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A B S T R A C T
A digital image analysis method previously used to evaluate leaf color changes due to nutritional changes
was modiﬁed to measure the severity of several foliar fungal diseases. Images captured with a ﬂatbed
scanner or digital camera were analyzed with a freely available software package, Scion Image, to measure
changes in leaf color caused by fungal sporulation or tissue damage. High correlations were observed
between the percent diseased leaf area estimated by Scion Image analysis and the percent diseased leaf area
from leaf drawings. These drawings of various foliar diseases came from a disease key previously developed
to aid in visual estimation of disease severity. For leaves of Nicotiana benthamiana inoculated with different
spore concentrations of the anthracnose fungus Colletotrichum destructivum, a high correlation was found
between the percent diseased tissue measured by Scion Image analysis and the number of leaf spots. The
method was adapted to quantify percent diseased leaf area ranging from 0 to 90% for anthracnose of lily-ofthe-valley, apple scab, powdery mildew of phlox and rust of golden rod. In some cases, the brightness and
contrast of the images were adjusted and other modiﬁcations were made, but these were standardized for
each disease. Detached leaves were used with the ﬂatbed scanner, but a method using attached leaves with a
digital camera was also developed to make serial measurements of individual leaves to quantify symptom
progression. This was successfully applied to monitor anthracnose on N. benthamiana leaves. Digital image
analysis using Scion Image software is a useful tool for quantifying a wide variety of fungal interactions with
plant leaves.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction
Disease severity has often been quantiﬁed by visual estimation
aided by illustrated diagrammatic scales, such as the drawings of
various foliar diseases by James (1971), but visual estimates may be
subjective and have limitations in accuracy. Disease severity has also
been quantiﬁed with leaf area meters (Sutton, 1985) or percent
sunlight reﬂectance and infrared radiation (Nutter et al., 1993). More
recently, digital photography has been used to assess fungal infection
of fruit (Corkidi et al., 2006), viral infection of leaves (Martin and
Rybicki, 1998) and insect feeding (Alchanatis et al., 2000; Chen and
Williams, 2006). Schaberg et al. (2003) and Murakami et al. (2005)
developed a method for leaf color analysis using the Scion Image
software package (Scion Corporation, Frederick, MD) on images of
leaves captured with a ﬂatbed scanner. They measured the percentage
of green or red in leaves of sugar maple (Acer saccharum), and used
these as indicators of plant nutrition and health. Their digital analyses
of hundreds of scanned images compared favorably with concurrent
spectrophotometric measures of pigments, such as chlorophyll a,
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chlorophyll b and anthocyanins, conﬁrming that their image analysis
method can provide a reliable quantitative measure of leaf color and
relative concentrations of plant pigments.
Foliar diseases can also cause changes in leaf color thus making it
possible that the method of Schaberg et al. (2003) and Murakami et al.
(2005) could be adapted to quantify different fungal foliar diseases. To
test the method for disease assessment, black and white drawings
from a manual of disease assessment keys showing foliar diseases
with different disease severities (James, 1971) were digitized using a
ﬂatbed scanner, and then analyzed using Scion Image. The disease
severities stated in the manual (James, 1971) were then compared to
the values determined by Scion Image analysis. Live samples were also
tested using leaves of Nicotiana benthamiana inoculated with different
concentrations of conidia of the anthracnose pathogen, Colletotrichum
destructivum. Then the correlation between the percent diseased
tissue measured by Scion Image analysis and the number of leaf spots
was determined. The method was also tested on a range of naturally
occurring foliar diseases: anthracnose caused by Colletotrichum
dematium on Convallaria majalis, scab caused by Venturia inaequalis
on Malus domestica, powdery mildew caused by an Oidium sp. on
Phlox paniculata and rust caused by Coleosporium asterum on Solidago canadensis. Since the ﬂat bed scanner required that the leaves be
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detached from the plant, an alternative method was developed using
images of leaves attached to the plant taken with a digital camera
and analyzed by the same method. Anthracnose of N. benthamiana
was used as an example with the digital camera to quantify disease
progression.
2. Materials and methods
2.1. Pictorial key images
Diagrams of different fungal diseases from the disease key manual
of James (1971) were chosen. James (1971) created the manual using
images drawn on Cronaﬂex sheets from diseased leaves, and then the
areas on the images were measured with an IBM drum scanner. Blackand-white images from keys 1.10, 1.4, 2.1.1, 2.3, 2.4, 3.2 and 3.3.1
representing corn leaf blight, wheat powdery mildew, black stem of
alfalfa, yellow leaf blotch of alfalfa, Stemphylium leafspot of red clover,
potato common scab and bean common bacterial blight, respectively,
were selected for testing. The images were scanned using a Perfection
1250 U Epson ﬂatbed scanner (Epson Canada Limited, Toronto, ON) at
300 dpi resolution, to obtain at least 1000 pixels of resolution in the
larger dimension. The graphics program, Paint Shop Pro7 (Corel
Corporation, Ottawa, ON), was used to acquire, import, save and
initially process leaf images. Images were saved in uncompressed
Tagged Image File Format (TIFF) as input for Scion Image.
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adjusted color image when using the image math function. In the
method of Murakami et al. (2005), the targeted portion of the leaf is
set to a chosen color, and the targeted area is adjusted using the LUT
(Look-up table) bar. Therefore, the LUT values are critical for
distinguishing healthy from diseased areas in order to quantify
them. A standardized minimum and maximum value of the LUT bar
was set for measuring each disease.
For the drawings of James (1971), the diseased areas were covered
with the top and bottom values of LUT bar set to the maximum (1 × 254)
to obtain the diseased leaf area. For infected plant leaves, the healthy
non-diseased leaf area was measured by adjusting the LUT bar. For
anthracnose of N. benthamiana, the LUT bar was set at 50 × 254, for
anthracnose of C. majalis, the LUT bar was adjusted to 45× 254, and for
apple scab of M. domestica, the LUT bar was set at 27 × 254. For powdery
mildew of P. paniculata, the LUT bar was set at 1 × 254, and for rust of S.
canadensis, the LUT bar was adjusted to 115 × 254. For measuring total
leaf area, the LUT bar was set to the maximum (1 × 254) to cover the
entire leaf area, except for the drawings of James (1971) and powdery
mildew. In those two cases, the ‘Paintbucket' tool in Paint Shop Pro7 was
used to color the entire leaf for measuring total leaf area after marking
the leaf margins, and then the LUT bar was set to its maximum.
All leaf area measurements were done by selecting the metric scale in
Scion Image following the method of O'Neal et al. (2002). The percent
diseased leaf area was calculated by subtracting the non-diseased leaf
area from the total leaf area for most diseases, because most diseases
cause symptoms that are darker than the normal leaf color.

2.2. Diseased leaf tissues
2.5. Image capture with the digital camera
N. benthamiana plants were grown at 16 h light (150 μmol m− 2 s− 1 at
25 °C) and 8 h dark at 17 °C to the sixth true-leaf stage. C. destructivum
isolate N150P3 (Chen et al., 2003) was cultured on sodium chloride–
yeast extract–sucrose agar medium (SYAS) (Mandanhar et al., 1986) at
22 °C under continuous ﬂuorescent light. Conidia were washed from
7–12 day-old plates to make suspensions of 5 × 103, 1 × 104, 5 × 104,
1 × 105, 5 × 105 and 1 × 106 conidia/mL. Entire plants were sprayed with
the suspensions until run-off using an art spray brush connected with
an air compressor (Model FP200300AV, Campbell Hausfeld, Harrison,
OH) (Shen et al., 2001). There were four replicate plants per inoculum
concentration. The plants were enclosed in plastic-lined 18.5 L
containers and incubated at room temperature under high humidity.
Fourteen leaves of C. majalis with anthracnose, 18 leaves of M.
domestica with scab, 18 leaves of S. canadensis with rust, and 24 leaves
of P. paniculata with powdery mildew, showing varying levels of
disease, were collected from Guelph, Ontario, in August 2006. Leaves
were stored at 4 °C for less than one week before use, and the petioles
were removed before scanning.
2.3. Image capture with the ﬂat bed scanner
Healthy and infected leaves were scanned as previously described and
saved as TIFF ﬁles. The images of rust of S. canadensis were directly used in
Scion Image analysis without further modiﬁcation because of the larger
difference in color between the green leaf and orange rust pustules. For
the other diseases, the images were ﬁrst adjusted using Paint Shop Pro7
software. For apple scab, brightness and contrast were both increased by
25%; for anthracnose of C. majalis, brightness was increased by 20% and
contrast was increased by 65%; for anthracnose of N. benthamiana,
brightness and contrast were both increased by 25%; and for powdery
mildew of P. paniculata, images were ‘Sharpened More’ and then
increased in brightness and contrast by 25% and 75%, respectively.

Leaves of N. benthamiana were inoculated with 1 × 105 conidia/mL
of C. destructivum (Shen et al., 2001). After inoculation, the plants
were placed in a plastic-lined 18.5 L container, and the leaf to be
analyzed for disease was supported with a clear acetate sheet that was
attached to the inside of the container. The plants were incubated as
previously described.
To capture the image, the incubation container was opened, placed
on a lightbox to backlight the plant, and the image of the leaf was
captured with a Nikon CoolPix800 digital camera (Nikon Corporation,
Tokyo, Japan) ﬁxed at 20 cm from the leaf. After the images were
taken, the container was resealed for further incubation. Images were
taken every 4 h from 0 to 96 HPI. With Paint Shop Pro7 software, the

Table 1
Measurement of diseased leaf area from disease keys of James (1971) using Scion Image
Disease in
James' key

Disease severity in Scion Image by James' key
1

5

10

20

25

50

70

75

80

r

P
value

2.4. Scion Image processing

Clover leaf
spot (2.4)
Bean bacterial
blight (3.3.1)
Corn leaf
blight (1.10)
Wheat
powdery
mildew (1.4)
P o t a to s c a b
(3.2)
Alfalfa black
stem (2.1.1)
Alfalfa yellow
leaf blotch
(2.3)

0.9 4.7

9.3 na

24.1

49.5 na

72.8 na

0.9998 0.0001

0.9

9.6 na

25.1

50.2 na

na

na

0.9999 0.0001

The processing of the digital images in Scion Image was done
according to Murakami et al. (2005), except for rust of S. canadensis,
where the 003 adjusted color image was selected instead of the 001

Each Scion Image value is based on a single measurement after scanning and image
analysis, and the coefﬁcient of determination (r2) was calculated between the stated
disease severity in James' key, and that calculated with Scion Image analysis.
na = not available.

1.3

5.2

na

na

24.7 49.5 na

na

na

1.0000 0.0001

1.1

5.1

na

na

27.0

na

na

na

0.9994 0.0001

1.1

10.2 na

na

24.2 49.0 na

na

na

0.9999 0.0001

1.2

7.4

na

23.1 na

53.4 na

na

85.6 0.9996 0.0001

1.7

4.2

na

19.8 na

43.1

70.5 na

80.7 0.9953 0.0004

51.4

96
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2.6. Statistical analyses
Data were analyzed using correlation analysis or regression
analysis in SAS (SAS Institute, Cary, NC). Correlation analyses were
done between the level of disease assessed by the Scion Image method,
and the level of disease stated in the disease keys of James (1971) for
each of seven diseases. Regression analyses were done with data from
the disease progression study involving C. destructivum inoculated
onto N. benthamiana. The number of spots per square centimeter was
regressed on the level of inoculum applied, and the level of disease
assessed by Scion Image analysis was regressed against the number of
spots observed.
3. Results
3.1. Disease severity assessment of the keys of James (1971)

Fig. 1. Regression analyses for the disease assessment of anthracnose caused by Colletotrichum destructivum on Nicotiana benthamiana. Means were pooled from two
separate experiments with a total of 15 replications. A) Regression analysis between
number of spots per square centimeter and the log of the inoculum concentration of the
anthracnose fungus. B) Regression analysis between the number of spots and the
percentage of the disease as assessed by Scion Image.

contrast was increased 25% and the color balance was adjusted to Red
0, Green −100 and Blue 0. Analysis by Scion Image was done as
previously described for rust of S. canadensis.

A total of 33 leaf images from seven keys (James, 1971) were
scanned and then analyzed with Scion Image to calculate the percent
diseased leaf area. These keys are commonly used to aid in the visual
assessment of the severity of diseases, such as the seven tested in this
study: corn leaf blight, wheat powdery mildew, alfalfa black stem,
alfalfa yellow leaf blotch, Stemphylium leafspot of red clover, potato
common scab and bean common bacterial blight. The diseased area
calculated by Scion Image was then compared to the values given by
James (1971) in the keys, and coefﬁcients of correlation (r) were
calculated between the values given by James (1971) and those from
Scion Image. The r values were above 0.99 for all seven diseases,
ranging from 0.9953 (P b 0.0004) for alfalfa yellow leaf blotch to
1.0000 (P b 0.0001) for corn leaf blight (Table 1). The high r values for
these seven disease keys indicate that Scion Image analysis can
accurately estimate diseased leaf area over a range of disease
severities (1 to 80%), at least by using black and white images from
disease assessment keys.

Fig. 2. Assessment of anthracnose severity on Nicotiana benthamiana caused by Colletotrichum destructivum. The images show 0% (A, E, I), 4% (B, F, J), 27% (C, G, K) and 41% (D, H, L)
diseased leaf tissue. A, B, C and D are the original scanned images, while E, F, G and H are the modiﬁed images in Paint Shop Pro. Images I, J, K and L are the result of Scion Image
processing. Dark color on the Scion Image processed leaf image represents the diseased leaf area.
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powdery mildew were examined and estimated to have disease severities ranging from 0 to 82% using Scion Image based on the
percentage of the leaf area covered with hyphae. Fig. 5 shows original
and processed images of four leaves with powdery mildew affected leaf
areas of 0, 1, 17 and 63% using Scion Image analysis. Eighteen leaves of S.
canadensis with rust were examined and found to have disease leaf
areas ranging from 0 to 76% with Scion Image based on the percentage
of the leaf covered with uredia. Fig. 6 shows images of four leaves with
rust severities estimated to be 3, 4, 15 and 65% with Scion Image.
3.3. Disease severity assessment of attached leaves over time
To obtain repeated measurements of disease severity on the same
leaf while still attached to the plant, repeated images were taken of
individual leaves using a digital camera. An example of the quantiﬁcation of disease progression over time on an individual leaf is
shown in Fig. 7. Before 60 HPI, no symptoms were detected visually,
and no diseased leaf area was detected using the digital camera
and Scion Image. From 60 to 84 HPI, the rate of increase in percent
diseased leaf area was constant. During this period, more lesions
were observed over time, and the lesions expanded slowly. After
84 HPI, the rate of increase in percent diseased leaf area increased, and
65% diseased leaf area was detected by 96 HPI. From 84 to 96 HPI, the
disease mainly increased by enlargement of the lesions. After 96 HPI,
the integrity of infected leaves was usually too compromised by the
disease to permit further measurements. Fig. 8 shows original images
obtained with a digital camera and processed images of a single leaf at
56, 60, 80 and 84 HPI showing symptom development and spread of
the fungus in the leaf.
4. Discussion

Fig. 3. Measurement of anthracnose severity in Convallaria majalis leaves caused by Colletotrichum dematium. The images show the measurements of 0% (A, E, I), 6% (B, F, J), 32%
(C, G, K) and 49% (D, H, L) diseased leaf tissue. A, B, C and D are the original scanned images,
while E, F, G and H are the modiﬁed images in Paint Shop Pro. Images I, J, K and L are the
result of Scion Image processing. Dark color on the Scion Image processed leaf image
represents the diseased leaf area.

3.2. Disease severity assessment of detached leaves
Because varying inoculum concentrations primarily affected lesion
number rather than lesion size for anthracnose of N. benthamiana (Fig.1A,
r = 0.81, P = 0.0001), leaves were inoculated with different conidial
concentrations of C. destructivum and assessed at 96 h post inoculation
(HPI) for the number of visible spots and disease severity as measured
by Scion Image analysis. A strong correlation (r =0.74, P =0.0001) was
obtained for the percent diseased leaf area estimated by Scion Image
analysis and the number of spots on each leaf (Fig. 1B). Fig. 2 shows the
original and processed images of four N. benthamiana leaves with 0, 4, 27
and 41% diseased area demonstrating the relationship between the lesion
areas and the color differences detected and quantiﬁed by Scion Image.
Fourteen leaves of C. majalis with anthracnose were assessed by
Scion Image analysis showing a range of disease severities from 0%
(healthy leaf) to 51%. Fig. 3 shows four leaves with the original and
processed images with disease severities estimated with Scion Image
of 0, 6, 32 and 49%. Eighteen leaves of M. domestica with scab were
assessed by Scion Image analysis with scab lesion severities ranging
from 0 to 49%. Fig. 4 shows the original and processed images of four
apple leaves with 0, 1, 15 and 34% disease severities determined with
Scion Image analysis. Twenty-four leaves of P. paniculata infected with

Diagrammatic scales, disease assessment keys and leaf area meters
have all been used for disease assessment. More recently, digital
cameras or ﬂat bed scanners in combination with computer software
has been used to evaluate leaves for color differences including those
caused by pathogens. Mycosphaerella leaf disease in Eucalyptus
globulus (Pinkard and Mohammed, 2006) and anthracnose caused
by C. gloeosporioides of mango fruit (Corkidi et al., 2006) are examples
of fungal diseases assessed by digital imagery combined with computer analysis.
NIH Image is a public domain program developed at the National
Institutes of Health (USA) to capture, display, analyze, enhance, measure,
annotate and output digital images. A PC version of NIH Image, called
Scion Image for Windows, is freely available from Scion Corporation
(www.scioncorp.com) and is widely used in the medical, scientiﬁc, and
educational community. Schaberg et al. (2003) demonstrated that it
could also be used to quantify leaf color to determine the relative
concentrations of the underlying plant pigments. O'Neal et al. (2002)
added a metric scale to the method of Schaberg et al. (2003) to give
quantitative data, and Murakami et al. (2005) gave step by step instructions for the method.
Seven of the 19 different diseases in the black and white diagrammatic keys of James (1971) were converted to digital images by
scanning with a ﬂat bed scanner. The disease severity values given by
James (1971) were compared to the values obtained from Scion Image
analysis, and very strong correlations were found, suggesting that the
Scion Image method can accurately estimate diseased leaf area from
black and white drawings.
Since the drawings in the disease assessment keys were black and
white images with very high contrast between diseased area and
healthy leaf, it was important to test actual diseased leaves to see if
Scion Image analysis could measure differences in leaf color due to
fungal infection. A diverse collection of fungal infected leaves with
different types of symptoms was used. These included anthracnose of
N. benthamiana with water-soaked and necrotic spots, anthracnose of
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Fig. 4. Measurement of scab severity caused by Venturia inaequalis in Malus domestica leaves. The images show measurements of 0% (A, E, I), 1% (B, F, J), 15% (C, G, K) and 34% (D, H, L)
diseased leaf tissue. A, B, C and D are the original scanned images, while E, F, G and H are the modiﬁed images in Paint Shop Pro. Images I, J, K and L are the result of Scion Image
processing. Dark color on the Scion Image processed leaf image represents the diseased leaf area.

C. majalis with brown spots and chlorotic areas, scab of M. domestica
with dark brown patches, powdery mildew of P. paniculata with white
powdery fungal growth on the leaf surface and rust of S. canadensis
with orange uredia.
A range of disease severities on leaves of N. benthamiana inoculated
with C. destructivum, causal agent of anthracnose (Shen et al., 2001), was
used to compare the estimated disease severity from Scion Image to the
number of lesions at 96 HPI. Disease assessment was done at 96 HPI,
since the contrast was greatest between the dark lesions and uninfected
green tissues. As a hemibiotroph, C. destructivum ﬁrst grows biotrophically invaginating the initially infected cell with a multi-lobed infection
vesicle without producing symptoms (Shen et al., 2001). By approximately 60 HPI, thin secondary hyphae arise from multi-lobed infection
vesicles, and the fungus kills host cells resulting in water-soaked spots
that develop into dark necrotic lesions that could be readily detected by
Scion Image analysis at 96 HPI. The use of lesion numbers was considered an appropriate measure of severity because the lesions were
relatively similar in size at 96 HPI, and increased inoculum levels
resulted only in greater lesion numbers rather than larger lesions. The
high correlation between the percentage disease severity by Scion
Image analysis and the number of lesions in N. benthamiana suggests
that the method is useful for measuring disease incidence in actual
leaves in addition to black and white drawings.
Disease assessment of N. benthamiana inoculated with C. destructivum was also done using attached leaves to quantify the development of disease symptoms in the same leaf over time. In order to do

this, a digital camera was used instead of a ﬂat bed scanner, and a
lightbox was placed below the plants to give high contrast between
the lesions and uninfected green tissue. No necrosis was observed
during the symptomless biotrophic stage, but by 60 HPI, the
necrotrophic phase was visible with the appearance of water-soaked
spots (Shen et al., 2001). The necrotrophic stage consisted of a slower
symptom development phase from 64 to 84 HPI and a faster phase
after 84 HPI. The slower phase was associated with lesion appearance
and enlargement, whereas the faster phase was only associated with
lesion expansion. The detection of two phases of necrotrophic
development demonstrates one of the advantages of doing serial
observations of disease on individual leaves.
The causal agent of anthracnose of C. majalis is C. dematium (Farr et al.,
1989). C. dematium is also a hemibiotroph with a symptomless biotrophic
stage when knotted primary hyphae invaginate leaf epidermal and
adjacent plant cells (Smith et al., 1999). Secondary necrotrophic hyphae
then develop that are associated with the appearance of brown lesions.
The symptoms of anthracnose of C. majalis are similar to anthracnose of
N. benthamiana, but the lesions are darker and are also associated with
chlorosis. Both the dark lesion and surrounding chlorotic areas could be
quantiﬁed by Scion Image analysis.
V. inaequalis initially grows just under the leaf cuticle producing
velvety olive colored spots due to abundant conidial production
(MacHardy, 1996). Later, the infected area turns gray or brown as
the leaf tissue underneath the mycelium dies and collapses. The
diseased apple leaf samples used for Scion Image analysis all had gray-
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Fig. 6. Measurement of rust in Solidago canadensis leaves caused by Coleosporium
asterum. The images show measurements of 3% (A, E), 4% (B, F), 15% (C, G) and 65% (D, H)
diseased leaf tissue. A, B, C and D are the original scanned images, while E, F, G and H are
the result of Scion Image processing. Dark color on the Scion Image processed leaf image
represents the diseased leaf area.

Fig. 5. Measurement of powdery mildew in Panus paniculata leaves caused by Oidium
sp. The images show measurements of 0% (A, E, I), 1% (B, F, J), 17% (C, G, K) and 63% (D, H,
L) diseased leaf tissue. A, B, C and D are the original scanned images, while E, F, G and H
are the modiﬁed images in Paint Shop Pro. Images I, J, K and L are the result of Scion
Image processing. Dark color on the Scion Image processed leaf image represents the
diseased leaf area.

brown necrotic lesions, and these could be readily quantiﬁed. Infections that occur on expanding leaves can also cause a slight
puckering or blistering (MacHardy, 1996), and sometimes this
complicated the image analysis due to a shadowing effect on the
leaf surface. However, this was easily observed during analysis and
care could be taken to ensure that the leaves were more thoroughly
ﬂattened prior to scanning.
Powdery mildew of P. paniculata is caused by an Oidium sp. (Farr et al.,
1989), and is characterized by white to grayish spots or patches of spots
on plant tissues due to external white mycelium, conidiophores and
conidia. This is a biotrophic pathogen producing haustoria that invaginate the plasma membrane of host epidermal cells, and necrosis does
not develop (Green et al., 2002). The severity of powdery mildew is based
on the amount of mycelium, conidia and conidiophores on the leaf
surface (Green et al., 2002). Although the symptoms of powdery mildew
were very different from those of anthracnose, it could be measured with

Scion Image analysis, since there was high color contrast between the
infected white and uninfected green leaf tissue.
C. asterum is a non-systemic, heteroecious (host-alternating),
macrocyclic (ﬁve spore stage) rust fungus, whose spermagonial and
aecial hosts are two-needled Pinus species (Ziller, 1974). The uredial
host is S. canadensis, where the fungus can persist independently of
host alternation (Ziller, 1974). C. asterum is a biotrophic pathogen
producing haustoria that feed on living host cells of S. canadensis with
symptoms of orange-yellow pustules containing urediospores that
rupture through the epidermis (Heath, 1992). The number and size of

Fig. 7. Scion Image analysis of anthracnose disease development on individual leaves of
Nicotiana benthamiana inoculated with Colletotrichum destructivum at 1 × 105 spores/
mL. Percent disease was determined by Scion Image analysis after imaging the leaf
every 4 h with a digital camera beginning at 56 HPI. Means are shown with standard
error bars calculated from twelve inoculated leaves from separate plants.
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Fig. 8. Measurement of disease development by Colletotrichum destructivum on an individual N. benthamiana leaf. The images show symptoms of anthracnose captured with a digital
camera at 56 (A, E), 60 (B, F), 80 (C, G) and 84 HPI (D, H). A, B, C and D are the original images from the digital camera, while E, F, G and H are the result of Scion Image processing. The
light color on the Scion Image processed leaf image represents the diseased leaf area.

rust pustules can be used to estimate disease severity (Price et al.,
2004). In Scion Image analysis, masses of orange urediospores in
uredia of different sizes and numbers could be detected as an indication of fungal colonization. The only modiﬁcation to measure rust
with Scion Image was that image 003 was selected instead of image
001 during processing by Scion Image to give greater contrast between the processed colors representing healthy and diseased tissues.
There are other computer programs that can perform digital image
analysis for disease assessment. The program, ASSESS: Image Analysis
Software for Plant Disease Quantiﬁcation (APS Press, Saint Paul, MN) was
developed to measure leaf area, percent disease, root length and the
lesion count (Lamari, 2005). It has been used to quantify rust disease
severity on sugarcane and sunﬂower (Tucker et al., 2001). Image-Pro
software (Media Cybernetics, Bethesda, MD) can be used for 2D and 3D
image processing, enhancement, and analysis, and Corkidi et al. (2006)
used Image-Pro Plus 4.45 software to evaluate the severity of
anthracnose of mango fruit, caused by Colletotrichum gloeosporioides. A
stepper motor rotated the mango fruit along its longitudinal axis, while a
sequence of images were acquired to create a pseudocylindrical ‘equalarea’ projection of the fruit to detect the high contrast lesions (black
spots on a bright yellow background). WINFOLIA (Regent Instruments
Inc., www.regentinstruments.com) is designed for leaf morphology and
disease analysis. Pinkard and Mohammed (2006) used WINFOLIA to
differentiate healthy, discolored and necrotic tissue in leaves of E.
globulus infected with Mycosphaerella leaf disease. Matrox Inspector 2.2
(Matrox Electronic Systems Ltd., Dorval, PQ) has been used to measure
lesion area of cucumber anthracnose caused by Colletotrichum orbiculare
(Kwack et al., 2005).
Image analysis programs for disease assessment have been found to
have various limitations. One problem with ASSESS, which characterizes lesions based on pixel thresholds, was that it appeared to ignore
smaller lesions, which was more evident with sugarcane rust than
sunﬂower rust (Tucker et al., 2001). Image-Pro worked well with
simulated infected areas of black tape on a plastic model of mango
fruit, but fungal spots on real fruits did not always give such good
contrast and sharp edges. This resulted in errors, even though mango
anthracnose has much higher contrast (i.e., dark black spots on bright
yellow mangoes) than most other plant foliar diseases (Corkidi et al.,
2006). Matrox Inspector 2.2 could differentiate and measure lesions,
but the program could not detect lesions clearly because it could not
distinguish lesion margins. Therefore, the Magic Wand and Edit tools of
Photoshop 6.0 had to be used to draw the lesion margins of cucumber
anthracnose, which could introduce errors (Kwack et al., 2005).

This study has shown that Scion Image analysis can be used to
assess a wide variety of fungal foliar diseases, such as powdery
mildew, rust, anthracnose and scab. This method can be used for
detached leaves with a ﬂat bed scanner as well as attached leaves with
a digital camera. It takes less time compared to diagrammatic scales
and should be more accurate than visual estimation, and thus it
appears to meet the requirement of a desirable disease assessment
method, which is to provide accurate and precise measurements of
disease (Nutter et al., 2006). In addition, comparable image analysis
software costs between $US 200 to 1500, while Scion Image software
is freely available to download from www.scioncorp.com.
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