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Abstract Cassava Mosaic virus Disease (CMD) is the most
severe and widespread virus infection that affects cassava
(Manihot esculenta Crantz) crops. This paper investigates
the application of photochemical reflectance index (PRI) im-
aging to detect and assess the impact of varying levels of
CMD infection in cassava. Towards this, narrow band reflec-
tance images of field-grown cassava plants were recorded at
531 and 571 nm by proximal sensing with a multispectral
imaging system (MSIS). It was observed that the PRI values
increase with increasing levels of CMD infection in all the
varieties of cassava studied. A scatter plot of the PRI image
intensity yielded a sensitivity of 85 % and specificity of 79 %
for discriminating visibly no CMD from initial CMD and a
sensitivity of 93 % and specificity of 92 % for discriminating
initial CMD from advanced CMD. Area under the receiver
operator characteristics (AUC-ROC) curve was used to dis-
criminate the CMD infection level by differentiating visibly
no CMD from initial CMD [AUC = 0.92] and initial CMD
from advanced CMD [AUC = 0.99]. It was observed that PRI
values determined from the experimental data follow a
linear inverse relationship with net photosynthetic rate
(Pn) (R?> = 0.76) and total leaf chlorophyll (Chl) content
(R* = 0.80). The results show that PRI imaging can be utilized
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Introduction

Cassava (Manihot esculenta Crantz) popularly known as tapi-
oca is an important staple food and industrial crop to a large
population in Asia, Africa and Latin America. Among the var-
ious infections reported, cassava mosaic virus disease (CMD)
is the most prevalent, which causes considerable crop damage
and yield reduction, (Thresh et al. 1994; Patil and Fauquet
2009). CMD which is considered as a major constraint for
cassava cultivation is transmitted by white flies or by vegetative
propagation. Typical symptoms of CMD consist of a yellow or
pale green chlorotic mosaic of leaves, commonly accompanied
by distortion and crumbling. CMD affected leaves appear re-
duced in size, twisted and distorted. Some of the current diag-
nostic techniques, such as ELISA (Enzyme Linked Immuno
Sorbent Assay), DIBO (Dot Immono Blot Assay) and PCR
(Polymerase Chain Reaction) are costly and time consuming.
These techniques follow destructive sampling followed by bio-
chemical and molecular determination which involves molec-
ular level processing of elaborate data and is labor and time
consuming. Moreover, the reagents used for the detection are to
be carefully selected as they are specific to each pathogen. In
this context, novel techniques like fluorescence and reflectance
imaging are found to be effective tools in the monitoring of
vegetation and its stress. Various fluorescence and reflectance
indices have been used by the scientific community in the
detection of different types of stresses.
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Photochemical Reflectance Index (PRI) is a physiological
index that is related to the xanthophyll cycle and pigment
content (Gamon et al. 1992), and provides information on
the leaf physiological properties (Penuelas et al. 1994).
During photosynthesis, when the absorbed light energy ex-
ceeds the photosynthetic capacity of the plant, the excess en-
ergy is dissipated by various mechanisms to avoid damage to
the photosynthetic apparatus. The xanthophyll cycle is one
such mechanism, wherein with increase in the incident light
the xanthophyll pigments in the leaf gets converted from the
epoxidized (violaxanthin) state to the de-epoxidized
(antheraxanthin and zeaxanthin) state to dissipate the excess
energy (Demmig-Adams and Adams 1994). This reaction is
readily reversed under limiting light (Gamon et al. 1992).
Filella et al. (2009) has reported that the de-epoxidation state
can be used as an indicator of the short-term changes in pho-
tosynthetic activity.

Several studies have focused on the assessment of PRI at
the leaf and the canopy level across ecosystems to track
changes in photosynthesis with various factors like elevation
and latitude (Richardson and Berlyn 2002; Richardson et al.
2003), plant diseases, soil water content and nutrient level
variability (Whitehead et al. 2005; Panigada et al. 2014).
This is due to the fact that the spectral indicator, PRI at
531 nm and 571 nm correlates with the xanthophylls cycle
(Nichol and Grace 2010), and it determines the photosynthetic
performance of plants (Bilger and Bjorkman 1990; Penuelas
etal. 1997). Changes in leaf pigments of the xanthophyll cycle
lead to changes in the reflectance at 531 nm whereas, the
reflectance at 571 nm is insensitive to short term changes in
leaf pigments and hence, the reflectance at 571 nm is used as a
reference to reduce the effects of chloroplast movements.
Penuelas et al. (1994, 1997) has reported that reflectance at
571 nm can also be used to normalize the reflectance at
531 nm and correct for non-uniformity of solar reflectance.
Results of all these studies point to the fact that PRI has the
potential to be used as a non-destructive technique to assess
photosynthetic and other physiological changes associated
with biotic and abiotic stresses in plants.

Imaging techniques has emerged as a fast and reliable meth-
od in plant disease detection, which can be used for continuous
proximal and remote monitoring of physiological health status
of plants (Carter and Miller 1994). The major advantage of
proximal or remote sensing imaging is that it provides spatial
information about the plant damage and covers large areas of
vegetation in a short duration of time using passive sunlight as
the source of light (Deery et al. 2014). The use of sunlight adds
to the advantage that no additional light source is required to
induce reflectance, but restricts its application to clear sky con-
ditions. PRI imaging was carried out during noon time when
there is minimal path length for solar radiation to reach earth’s
surface and the effects of ground reflection and shadows are
minimal (Carter and Miller 1994).
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Recently, Raji et al. (2015) has shown sunlight-induced
fluorescence imaging to be an effective tool in the detection
of mosaic virus disease in cassava plants. The present study
explores the possibility of using PRI in the detection and clas-
sification of different levels of cassava mosaic virus (CMD)
infection in potted plants by proximal imaging. This study was
conducted to confirm that this technique could be used to
mark the difference in degree of infection. This information
could be used in the case when the plants are used as produc-
tion materials, or extrapolating this research to other valuable
crop species. Towards this, reflectance images of different
varieties of potted cassava plants with varying degrees of
CMD infection were recorded with a multi-spectral imaging
system (MSIS). The photosynthetic rate (Pn) and chlorophyll
(Chl) content of the plant leaves were correlated with
the PRI image data and scatter plots were drawn to
classify different levels of CMD infection, and the results
are presented.

Materials and Methods
Plant Growth and Experimental Design

Stem cuttings of 14 varieties of cassava, each 20 cm long,
were grown in pots filled with mixture of soil, farm yard
mixture and sand at a ratio of 2:1:1 respectively. Rock phos-
phate was also added to the potting mixture as basal at the time
of planting. Urea and muriate of potash were added after one
week of planting and one month later. Three replicates were
maintained for each variety of cassava and the plants were
irrigated daily. Stem cuttings of cassava plants tested with
varying levels of CMD were used as mother plants to grow
infected plants.

The cassava plant leaves under study was categorized ac-
cording to the level of mosaic infection from Grade 14 fol-
lowing the system developed by Terry (1975) (Table 1) and
plant leaves without any visible symptom of infection were
considered as normal (Fig. 1). The study was carried out in 14

Table 1  Categorization of cassava mosaic virus disease in infected

leaves

CMD Grade Symptoms

Normal/no Leaves with no visible symptoms of mosaic or no

CMD visible reduction in leaf area

Grade 1 Mosaic specks only, which may get masked

Grade 2 Only mild mosaic distributed on leaflets. No reduction
in leaf area

Grade 3 Severe mosaic with 1/3 leaf area reduction usually
at the base of leaflets

Grade 4 Severe mosaic with less than 2/3 leaf area reduction
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Fig. 1 Cassava plants showing
symptoms of cassava mosaic
virus disease (CMD), leaf
distortion and chlorosis. a normal/
visibly no CMD b grade-1 CMD
¢ grade-2 CMD d grade-3 CMD e
grade-4 CMD

varieties of cassava viz., variety 1) Mulluvadi, variety 2) M-4,
variety 3) 4-2, variety 4) M833, variety 5) H165, variety 6)
H226, variety 7) Sree Jaya, variety 8) Sree Vijaya, variety 9)
Sree Prakash, variety 10) Kumkum Rose, variety 11) 1687,
variety 12) Thailand, variety 13) CI848 and variety 14)
Quintal. Data collection was initiated after the plants were 8-
weeks old.

Multi-Spectral Imaging System

Multi Spectral Imaging System (MSIS) developed for
sunlight-induced fluorescence imaging of outdoor plants
(Raji et al. 2015) was modified with filters at 531 and
571 nm, suitable for PRI estimation. This system
(Fig. 2) consists of an Electron Multiplying CCD mono-
chrome (EMCCD) camera with 1024 x 1024 pixels
(Model: LUCA-R-DL-604, Andor Technology, UK), a
Nikon AF 35-70 mm (1:1.8) zoom lens and narrow
band (I nm, FWHM) interference filters on the rotating
filter mount. The camera is connected to the USB port
of a laptop computer for control and data acquisition.
Image processing was carried out using proprietary
Andor SOLIS (Solutions for Imaging and Spectroscopy) soft-
ware, which is a generic camera control and analysis software.
Images were recorded from potted cassava plants on each day
between 11.30 and 13.30 h for 7 days under clear sky condi-
tions in March 2013 and full sunlight. During this time of the
day, when the sun is at the zenith, the transmission path for
solar irradiance and the effect of ground reflection would be
minimal (Carter and Miller 1994). A reflectance standard
(SRS-99-010- Labsphere, USA) was used as reference to nor-
malize the captured images and to correct for any spatial

sensitivity characteristics within the viewed images (Nakaji
et al. 2006). The resulting reflectance image R for each wave-
length A was calculated as follows:

R)\Z[]/\/V)\]K (1)

Sun

Camera lens

Interference filter

- m— /"

Reflectance
__§ at 531 nm |
A and 571 nm @&

EMCCD camera

Fig. 2 Multi-spectral reflectance imaging system for proximal
imaging of plants
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Where, R, is the reflectance image of the target at the spec-
ified wavelength, 7, is the raw image of the target at the spec-
ified wavelength, 7, is the raw image of the reflectance stan-
dard at the specified wavelength, and K is the reflectance
factor of the standard as specified by the manufacturer at each
wavelength.

PRI Estimation

Reflectance images of plant leaves were derived by applying
Eq. (1) on the captured images at 531 nm and 571 nm. PRI is
then estimated using the following relation (Gamon et al.
1997; Penuelas et al. 1995):

PRI = (Rs31—Rs71)/(Rs31 + Rs71) (2)

Where, Rs3; and Rs;, denote the solar reflectance of
the plant leaves at 531 nm and 571 nm, respectively. In
order to correct the shifts, if any, in the x-y coordinates
of the images recorded sequentially through different
filters, the image data was coded and executed using
Matlab (Ver. 7.0) for pixel to pixel matching, before

applying Eq. (2).

Plant Physiological Characteristics

The net photosynthetic rate (Pn) was measured from matured
leaves of cassava plants selected for study using a Hand-held
Photosynthesis device (Model CI-340, CID Inc., USA) under
a fixed external PAR (Photosynthetically Active Radiation) of
1500 pmol m 2. Following photosynthetic measurements, the
Chl content of the same set of cassava leaves was analyzed by
the method described by Amon (1949). Chl from the leaf
samples was extracted in 8 ml of dimethyl sulphoxide
(DMSO) for 1 h at 65 °C (Mandal et al. 2008). The extracted
green solution was decanted making the volume to 10 ml with
DMSO and its absorbance was measured at 649 and 665 nm
on a spectrophotometer (Model: Evolution 201-UV-Visible,
Thermofisher Inc., USA). Nine measurements of Pn and
Chl were recorded for each grade of infection in each of
the 14 varieties of cassava studied and the mean of
these measurements was computed. Relative water con-
tent (RWC) which is the appropriate measure of plant
water stress in terms of the physiological consequence
of cellular water deficit was also measured (Barrs and
Weatherley 1962). RWC estimates the current water
content of the sampled leaf tissue relative to the maxi-
mal water content it can hold at full turgidity and was
measured using the following formula,

RWC% = [(FW-DW)/(TW-DW)] x 100 (3)
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Where,

FW  fresh weight
TW  turgid weight
DW  dry weight

To assure proper irrigation, soil moisture content was
measured using the gravimetric method which involves
taking a volume of soil (24 h after watering), weighing
it under wet condition, completely drying it out in an
oven for about 24 h and then re-weighing the dry sam-
ple and calculating soil moisture percentage from the
weight loss (Black 1965). The soil moisture content
values of all the varieties remained nearly constant be-
tween 25 and 30 %, suggesting proper irrigation during
the study period.

Data Analysis

The PRI image intensity values were obtained from nine re-
gions of interest (ROI) randomly selected from each leaf with
a specific CMD condition and averaged for 20 sets of data per
region. Care was taken to avoid areas of veins in the leaves.
The mean PRI intensity values were correlated with Pn and
total leaf Chl content values. A scatter plot was drawn in
Origin (Ver. 7.0) using the discriminant function score
of mean PRI values, and the sensitivity and specificity
values for classifying different levels of CMD infection
were determined. Receiver operating characteristic
(ROC) curves were also constructed using the discrimi-
nant function scores to assess the potential of PRI im-
aging data to differentiate visibly no CMD from initial
CMD and initial CMD from advanced CMD infected
leaves. In a ROC curve, the true positive rate (how
many correct positive results) or Sensitivity is plotted
in function of the false positive rate (how many incor-
rect positive results) or 1-Specificty. The area under the
ROC curves (AUC) which is a measure of how well a
parameter can distinguish between two classification groups
and its 95 % CI, including the true value of AUC was com-
puted. All statistical analysis was conducted using SPSS sta-
tistical software (SPSS ver. 16.0).

Results and Discussion
PRI Imaging

The monochrome images obtained using Andor SOLIS
software were pseudo-color-mapped (PCM) for easy vi-
sualization of variation in the reflectance index (PRI)
between normal and CMD stressed regions of the leaves
(Fig. 3). Irrespective of the variety, the mean PRI shows
an increasing trend with CMD infection and was markedly
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Fig. 3 Photographs of the plant leaf, monochrome reflectance images
and pseudo colour mapped (PCM) PRI images of 2 varieties of CMD
infected cassava plants. Variety 1 (CI 848): a Photo, b reflectance image

higher when the level of infection reaches grade-4. The CMD
infected regions of the leaves which are visible as yel-
low spots, are regions with higher PRI values, which
indicates inhibition of photosynthetic function. PRI im-
age of the infected regions is represented by light green
to yellow colours and it is seen that there is an increase
in the PRI values with the progress of stress level. A
clear distinction was noticeable in the PRI images be-
tween the healthy and chlorosis affected leaves of these
plants. Visualization of images of cassava plant (Fig. 3)

Fig. 4 Scatter plot diagram based
on discriminant function scores
for cassava leaves with varying
grades of CMD. The solid
symbols represent the results of a
standard data set (N = 42), and
open symbols relate to a blind
(validation) data set (N =42). The
continuous line represents the cut-
off value drawn at the mean of
data sets belonging to adjoining
groups

PRI

at 531 nm, c reflectance image at 571 nm and d PRI image. Variety 2
(M-4): e Photo, (/) reflectance image at 531 nm, g reflectance image at
571 nm and h PRI image

provides a clear indication of how CMD infection af-
fects the PRI images. PRI values as low as —0.33 seen
in the case of leaves with visibly no symptoms of infection
indicate less stressful conditions, whereas the progressively
higher values up to 0.46 seen in CMD infected leaves indicate
substantial stress. The increase in PRI values with increase in
CMD infection shows the effectiveness of the technique in
monitoring the level of infection in plants.

PRI images of cassava leaves infected with CMD provide a
clear differentiation between different grades of infection,
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which is evident from the pseudo coloured PRI images
and the PRI values obtained. The colour change from
dark blue in less stressed leaves to yellow in CMD
stressed leaves could be attributed to changes in plant
physiological conditions. Most of the light energy falling on
healthy green leaves is utilized for photosynthetic activity,
whereas in stressed leaves, to protect the photosynthetic appa-
ratus, the excess energy received is dissipated through various
optical processes and as heat, which leads to an increase in
reflection at 531 nm.

Scatter Plot Analysis of CMD Infected Cassava Leaves
Using PRI Imaging Values

In our study, we have tried to classify different grades of CMD
infection in cassava with the help of discrimination scatter
plots drawn from the PRI image data. Towards this the five
CMD grades (No CMD visible and Grade-1 to Grade-4)
were regrouped into three categories, viz. normal/
healthy (No CMD visible), Grades 1-2 (initial CMD)
and Grades 3-4 (advanced CMD). The discrimination
lines were drawn between adjoining groups at the mean
of the data values of the two groups-. It was observed
that cut off lines discriminating visibly no CMD and initial
CMD could be drawn at —0.07, while that between initial
CMD and advanced CMD could be drawn at 0.11.

In order to test the reliability of the classification based on
PRI image ratio, a blind test was also carried out with 42
readings with known CMD grades. Discriminant function
scores of the blind test data were inserted into the training
set scatter plot (Fig. 4) for validation. This leads to three out
of 14 data in standard set from leaves with visibly no CMD
getting misclassified as initial stage (grade-1 or grade-2) of
CMD and two each out of 14 data sets of leaves with initial
CMD getting misclassified as leaves with no CMD visible and
advanced CMD, respectively. However, one data set with ad-
vanced CMD (grade-3 or grade-4) infected leaves was
misclassified as initial CMD. It was observed that among the
blind data set, only one data from visibly no CMD was
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AUC-0.918
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z
£
2 04
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Z
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0.0 0.2 0.4 0.6 0.8 1.0
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Fig. 5 AUC-ROC shows the discriminatory capacity of PRI image to
distinguish between different grades of CMD infection; a no visible CMD
and initial CMD, and b initial CMD and advanced CMD

misclassified as initial CMD, whereas two data from initial
CMD was misclassified as no CMD visible and one value
was misclassified as advanced CMD. In the advanced CMD
group all except one data was misclassified as initial CMD.

Table 2 Overall discrimination accuracy between different grades of cassava mosaic virus disease in cassava leaves obtained using PRI imaging

Grouping based on CMD infection

Visibly no CMD - Initial CMD

Initial CMD - Advanced CMD

Visibly no CMD - Advanced CMD

Se (%) Sp (%) PPV (%) NPV (%) Se(%) Sp(%) PPV (%) NPV (%) Se(%) Sp(%) PPV (%) NPV (%)
Standard data set 85 79 79 85 93 93 92 100 100 100 100
Blind data set 87 92 93 85 92 92 93 100 100 100 100
Overall 86 86 86 84 93 93 93 100 100 100 100

Sensitivity (Se) true positive/(true positive + false negative), specificity (Sp) true negative/(true negative + false positive), positive predictive value (PPV)
true positive/(true positive + false positive), negative predictive value (NPV) true negative/(true negative + false negative)
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The above discrimination using standard data resulted in a
sensitivity of 85 % and specificity of 79 % for discrimination
between leaves with visibly no CMD and initial grades of
CMD. The sensitivity and specificity values between initial
grades of CMD and advanced grades of CMD was 93 and
92 %, respectively, whereas between leaves with no CMD
and those with advanced grade of CMD was 100 %. With
blind set of data, the sensitivity and specificity observed for
no CMD visible and initial CMD were 87 and 92 % and for
initial CMD and advanced CMD were 92 and 93 %, respec-
tively (Table 2).

Discrimination capacity between different grades of CMD
infection in cassava leaves was also tested using the receiver
operating characteristic (ROC)- curve analysis using SPSS
(ver. 16) software. SPSS automatically calculates the sensitiv-
ity and specificity of given input ratio values and plots the
ROC curves, with sensitivity values against the values of 1-
specificity for a default confidence interval of 95 %. AUC-
ROC graph showed that initial grade CMD infected leaves can
be discriminated from normal leaves with AUC of 0.918,
while initial grade CMD infected leaves can be discriminated
from advanced grade CMD infected leaves with AUC of

[
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Fig. 6 Correlation of PRI with net photosynthetic rate and total leaf
chlorophyll content in 14 varieties of cassava plants with varying
degrees of CMD from no visible CMD, initial CMD and advanced
CMD (N = 42); a PRI with net photosynthetic rate, and b PRI with
total leaf chlorophyll content

Chl (mg g") fresh weight &

Table3  Percentage variance of PRI, Pn and Chl for initial and advanced
level CMD compared with no visible CMD group in 14 varieties of cassava

Cassava variety CMD infection level PRI(%) Pn(%) Chl (%)
1 Initial CMD 60 —67 —44
Advanced CMD 280 =27 -15
2 Initial CMD 59 =70 —46
Advanced CMD 338 —24 -13
3 Initial CMD 65 —66 —44
Advanced CMD 167 =57 -32
4 Initial CMD 216 —41 -18
Advanced CMD 197 =53 -19
5 Initial CMD 41 =74 =37
Advanced CMD 37 -152 -162
6 Initial CMD 115 —62 =35
Advanced CMD 167 —42 =51
7 Initial CMD 674 =20 -11
Advanced CMD 261 =27 -16
8 Initial CMD 73 —64 =32
Advanced CMD 81 —64 —40
9 Initial CMD 175 -53 -28
Advanced CMD 230 =37 -18
10 Initial CMD 265 =27 -16
Advanced CMD 185 =53 =27
11 Initial CMD 72 -63 =36
Advanced CMD 541 =59 -13
12 Initial CMD 1498 -6 —4
Advanced CMD 406 —24 -13
13 Initial CMD 158 -23 -33
Advanced CMD 610 -22 -12
14 Initial CMD 187 —43 22
Advanced CMD 237 -29 -17
100 .
No CMD visible
E= Initial CMD
Advanced CMD

Leaf Relative Water Content (%)

7 8 9 10 11 12 13 14
Cassava Variety

Fig. 7 Variation of leaf Relative Water Content (RWC) in 14 varieties of
cassava plants with varying degrees of CMD from no visible CMD, initial
CMD and advanced CMD
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0.995 (Fig. 5). It is seen that, the AUC for the discrimination
score analysis reached nearly 100 % and these results conclu-
sively demonstrate the potential of PRI as a technique to re-
motely monitor and discriminate the level of CMD infection
in cassava plants.

Variance in PRI with Respect to Pn and Total Chl Content

The Pn and total leaf Chl content determined for all the vari-
eties of cassava showed a decreasing trend with the advance-
ment of CMD infection. It is seen that the Pn for leaves with-
out visible CMD symptom varied between 34.02 and
35.55 umol m 2 s, whereas, for grade-4 CMD level the
value varied between 8.96 and 10.28 pmol m s ! for leaves
with advanced CMD infection. Total Chl content of the leaves
without visible symptom of CMD lies in the range 1.36—
1.51 mg g ' fresh weight and the values decreases to 0.76—
0.86 mg g ' fresh weight range in leaves with advanced level
of grade-4 CMD infection (Table not shown). Dependence of
PRI on Pn and Chl was analyzed for all the varieties of cassava
and it was observed that a significant negative linear correla-
tion exists with Pn and Chl (Fig. 6 (a, b)). Taking into consid-
eration the results from all the different varieties of cassava
studied, we obtained a correlation coefficient of R = 0.76 for
PRI with Pn and a correlation coefficient of R* = 0.80 with Chl
content.

The decrease in Pn and total leaf Chl with stress agrees with
the reports of previous studies. The reduction in the total leaf
Chl content in virus infected leaves could be attributed to the
degradation of chloroplasts (Esau 1956), and consequently,
reduced and less efficient photosynthetic activity is observed
in CMD infected leaves (Tu et al. 1968; Ayanru and Sharma
1982; Palta 1990; Carter 1994; Fang et al. 1998; Raji et al.
2013). The decrease in Pn with stress could be attributed to the
closure of the stomata, which reduces the amount of carbon
dioxide necessary for photosynthesis (Subhash et al. 2004;
Ibaraki et al. 2010). The results suggest the existence of strong
inverse relationship between PRI and Pn and between PRI and
Chl. On comparing the PRI, Pn and Chl values of dif-
ferent levels of CMD infection with control/no CMD
visible group, it is seen that in all cassava plants, irre-
spective of the variety change, PRI values increased and
Pn and Chl values decreased for initial and advanced
level of infection (Table 3).

RWC of all the varieties of cassava under study were
measured to see how different levels of infection affect
the leaf water content (Fig. 7). Towards this grouping of
grades 1 and 2 and grades 3 and 4 were done similar to
the method followed in scatter plot technique. It is seen
that there is a variation in RWC values of the leaves for
different grades of CMD infection, which could be at-
tributed to the overall physiological changes occurring
during CMD infection.
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Conclusions

The main focus of this study was to classify different levels of
CMD infection in cassava leaves from the scatter plot of PRI
imaging data derived from reflectance images recorded at 531
and 571 nm on a multispectral imaging system developed to
record PRI images with sun as the light source. Image pro-
cessing tools were used to normalize the images for difference
in solar irradiance and movement of samples while imaging at
different wavelengths. PRI imaging results obtained were
comparable to that the changes in Pn and Chl values, and
the technique appears to be an effective tool for discrimination
of CMD. It was observed that PRI has an inverse linear rela-
tionship with Pn and Chl and this makes PRI a useful param-
eter in the plant stress studies. It is seen from the results that
scatter plot diagram of PRI data provides reasonable sensitiv-
ity and specificity for classifying different grades of CMD
infection. The PRI based technique was evaluated by analyz-
ing blind data sets from randomly selected sites on infected
plants. We have obtained a sensitivity of 87 % and specificity
0f 92 % for discriminating visibly no CMD from initial CMD
infection stages. Therefore, it may be concluded that PRI
could be utilized as a sensitive tool for classifying CMD in-
fection in cassava plants and to identify early stages of disease
when remedial measures could be initiated to stop further
damage to the crop.

The results of the study show that proximal sensing tech-
nique could be used to mark the difference in degree of CMD
infection in plants. This information could be useful during
vegetative propagation of new plants, or for extrapolation of
the research outcome to other valuable crop species. The ac-
curacies obtained for CMD detection by non-destructive prox-
imal imaging of PRI shows great potential for its application
to detect various types of biotic and abiotic stress in plants and
provides an opportunity for continuous mapping of plant
physiological conditions in forests and farmlands.
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