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ABSTRACT
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.
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 (Px) to the
photosynthesis of comparable healthy leaf area (P 0 ) and disease severity
(x): Px = P0 (1 - x) 13 • This function is based on the assumption that

the visual lesion is part of a virtual lesion in which photosynthesis is
negligible. The parameter f3 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
f3 between 3 and 4 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.

Additional keywords: Oryza sativa.

After infection of rice leaves with Pyricularia oryzae Cavara,
the causal organism of blast in rice ( Oryza sativa L.), ellipticalshaped lesions appear on leaves of susceptible cultivars. Goto
(6) 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 [18] and
Alternaria alternata on cotton [5]). Pathosystems in which the
pathogen did not impair photosynthesis of healthy leaf tissue
also have been reported (for example, Puccinia recondita on wheat
[19] and Phytophthora infestans on potato [22]). 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. Burrell and Rees (3) and Padhi
et al (16) 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.
MATERIALS AND METHODS
In an experimental field at the International Rice Research
Institute, Los Banos, 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
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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-dayold seedlings of 0. sativa (cultivar IR50) were transplanted in
a large plot (2,500 m2) at a planting distance of 0.2 X 0.2 m.
Fertilizer (N-P-K, 60-50-50 kgfha) 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. Because of 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 the daytime,
and relative humidity (RH) varied between 60% (day) and 95%
(night). Nitrogen fertilizer was added to the pot soils at a rate
of 500 mg of NH 4N0 3 per pot at 12 and 22 days after sowing.
The pots were inundated by maintaining the water level at 0-1
em 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
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(13), and the spore density was adjusted to 5 X 104 conidia/mi.
Gelatin was added to the inoculum in a concentration of 2.5 g/ L.
Plants were sprayed with inoculum until runoff using a portable
air compressor. Control plants were sprayed with a gelatin
solution. All plants were incubated in a moist chamber for 36
hr at 23 C.
Symptoms appeared on leaves 3-4 days after inoculation, and
new spores were produced after further lesion development.
Because 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 wk 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 (23). In the field experiment,
photosynthesis was measured at light saturation. Average
conditions within the chamber were as follows: 330 Jm- 2s- 1 of
photosynthetically active radiation (PAR) ( 400-700 nm),
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 as follows: 230 Jm- 2s- 1 of PAR, temperature of 31 C, and
RH of43%.
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
em). 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 (15) were observed. Chronic
lesions are brown, whereas acute lesions have a grayish center
and 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 sometimes were
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 (9) 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:

in which y = virtually diseased fraction of leaf area, and {3 =
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:
n = ln(l - x)/ln(l -a)

and substituting into equation 2, a relation between x and (1 - y)
is obtained:
(1 _ y) = (1 _

(1 - y)

C = (1 _

(6)

ln( C)= ln(l - {3a)/ln(l -a)

(7)

Because ln(l - z) is almost equal to -z, when 0
z is any variable),
ln(C)
when f3a

~ -{3aj-a

=

< z < 0.2 (if

{3

(8)

< 0.2. Equation 6 then reduces to
ln(l - y) = {3ln(l - x)

(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
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(5)

Using equation 5 gives:

in which x = visibly diseased fraction of the leaf area; n = number
of lesions (spots) per leaf; a =fraction of the leaf area occupied
by a single lesion, which 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 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:
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{3a)lfln(l-a)

ln(l - y) =In( C)ln(l - x)

'+-

(2)

(4)

a factor only depending on the relative area occupied by a single
lesion (a) and the ratio between areas occupied by a virtual and
a visual lesion ({3). When the logarithm of the left-hand term
of equation 4 is taken and plotted against ln(l - x), a straight
line with slope In( C) is obtained:

(1)

= (1 - f3at

= cn(l-x)

in which

u

(1 - y)

(3)

A more convenient representation of this function is:

+.J

(1 - x) = (1 - at

{3a)ln(l-x)fln(l-a)
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Fig. 1. The fraction affected leaf area (y) and the relative photosynthetic
rate (Px! P0 ) 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 virtual lesion in which photosynthesis is negligible. The parameter f3
expresses the ratio between virtual and visual lesion area.

visibly diseased leaf area and affected leaf area is determined
only by {3. This also holds for a disease with variable lesion size,
as long as {3 is independent of lesion size. Combining equation
4 and equation 8 results in:

The rate of photosynthesis at light saturation was used for this
analysis.

(10)

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). 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

In Figure 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 {3. 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)

= Px/ P0

RESULTS AND DISCUSSION
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(11)

in which Px = photosynthesis of a leaf with disease severity x,
and P 0 = photosynthesis of a healthy leaf.
Combining equation 10 with equation 11 results in:
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in which the relative photosynthesis of an infected leaf is given
in dependence of disease severity (Fig. 1). After the measured
rates of photosynthesis of both healthy and diseased leaves were
expressed as a fraction of the average leaf photosynthetic rate
of healthy leaves, the parameter {3 was determined by using nonlinear regression analysis. This analysis was performed by using
the Genstat statistical package (7).
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 (19) and powdery
mildew (18) were used to explore the utility of the model for
other pathosystems. Spitters et al (19) 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 analyzer 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 (18) measured leaf photosynthesis on wheat
cultivar Okapi at development stage DC 32 (decimal code, 26).
Plants were grown in pots in a greenhouse and were inoculated
2.5 wk before measurement of photosynthesis. Equipment for
routine measurements of photosynthesis as described by Louwerse
and van Oorschot (12) was used to measure rates of leaf photosynthesis at different light intensities. The percentage of leaf area
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.
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Fig. 2. Relative net photosynthetic rate of leaves infected by Pyricularia
oryzae in relation to disease severity as measured in a field experiment.
Equation 12 was used to describe the relative photosynthetic rate of an
infected leaf in dependence of disease severity, using the best-fitting f3
value.
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TABLE 1. Net photosynthetic rate (± standard error of the mean) of
rice leaves infected by Pyricularia oryzae, measured at high radiation
levels, in field and greenhouse experiments
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Field experiment

Greenhouse experiment

Net photosynthesis

Net photosynthesis

Severity a

No.

(kg C02 /ha/h)

J>.'r/ Po

No.

0.00
0.00-0.05
0.05-0.10
0.10-0.15
0.15-0.20
>0.20

38
36
19
11
3
9

44.1 ± 0.5
39.6 ± 0.7
33.7 ± 1.3
28.3 ± 1.6
24.1 ± 1.5
20.9 ± 1.9

1.00
0.90
0.76
0.64
0.55
0.47

43
48
40
12
6
8

a

(kg C02 /ha/h)
40.4
38.5
30.5
25.7
18.1
14.8

± 0.5
± 0.9
± 1.0
± 1.6
± 1.7
± 2.0
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Px/Po
1.00
0.95
0.75
0.64
0.45
0.37

Leaves were grouped according to fraction of leaf area covered by blast
lesions (disease severity).
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Fig. 3. Relative net photosynthetic rate of leaves infected by Pyricularia
oryzae in relation to disease severity as measured in a greenhouse experiment. Equation 12 was used to describe the relative photosynthetic rate
of an infected leaf in dependence of disease severity, using the best-fitting
f3 value.
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2 and 3, respectively. Net rate of photosynthesis was expressed
relative to the average measured photosynthesis of healthy leaves.
Equation 12 was used to describe the relation between disease
severity and leaf photosynthesis. In both experiments, a f3 value
between 3 and 4 gave the best description of leaf photosynthetic
rate in dependence of severity. The percentage of variance
accounted for by these curves was 71% in Figure 2 and 74%
in Figure 3. Based on these percentages, together with the
homogeneous distribution of residual variance around the fitted
curves, equation 12 gave an adequate quantitative 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 2). The reduction in leaf photosynthetic rate due to leaf rust in wheat was characterized with
a f3 value that did not differ significantly from 1. This is in
accordance with the conclusion drawn by Spitters et al (19) that
after leaf rust infection the photosynthetic capacity of the
remaining green surface is not affected. The f3 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 leaf 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 indicate 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 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 (20), but effects of the isolated toxins on leaf photosynthesis
have not been reported. Yoshii (25) 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 (10). Reduced translocation
of assimilates may result in accumulation of carbohydrates (14).
For various plant species, a strong negative relation between
carbohydrate accumulation and net uptake of C0 2 was observed,
indicating feedback inhibition of photosynthesis (1,4,11,21).
Waggoner and Berger (24) 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. 1 ohnson (8), however,
distinguished two major effects of diseases on crop growth: a
reduction in the solar radiation interception (RI) by green leaf
area, and a reduction in the radiation use efficiency (RUE). The
present study indicates that leaf blast in rice is an example of

TABLE 2. Characterization of the reduction in leaf photosynthetic rate
of the host due to the presence of a pathogen, for various pathosystems,
using the estimated parameter f3

f3

r2

Puccinia reconditawinter wheat

1.26 ± 0.17b

0.77

Spitters et al (19)

Pyricularia oryzaerice

3.04 ± 0.18
3.74 ± 0.19

0.71
0.74

Field experiment
Greenhouse experiment

Erisyphe graminiswinter wheat

8.74 ± 1.70

0.84

Rabbinge et al (18)

Pathosystem a

Source

aThe data refer to measurements at high light intensities.
bStandard error of estimated /3.
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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 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 (2), 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, 17). 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 useful for the
application of the type of model discussed by 1 ohnson (8). 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.
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