of lesions
(spots) per leaf; o = fraction leaf area occupied by a single lesion, that can be
calculated as A/M, with A = the area of a single lesion (spot) and M = the
area of a leaf.

An implicit assumption made in equation 1.1 is that the probability of
infection on any part of the leaf is proportional to the area of this part,
regardless of its position on the leaf and the presence of former infections. An
identical formula is valid if the influence of a pathogen is not restricted to the
visual lesion with area A, but to a larger area AA, which is called the virtual
lesion. In that case the fraction of leaf area remaining virtually healthy (1-y)
can be estimated as:

(1-y) = (1-Ba)" (1.2)
in which y = virtually diseased fraction of leaf area, and 8 = AA/A, the
ratio between the leaf area occupied by the virtual lesion and the leaf area

occupied by the visual lesion. After rewriting equation 1.1:

n = In(1-x)/In{1—e)
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and substituting into equation 1.2, a relation between x and (1—y) is obtained:
(1-y) = (l_ﬁa)ln(l—x)lln(l—a) (1.3)
A more convenient representation of this function is:
(1-y) = Cln(1-x%) (1.4)
in which
C = (1-Ba)V/In(1-0) (1.5)
a factor only depending on the relative area occupied by a single lesion (&) and
the ratio between areas occupied by a virtual and a visual lesion (8). When the
logarithm of the left-hand term of equation 1.4 is taken, and plotted against
In{1-x) a straight line with slope In(C) is obtained:
In(1—y) = In(C)ln(1-x) (1.6)
Using equation 1.5 gives:
In(C) = In(1-Be)/In(1—-c) (1.7
Since In(1-z) is almost equal to —z, when 0 < z < 0.2 (if z is any variable),
In(C) = —pad—o= (1.8)
when fSa < 0.2. Equation 1.6 then reduces to
In(1-y) = Bln(1—x) (1.9}
This result implies that as long as a virtual lesion does not occupy more than
20% of the area of a leaf, the relation between visibly diseased leaf area and
affected leaf area is only determined by 8. This also holds for a disease with
variable lesion size, as long as § is independent of lesion size. Combining

equation 1.4 and equation 1.8 results in:

y =1 — (eA)ln(l=x) = |—(1-x)f (1.10)
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Figure 1.1 The fraction affected leaf area (y) and the relative photosynthetic rate
(P,/Po) of infected leaves in relation to the fraction visibly diseased leaf area (x} for a leaf
spot disease. A lesion is assumed to be part of a virtuat lesion in which photosynthesis is
negligible. The parameter §§ expresses the ratio between virtual and visual iesion area.

In Figure 1.1 this equation is used to obtain the relation between the fraction
visibly diseased leaf area (x) and the fraction affected leaf area (y), for
various values of 8. If leaf photosynthesis in the affected part of the leaf is
impaired, the fraction of leaf area remaining virtually healthy will be expressed
in the ratio of photosynthesis of the infected leaf and photosynthesis of a
comparable healthy leaf:

(1-y)=P,/Py (1.11D)

in which Px = photosynthesis of a leaf with disease severity x, and Py =
photosynthesis of a healthy leaf. Combining equation 1.10 with equation 1.11
results in:

P/Py=(1-x)P (1.12)
in which the relative photosynthesis of an infected leaf is given in dependence
of disease severity (Fig. 1.1). After the measured rates of photosynthesis of

both healthy and diseased leaves were expressed as a fraction of the average leaf
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photosynthetic rate of healthy leaves, the parameter 8 was determined by using
nonlinear regression analysis. This analysis was performed by using the Genstat
statistical package (Genstat 5 Reference Manual, 1987).

Independent sets of data used to explore utility of the model with other
pathosystems

Two data sets on reduction of leaf photosynthesis in winter wheat due to leaf
rust (Spitters et al., 1990) and powdery mildew (Rabbinge et al., 1985) were
used to explore the utility of the model for other pathosystems. Spitters et al.
(1990) measured leaf photosynthesis of the flag leaf on wheat cultivar Cappelle
Desprez. The measurements were taken in the field, using a portable leaf
chamber gas analyser similar to the one described previously. All
measurements were made at light saturation provided by an incandescent lamp
cooled by a fan. The percentage of remaining green leaf area on the infected
leaf was determined. Measurements were taken in the whole range from 100 to
0% green leaf area. The results of individual measurements were presented in a
graph, and were used for this analysis.

Rabbinge et al. (1985) measured leaf photosynthesis on wheat cultivar Okapi
at development stage DC 32 (decimal code; Zadoks et al., 1974). Plants were
grown in pots, in a greenhouse, and inoculated 2.5 weeks before measurement
of photosynthesis. Equipment for routine measurements of photosynthesis as
described by Louwerse and van Qorschot (1969) was used to measure rates of
leaf photosynthesis at different light intensities. The percentage of leaf area

Table 1.1 Net photosynthetic rate {x standard etror of the mean} of rice leaves infected by
Pyricularia oryzae, measured at high radiation levels, in field and greenhouse experiments.

Flald experiment Greenhouse experiment
Net photosynthesis Net photosynthesis
Severityd No. (kg COp ha'Th) PPy No. (kg COp halh™) P,/Py
0.00 38 441 %05 1.00 43 40.4 + 0.5 1.00
0.00-0.05 36 396+07 0.90 48 385109 0.95
0.05-0.10 19 33.7+13 0.76 40 305+1.0 0.75
0.10-0.15 11 283+18 0.64 12 257+186 0.64
0.15-0.20 3 24115 0.55 6 181 1.7 0.45
> 0.20 9 209+19 0.47 8 148+20 0.37

8 | eaves were grouped according to fraction of leal area covered by blast lssions (disease severity).
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covered with mildew lesions was determined, and ranged from 0 to 10%.
Average values of measured rates of photosynthesis, based on at least nine
measurements, were presented in a table. The rate of photosynthesis at light
saturation was used for this analysis.

1.3 Results and discussion

In both the field and greenhouse experiments, the reduction in leaf
photosynthesis of infected leaves, expressed as a fraction of leaf photosynthetic
rate of healthy leaves, surpassed disease severity (Table 1.1). The disease not
only reduced the amount of green leaf area, but also affected the photosynthesis
of the remaining green leaf tissue. The measurements of leaf photosynthesis
from the field and greenhouse experiments are shown in Figures 1.2 and 1.3,
respectively. Net rate of photosynthesis was expressed relative to the average
measured photosynthesis of healthy leaves. Equation 1.12 was used to describe
the relation between disease severity and leaf photosynthesis. In both
experiments, a § value between three and four gave the best description of leaf
photosynthetic rate in dependence of severity. The percentage variance
accounted for by these curves was 71% in Figure 1.2 and 74% in Figure 1.3.
Based on these percentages, together with the homogeneous distribution of
residual variance around the fitted curves, equation 1.12 gave an adequate
guantitative description of the effect of leaf blast on photosynthesis of rice
leaves. This demonstrates that the effect of leaf blast on leaf photosynthetic rate
of rice leaves, for the measured range of severities, can be expressed with a
single parameter.

The same equation gave a good description of the relation between leaf
photosynthetic rate and disease severity reported for other pathosystems
(Table 1.2). The reduction in leaf photosynthetic rate due to leaf rust in wheat
was characterized with a g value that did not differ significantly from one.
This is in accordance with the conclusion drawn by Spitters et al. (1990) that
after leaf rust infection the photosynthetic capacity of the remaining green
surface is not affected. The 8 value for powdery mildew in wheat expressed
clearly that the pathogen's effect on leaf photosynthetic rate of the host is much
stronger than in the case of leafl blast in rice.

Although the measurements of leaf photosynthesis demonstrate that leaf
blast of rice reduced the photosynthesis of the remaining green leaf tissue, the
measurements neither clarify the mechanism responsible for this reduction nor
the location of this effect. The strongest reduction in leaf photosynthesis would
be expected in the surroundings of the visual lesion. This situation could result
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Figure 1.2 Relative net photosynthetic rate of leaves infected by Pyricularia oryzae
in relation to disease severity as measured in a field experiment. Equation 1.12 was used
to describe the relative photosynthetic rate of an infected leaf in dependence of disease
severity, using the best-fitting 8 value.
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Figure 1.3 Relative net photosynthetic rate of leaves infected by Pyricularia oryzae
in relation to disease severity as measured in a greenhouse experiment. Equation 1.12
was used to describe the relative photosynthetic rate of an infected leaf in dependence of
disease severity, using the best-fitting  value.



from production and secretion of a toxic compound, which then diffuses to the
surrounding area of the lesion. Toxins produced by P. oryzae have been
isolated from diseased plant tissues (Tamari and Kaji, 1954), but effects of the
isolated toxins on leaf photosynthesis have not been reported. Yoshii (1937)
reported that cell walls and cell inclusions in the central part of the lesion of
P. oryzae disintegrate. As a result of this disintegration, the transport of
either water or assimilates or both may be impaired, and consequently the leaf
tissue situated near the lesion may be affected. A reduced relative water content
may affect photosynthetic rate either indirectly by closure of the stomata, or
directly through an inhibition at the chloroplast level (Kaiser, 1987). Reduced
translocation of assimilates may result in accumulation of carbohydrates (Neales
and Incoll, 1968). For various plant species a strong negative relation between
carbohydrate accumulation and net uptake of CO, was observed, indicating
feedback inhibition of photosynthesis (e.g. Chatterton, 1973; Upmeyer and
Koller, 1973; Ku et al., 1978; Azcon-Bicto, 1983).

Waggoner and Berger (1987) argued that radiation absorbed by healthy leaf
area is adequate to explain yield in most pathosystems. Following their
reasoning, one may wonder whether leaf photosynthesis measurements
contribute to a quantitative understanding of disease-induced yield loss. Johnson
(1987) however, distinguished two major effects of diseases on crop growth: a
reduction in the solar radiation interception by green leaf area (RI), and a
reduction in the radiation use efficiency (RUE). The present study indicates that
leaf blast in rice is an example of a host-pathogen combination in which both
effects occur. For an analysis of crop growth in terms of RI and RUE, only the
time course of green leaf area is needed. Determination of disease severity and
its effect on photosynthesis is not a prerequisite. However, for purposes of crop

Table 1.2 Characterization of the reduction in leaf photosynthetic rate of the host due to the
presence of a pathogen, for various pathosysterns, using the estimated parameter 5.

Pathosystem @ 8 r2 Source
Puccinia recondita-

winter wheat 1.26 £ 0.17P 0.77 Spitters et al. (1990)
Pyricularia oryzae- 3.04 £ 0.18 0.71 Field experiment

rice 3.74+ 019 0.74 Greenhouse experiment
Erisyphe graminis- !

winter wheat 8741t 1.70 0.84 Rabbinge et al. (1985}

3 The presented data refer to measurements at high light intensities.
b Standard error of estimated 8.
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protection rather than analyzing in retrospect, the construction of damage
relations is the ultimate aim. This requires the relation between RUE of green
leaf tissue and disease severity. Next to the level of disease, other factors will
have their impact on an aggregated parameter as RUE, preventing the existence
of a general relationship between disease severity and RUE. Experimental
determination of this relation for all possible combinations of crop status and
environmental factors will take a lot of effort. Introduction of the measured
leaf photosynthesis damage relationship into a process-level crop growth
simulator, as proposed by Boote et al. (1983), provides quantitative insight into
the consequences for crop growth and grain yield. A well-documented growth
model for rice, in which the calculation of canopy photosynthesis is based on
leaf photosynthetic rate of various leaf layers, has been developed recently
(MACROS; Penning de Vries et al.,, 1989). Such a model enables the
establishment of the relation between RUE of green leaf tissue and disease
severity for various conditions. Summarizing the outcomes in graphs or simple
regression equations will be very useful for the application of the type of model
discussed by Johnson (1987). In my opinion, using simple models, and
parameterizing them with the results from more detailed models, will enhance
the impact of both model types on the construction of damage relations.

18




Chapter 2

Effect on leaf photosynthetic rate by leaf blast for rice
cultivars with different types and levels of resistance

L. BASTIAANS'! & E.C. ROUMEN?

1 Department of Theoretical Production Ecology, Wageningen Agricultural
University, P.O. Box 430, 6700 AK Wageningen, The Netherlands

2 Department of Plant Breeding, Wageningen Agricultural University, P.O.
Box 386, 6700 AJ Wageningen, The Netherlands

Bastiaans, L. & Rovmen, E.C., 1993, Effect on leaf photosynthetic rate by leaf blast for rice
cultivars with different types and levels of resistance. Euphytica 66: 81-87



Abstract. The effect of an inoculation with Pyricularia oryzae (isolate Po6-6)
on net leaf photosynthetic rate of rice (Oryza sativa) was studied with four
cultivars. Measurements were taken on the sixth leaf of the main culm of plants in
the early tillering stage. On cultivars CO39, IR50 and IR64 a susceptible infection
type developed, but a clear difference in relative infection efficiency of the
cultivars was observed. The highest number of lesions developed on leaves of
CO039, whereas the lowest number was found on leaves of IR64. For all three
cultivars the effect of a single lesion on the reduction in net leaf photosynthetic
ratc was found to be equal to a reduction in leaf area of three times the area
occupied by the visible lesion. On IR68, a cultivar with complete resistance, brown
specks of pinpoint size appeared without any effect on net leaf photosynthetic
rate.

2.1 Introduction

Leaf blast (causal organism: Pyricularia oryzae Cavara) reduces leaf
photosynthetic rate of rice (Oryza sativa L.) not only through a reduction in
green leaf area, but also through an effect on photosynthesis of green leaf tissue
surrounding the lesion (Bastiaans, 1991). To quantify the reduction in leaf
photosynthetic rate, the concept of the virtual lesion, consisting of a visual
lesion and a halo, was introduced. Photosynthetic rate inside a virtual lesion is
considered to be zero, and the area of the halo is chosen such that the reduction
in leaf photosynthetic rate is fully accounted for. Measurements indicated that
the ratio between virtual and visual lesion size (8) was independent of disease
severity. Parameter B is therefore a suitable measure for the effect of the
pathogen on leaf photosynthetic rate. Differences in 8 among cultivars would
imply genotypic differences in tolerance, which can be defined as the ability of
the host to endure the presence of the pathogen with reduced disease symptoms
and/or damage (Parlevliet, 1979). The objective of the present study was to
investigate the presence of genetic variation in f. For this purpose three
cultivars with a susceptible infection type, but with a different relative infection
efficiency (RIE) were used. RIE is a major component of partial resistance to
leaf blast in rice (Toriyama, 1975; Ahn and Ou, 1982; Yeh and Bonman, 1986).

The effect of inoculation with P. oryzae on net leaf photosynthetic rate of
a cultivar with complete resistance was also determined. Smedegaard-Petersen
and Tolstrup (1985) suggested that complete resistance to a disease may have a
limiting effect on yield. They referred to the energy expenses of defense
reactions that inhibit or prevent pathogen growth. With incompatible powdery
mildew-barley combinations they observed a temporary increase in respiration
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after inoculation. The second objective of this study was therefore to determine
whether an inoculation with P. oryzae would lead to a substantial increase in
respiration of a cultivar with complete resistance. Such an increase will
manifest itself as a marked reduction in net leaf photosynthetic rate.

2.2 Materials and methods

Plant cultivation and inoculation

Two pot experiments were conducted in the spring of 1989, at the International
Rice Research Institute (IRRI), Los Baiios, the Philippines. Plants of O. sativa
were grown in 12 cm diameter plastic cups. Cultivar IR50 was used as a
reference. Before sowing, seeds were kept in moist Petri dishes for 5 days.
Seven germinated seeds were sown per cup. Cups were randomly distributed
over mobile benches of 1.5 m2. Plants were raised without standing water. Soil
moisture content in the cups was monitored twice a day and water was supplied
if necessary. Nitrogen fertilizer ((NH4),S0,4) was applied in three dressings,
equivalent to 5 g N m—2 (0.057 g N/pot) each. The first dressing was applied
just after emergence, the second after unfolding of the fourth leaf, and the third
after unfolding of the sixth leaf.

Leaf developmental stage is known to influence both RIE and leaf
photosynthetic rate, and therefore measurement of RIE and leaf photosynthetic
rate were restricted to those plants on which the sixth leaf appeared three days
before inoculation. Isolate Po6-6 of P. oryzae was used for inoculation. The
fungus was grown on prune agar at a temperature of 28 °C. Inoculum was
prepared as described by Mackill and Bonman (1986) and the spore density was
adjusted to circa 50000 conidia ml-1. Per bench 200 ml of inoculum was
sprayed. After inoculation, the plants were incubated in a humid cage for 14
hours, at a temperature of about 25 °C.

Photosynthesis measurements

Measurements of leaf photosynthetic rate were conducted in a conditioned room
with a temperature between 24 and 28 °C. Light for photosynthesis
measurements was obtained by 4 HPLIT lamps (Philips, the Netherlands) of
400 W each, mounted in a wooden frame. A waterbath, constructed of glass and
filled with a water layer of 7 cm, was installed just below the lamps to intercept
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heat radiation. Previous to the measurement, plants were put on a table top
below the waterbath for an adaptation period of 30 min. Leaf photosynthetic
rate was determined with a portable leaf chamber analyzer (Analytical
Development Co., UK). Average conditions within the leaf chamber were: 1460
pEm-2s-1 of photosynthetically active radiation (400-700 nm; PAR),
temperature of 32 °C, and a relative humidity of 65%. The rate of
photosynthesis was calculated following the procedure described by von
Caemmerer and Farquhar (1981). Leaves of the same cultivar were grouped,
and specific leaf weight and nitrogen content (Kjeldahl) were determined.

Experiment 1

Plants of cultivars CO39, IR50 and IR64 were grown and inoculated. From
earlier studies it was known that these cultivars develop a susceptible infection
type after inoculation with isolate PO6-6, but differ in RTE (Roumen, 1992).
RIE was considered as the number of sporulating lesions that developed per

leaf chamber

leaf collar

Category 1 2 3

Figure 2.1 Schematic representation of the measurement of net leaf photosynthetic
rate, Disease severity was determined on the leaf pan enclosed by the leaf chamber (area
A}. The presence and position of lesions between the ieaf collar and the nearest edge of
the leaf chamber (area B) was used to categorize measured leaves (category 1: no lesions;
category 2: lesions on the laminae, but not on the central vein ; category 3: lesions also on
the central vein).
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unit area of leaf tissue after inoculation. The presence of a gray center was used
as a ‘criterion to distinguish sporulating from non-sporulating lesions
(Jeanguyot, 1983). The number of lesions was recorded six days after
inoculation (DAI).

Net leaf photosynthetic rate was determined at 7 to 10 DAL The fraction of
leaf area covered with lesions (disease severity) was estimated according to the
procedure described by Bastiaans (1991). Disease severity was determined for
the area of leaf tissue enclosed by the leaf chamber (area A; Fig. 2.1).
Measured leaves were classified in three categories, based on the presence and
position of lesions on the leaf part bétween the leaf collar and the basal edge of
the leaf chamber (area B; Fig. 2.1). Results within the first two categories were
used to relate net photosynthetic rate of inoculated leaves (P,) to disease
severity (x), using an extended version of the model derived by Bastiaans
(1991):

Py = yPo(1-x)P (2.1)

In this model, Py is the average leaf photosynthetic rate of comparable
noninoculated leaf area. Parameters y and § are proportionality factors which
characterize the effect of an inoculation on leaf photosynthetic rate. For each
cultivar, y and 8§ were determined by using the nonlinear least squares
regression algorithm DUD (Ralston and Jennrich, 1979) of the SAS statistical
package.

Experiment 2

Plants of cultivars IR50 and IR68, a cultivar with complete resistance against
isolate PO6-6, were grown and inoculated. Three DAI small brown specks of
pinpoint size appeared on both cultivars. From that day onwards net leaf
photosynthetic rate was determined on three consecutive days for both
noninoculated and inoculated plants of IR50 and IR68. After photosynthesis
measurement, total leaf area inside the leaf chamber was determined, and both
the number of sporulating and non-sporulating lesions were counted.

2.3 Results

A clear difference in RIE was observed between cultivars C0O39, IR50 and
IR64 (Table 2.1). As expected, IR64 had the lowest infection frequency,
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Figure 2.2 Net leaf photosynthetic rate (P,) of three rice cultivars inoculated with Pyricularia
oryzae, in relation to disease severity. Lesions were classified in three categories; see Figure 2.1.

whereas the infection frequency of CO39 was clearly the highest. Leaf nitrogen
content of the three cultivars was identical.

Table 2.1 Raelative infection efficiency (RIE) and parameters characterizing the leaf photosynthetic
rate (Pg, yand B; equation 2.1) of three rice cultivars after inoculation with Pyricularia oryzae. Means
(RIE, Py) and estimated parameters (y, B) are given with their standard error. Results were obtained
from leaves classified in category 1 and 2 {Fig. 2.1). Relevant leaf characteristics are given.

Cultivar

CO39 IR50 iIR64
No.2 17 +28 20 + 44 26 + 67
RIE (lesions cm2) 3.91 033 (el)b 184+ 017 (b) 1.291+0.09 (o
Py (mg CO, més ) 1.07+ 003 () 0.90+002 (b) 0.89 + 0.02 (b)
y 0.79+0.05 {a) 0.81 +0.03 (3 0.83+0.03 (b)
B 284105 (@ 29+04 (@ 32104 (@
N-content {gm=) 1.08 .08 1.06
Specific leaf weight (gm2) 26.3 23.9 24.6

a8 Number of observations on noninoculated + inoculated leaves.
b Means in the same row, foliowed by the same: letter are not significantly different according to t-test

(P<0.05).

24






