
 

Engenharia Agrícola 

 

ISSN: 1809-4430 (on-line) 

www.engenhariaagricola.org.br 
 

 

2 Department of Plant Soil and Agricultural Systems, Southern Illinois University/ Illinois, USA. 

Area Editor: Lucas Rios do Amaral 

Received in: 5-16-2020 

Accepted in: 11-16-2020 
Engenharia Agrícola, Jaboticabal, v.41, n.1, p.78-86, jan./feb. 2021 

Edited by SBEA 

Doi: http://dx.doi.org/10.1590/1809-4430-Eng.Agric.v41n1p78-86/2021 

 

HYPERSPECTRAL SPECTROSCOPY TO DETECT DIFFERENT RESPONSES OF TWO 

SOYBEAN (GLYCINE MAX) CULTIVARS TO CHARCOAL ROT (MACROPHOMINA 

PHASEOLINA) TOXIN 

 

Ameer Al-Ahmadi1*, Arjun Subedi2, Ruplal Choudhary2,  

Ahmad Fakhoury2, Dennis Watson2 

 

1*Corresponding author. Department of Agricultural Machines and Equipment, College of Agricultural Engineering Sciences, 

University of Baghdad/ Baghdad, Iraq.  

Email: ameer.alahmadi@coagri.uobaghdad.edu.iq | ORCID ID: https://orcid.org/0000-0002-9046-9990

 
 

KEYWORDS 

hyperspectral 

spectroscopy, Glycine 

Max, charcoal rot, 

ratio, reflectance. 

ABSTRACT 

Previous studies have confirmed the potential of hyperspectral spectroscopy (HS) to 

detect charcoal rot toxin effect on soybean (Glycine max). However, there is no 

evidence that it can differentiate among difference responses to that effect. This research 

tested the potential of HS (900–2400 nm) to differentiate different responses to charcoal 

rot effect caused by the fungal pathogen Macrophomina phaseolina. Known susceptible 

‘Pharaoh’ and resistant ‘Spencer’ cultivars of soybean seedlings at the V1 stage were 

tested, and HS reflectance was measured in each treatment at 0 h (just before toxin 

treatment), 24 h, and 36 h after toxin treatment. For both cultivars, reflectance generally 

decreased up to 10% over time for controls and increased for treated seedlings up to 

22%. Pharaoh had significant increases in reflectance 24 and 36 h after treatment, while 

Spencer did not exhibit significant changes in reflectance over the 24 and 36-h periods. 

The ratio of Al-Ahmadi et al. (2018) was also evaluated. Spencer showed a higher ratio 

than Pharaoh. Based on our results, HS can be used to compare the relative resistance of 

soybean cultivars to charcoal rot and is a potential screening technique to classify 

soybean cultivars based on their resistance to charcoal rot toxin. 
 

 

INTRODUCTION 

Soybean (Glycine max) is one of the most valuable 

crops, with a wide range of uses due to its protein and oil 

content (Lee et al., 2019). Soybean can be affected by 

charcoal rot without any clear early symptoms (Meyer, 

1974). Noticeable symptoms of charcoal rot, characterized 

mainly by wilting, may be missed until the maturity stage R5 

(Mengistu et al., 2011), with reddish-brown lesions on lower 

stems being obvious at stages R7 or R8 (Pearson, 1984). 

Charcoal rot threatens many crops and leads to 

substantial yield losses. It is caused by the fungus 

Macrophomina phaseolina (Tassi) Goid, a soil-borne and 

seed-borne pathogen (Coser et al., 2017) that attacks 

plants via their root systems (Hemmati et al., 2018), 

causing wilting symptoms. This pathogen tends to be more 

active under hot and dry conditions (Nagasubramanian et 

al., 2018). 

Some adopted preventive methods to control 

charcoal rot, such as crop rotation, mechanical treatments 

such as tillage, irrigation control, fertilization using specific 

nutrients, and fungicide application, can partly help in 

controlling this disease (Luna et al., 2017). However, these 

methods may have limited effectiveness without adopting 

the most resistance cultivar (Coser et al., 2017; Luna et al., 

2017; Nagasubramanian et al., 2018).  

Sensors are considered feasible tools to detect 

changes in plants due to stress caused by diseases and may 

evaluate the intensity of such stresses (Mahlein, 2016). 

Hyperspectral spectroscopy (HS) is the use of sensors for 

disease detection, such as powdery mildew in wheat (Haider 

Khan et al., 2018), yellow rust and fusarium head blight in 

wheat and barley (Whetton et al., 2018), brown rust and 

yellow rust on wheat leaves (Bohnenkamp et al., 2019), and 

late blight in potato (Gold et al., 2019). This approach has 

also been used with charcoal rot in soybean by relating the 
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reflectance of ground roots and stems from mature plants at 

stages R7.2 and R7.8 to microsclerotia density in soybean 

tissue (Fletcher et al., 2014). A different study of HS of 

soybean stems used seedlings inoculated with M. 

phaseolina; HS image data in the range of 383-1032 nm 

were collected and reduced to six wavebands with a binary 

classification accuracy of 97% for identification of charcoal 

rot disease in seedlings (Nagasubramanian et al., 2018). 

In another study, the reflectance of leaves of a single 

‘Pharaoh’ soybean cultivar in the 900–2400-nm range using 

HS was used to detect differences in soybean seedlings (V1 

stage; without roots) exposed to charcoal rot toxins 

compared to non-treated seedlings, with increasing 

reflectance for seedlings exposed to the toxins (Al-Ahmadi 

et al., 2018). A ratio of reflectance prior to toxin exposure 

to reflectance measurement 24 h later has been proposed, 

with lower ratios indicating a higher sensitivity to toxins 

produced by M. phaseolina (Al-Ahmadi et al., 2018). The 

proposed ratio was based on a single soybean cultivar and 

requires testing with known relatively susceptible and 

resistant soybean cultivars to determine if the responses 

measured by HS are different among cultivars. 

The purpose of this study was to apply the 

measurement method recommended by Al-Ahmadi et al. 

(2018) and evaluate it with known susceptible and resistant 

soybean cultivars to see if the method can detect differences 

in the cultivar response to charcoal rot toxin, indicating the 

potential of this methodology to be used in screening to 

identify soybean cultivar resistance to M. phaseolina at the 

early growth stage (V1). 

 

MATERIAL AND METHODS 

Soybean Seedling Preparation 

Soybean (Glycine max) cultivars ‘Pharaoh’ and 

‘Spencer’ were used in this study. ‘Pharaoh’ is considered 

highly susceptible (Pawlowski et al., 2015; 

Nagasubramanian et al., 2018) and ‘Spencer’ relatively 

resistant to charcoal rot (Twizeyimana et al., 2012). The 

study was conducted in plant pathology laboratories at the 

Southern Illinois University, Carbondale, Illinois. Two 

containers were prepared with soil for each cultivar. Seeds 

of the corresponding cultivar were planted in each 

container, and the containers were placed in a growth 

chamber at approximately 30°C and 45% relative humidity. 

Containers were checked regularly and watered as needed. 

At the V1 growth stage (Fehr et al., 1971), 16 seedlings of 

uniform leaf size of each cultivar were selected and 

randomly divided into two groups of eight seedlings each 

for control (non-treated) and toxin-treated seedlings. The 

number of seedlings for this experiment was a compromise 

to keep the measurement time below 3 hours while 

following the same measurement protocol as Al-Ahmadi et 

al. (2018), as the HS measurement of 30 replicates was 

estimated to require over 11 hours for each measurement 

event at 12-hour intervals. Our use of 8 replicates was 

comparable to other studies using 3 (Cao et al., 2015), 4 

(Nagasubramanian et al., 2018), and 10 (Fletcher et al., 

2014) replicates. 

On the afternoons prior to the measurements, a 30-

ml vial for each plant was filled (75% full) with tap water 

and labeled to identify the cultivar, treatment, and replicate 

number. A stem from each plant, with five leaves and 

consistent length, was separated and placed in vials. One 

leaf from each plant was arbitrarily identified by placing a 

small sticker around each stem under the two top leaves 

with its extension pointing to the identified leaf, ensuring 

that the same leaf was sampled for each measurement. A 

random order was used to place vials for subsequent HS 

measurements. Cut seedlings were allowed to reach 

equilibrium water content by leaving them in the water-filled 

vials overnight (12 h) before proceeding with the experiment. 

Charcoal Rot Toxin Preparation and Application 

An isolate of M. phaseolina, collected from a 

soybean field in southern Illinois, was used to prepare the 

fungal toxin in our experiment. Potato dextrose agar (PDA) 

was used to grow the fungus at room temperature. After 1 

week, plugs (10 of 2-mm diameter) of fungal mycelia were 

removed from PDA plates and placed in 500 ml of Czapek 

Dox broth medium for 2 weeks at 25–30ºC. Fungal extract 

and fungal mycelia were then filtered using a Miracloth 

(Calbiochem, La Jolla, CA), and the filtrate was stored at 

4ºC. For this study, the filtrate was diluted to a 50% solution 

with distilled water. After the initial (0 h) HS measurement 

of each seedling marked for the toxin treatment, water was 

removed from the vial and replaced with the toxin solution. 

Although this method was consistent with Al-Ahmadi et al. 

(2018), the relative toxicity of the solution could vary from 

that of the prior study. Since the assay was based on the 

presence of toxic compounds (some possibly not yet 

identified) produced by the fungus and present in the fungal 

filtrate, we did not have absolute measurements of the 

concentration of the fungal toxins. 

HS Spectrometer 

The HS spectrometer (NIR256-2.5, Ocean Optics, 

Dunedin, FL USA) selected for this study was based on an 

InGaAs linear image sensor (G9208-256W, Hamamatsu 

Photonics, Hamamatsu City, Japan). Specifications 

indicated a spectral range of 900–2500 nm in the NIR 

region, with a signal-to-noise ratio of 4000:1 and an average 

spectral resolution of 7 nm. This spectral range was 

preferred over a 340–1000-nm sensor, based on a prior 

study (Al-Ahmadi et al., 2018). The radiation source was 

tungsten halogen (HL-2000, Ocean Optics, Dunedin, FL, 

USA) with a spectral range of 360–2400 nm, which slightly 

reduced the effective range of the sensor system to 900–

2400 nm. A measuring probe (QR400-7-VIS-BX, Ocean 

Optics, Dunedin, FL, USA) with a 6.35 mm diameter was 

connected to the HL-2000 via fiber optics and secured to a 

reflection probe holder (RPH-1, Ocean Optics, Dunedin, 

FL, USA) at 45°. Ambient light sources were blocked by 

the probe holder from reaching the probe. Data acquisition 

software (SpectraSuite 2.0.162, Ocean Optics, Dunedin, 

FL, USA) was used to control the spectrometer for data 

collection. The spectrometer signal was calibrated with a 

Spectralon® diffuse reflectance standard (WS-1, Ocean 

Optics, Dunedin, FL, USA), with reflectivity of more than 

96% for the spectral range. Calibration resulted in a nearly 

consistent reflectance value of 100% across the spectral 

range and was repeated before each seedling was measured. 

Data Collection 

Hyperspectral data over the spectral range of 900–

2400 nm were collected from two locations on each of the 

two leaves from each seedling. While no differences among 

leaves or locations of the same seedling were readily visible, 
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the four measurements were averaged to moderate any 

differences. The leaves located directly under the two or 

three uppermost leaves of the selected seedling were 

selected for HS measurements. Two consistent locations per 

leaf for a total of 4 measurements per seedling and 128 

measurements per measurement event were recorded. For 

measurement, each leaf was positioned on a black foam 

board (mean reflectance of 0.19 ± 0.13) to diminish possible 

background reflectance of light transmitted through the leaf 

(Fig. 1). Only the adaxial face of leaves was used for HS 

measurements. The HS probe holder with the probe was 

placed in direct contract on the same approximate location 

on each leaf for each measurement. Leaf locations for 

measurement were between the first and second lateral 

veins from the base and the second and third lateral veins 

from the apex, with all measurements taken at the midpoint 

between the midrib and the margin on the right side of the 

leaf as viewed with the apex up (Fig. 1). Seedlings were 

handled with nitrile gloves, and all seedlings received the 

same amount of handling. 

 

 

FIGURE 1. Layout of leaf on black foamboard for hyperspectral measurement. Circles indicate location of measurements on 

each leaf. 

 

Hyperspectral data were collected at measurement 

events of 0-h (immediately before toxin treatment), 24-h, 

and 12-h intervals thereafter as long as all the leaves could 

be handled without tearing. For this study, measurements 

were terminated after 36 h due to severe wilting of many of 

the leaves. All leaves were measured in the same order at 

each measurement event, ensuring that each leaf had the 

same period of toxin exposure. 

Hyperspectral Data Preprocessing 

Raw data for each HS measurement consisted the 

average of 10 successive scans. All measurements were 

organized in a spreadsheet for further preprocessing. All 

wavelengths were rounded to the nearest 10 nm for 

consistency with the prior study (Al-Ahmadi et al., 2018), 

and all wavelengths with the same rounded nm value were 

averaged, resulting in 151 wavebands of 10 nm width for 

further analysis. 

Data Analysis 

The average reflectance of the four locations (two 

leaves per seedling, two locations per leaf) for each seedling 

represented an experimental unit. There were eight 

replicates per treatment for each cultivar at each 

measurement event. One-way analysis of variance 

(ANOVA; alpha = 0.05) was performed to analyze 

reflectance data of each waveband (Mo et al., 2017; Wang 

et al., 2019) between control cultivars, between toxin-

treated cultivars, and among measurement events for each 

toxin-treated cultivar. Fisher’s least significant difference 

(LSD) test was used to determine differences among the 

three measurement events when ANOVA indicated 

significant differences. We used SAS Enterprise Guide 7.1 

(SAS Institute Inc., Cary, NC, 1982) to perform ANOVA 

and the LSD test. 

 

RESULTS AND DISCUSSION 

Baseline Reflectance 

Baseline HS results at 0 h (before any seedlings were 

exposed to charcoal rot toxins) revealed no significant 

differences at any wavebands between control and 

subsequently toxin-treated seedlings for either Pharaoh 

(F(1,14), p > 0.22) or Spencer (F(1,14), p > 0.18) cultivars. 

These results indicate relatively consistent reflectance 

spectra of the seedlings, within each cultivar, prepared for 

control and toxin treatments. When the spectra of control 

and subsequently toxin-treated seedlings at 0 h were 
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combined, there were significant differences (F(1,30), p < 

0.05) between cultivars in the 1360–2400-nm waveband 

range (Fig. 2). The Pharaoh cultivar had a higher reflectance 

than the Spencer cultivar, with a difference in mean 

reflectance peaking at less than three percentage points (pp) 

and with a mean of 1.54 ± 0.95 pp, which is less than the  

differences noted at later measurement times. These 

baseline reflectance differences of untreated seedlings can 

be attributed to genetic or chemical differences between the 

cultivars (Porker et al., 2017; Wee et al., 2018), which were 

expressed in reflectance of the 1360–2400 nm range. 

 

 

FIGURE 2. Mean reflectance spectra, with 95% confidence intervals, of Pharaoh and Spencer cultivars at 0 h (prior to 

toxin treatment). 

 

Spectral Changes of Control Seedlings 

Control (non-toxin-treated) seedlings showed highly 

significant (F(2,21), p < 0.01) spectral changes over time (0, 

24, and 36 h) for each waveband across the entire 900–2400 

nm spectrum for both Pharaoh and Spencer (Fig. 3). For 

both cultivars, there were no significant differences 

between the 24-h and 36-h measurement events, although 

the 36-h reflectance was generally lower than the 24-h 

reflectance. For both cultivars, the 0-h reflectance 

measurements were significantly higher than the later 

measurements. This behavior may be attributed to different 

water contents of the seedlings over time (higher water 

content at 24 h), affecting the reflectance within the NIR 

region (Bauer, 1985; Hunt & Rock, 1989; Diourte et al., 

1995; Hennessy et al., 2020). The similarity between the 

spectral curves of the 24-h and 36-h measurements may be 

due to seedling saturation with water, causing no difference 

in reflectance. 

Over time, there was some decrease in the waveband 

ranges at which the cultivars (non-treated controls) were 

significantly different from each other, in comparison to the 

1360–2400 nm range at 0 h (Fig.. 3). At 36 h, the 

significantly different (F(1,14), p < 0.05) wavebands were 

1400–1540 nm and 1850–2370 nm. At both 24 and 36 h, 

reflectance of Pharaoh was slightly higher than that of 

Spencer, which may be attributed to genetic or chemical 

differences between the two cultivars (Porker et al., 2017; 

Wee et al., 2018). However, the mean decrease in 

reflectance for the Pharaoh and Spencer cultivars from 0 to 

36 h was 4.16 ± 1.18 pp and 3.47 ± 0.97 pp, respectively. 

This decrease in reflectance of the control seedlings over 

time was consistent with Al-Ahmadi et al. (2018) and in 

contrast to the reaction of toxin-treated seedlings. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 



Hyperspectral spectroscopy to detect different responses of two soybean (Glycine max) cultivars to charcoal rot (Macrophomina phaseolina) toxin 82

 

 

 

Engenharia Agrícola, Jaboticabal, v.41, n.1, p.78-86, jan./feb. 2021 

 

 
FIGURE 3. Comparison of mean reflectance spectra, with 95% confidence intervals (CI), of Pharaoh and Spencer cultivars at 0 

h, 24 h, and 36 h. 

 

Spectral Changes of Toxin-Treated Seedlings 

Pharaoh seedlings were affected by the toxin, but 

there was a variation in the response, as seen in Figure 4 

and reflected by the wider error bands in Figure 5 for 36 

h. There were noticeable changes in visual seedling health 

(Fig. 4), and reflectance increased across the entire 900–

2400 nm range as exposure time to the toxin solution 

increased (Fig. 5). 

A prior study (Al-Ahmadi et al., 2018) suggested 

the maximum HS reflectance and ratio differences 

between treated and non-treated seedlings would occur 

just before the leaves were too wilted to handle, which 

occurred  after 24 h post-toxin treatment. In this study, the 

seedlings could be handled an additional 12 h or a total of 

36 h after treatment. 

Time differences may be indicative of the rate at 

which toxic compounds form in different preparations of 

the fungal solution. Since some of the toxic compounds may 

yet be unknown, a specific “count” of toxin strength is not 

practical. Rather than a specific treatment time, the original 

recommendation of Al-Ahmadi et al. (2018) to measure 

reflectance before leaves are too wilted to handle without 

tearing is still the best recommendation. This may require 

some experience and checking leaves at set time intervals to 

be able to complete measurements before they are too 

wilted. 

The differences between reflectance at 36 h and 0 h 

or 24 h were highly significant (F(2,21), p < 0.01) across the 

entire spectrum. In the ranges of 1140–1870 nm and 2060–

2240 nm, reflectance at 24 h was also significantly (F(2,21), 

p < 0.01) higher than that at 0 h. 
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FIGURE 4. Pharaoh cultivar at 36 h after toxin treatment illustrating the relative health of a) controls and b) toxin-treated seedlings. 

 

 

FIGURE 5. Reflectance spectra of toxin-treated Pharaoh cultivar at 0 h, 24 h and 36 h, with 95% confidence intervals (CI), and 

ratio of 0 h reflectance to each of 24 h and 36 h reflectance on the secondary y-axis. 

 

These results are similar to those of a previous study 

(Al-Ahmadi et al., 2018), with the exception that seedlings 

were not too wilted to be handled until 36 h after toxin 

treatment. This increase in time from 24 to 36 h can most 

likely be attributed to variations in toxin strength between 

the two studies. The fungal filtrate was prepared similarly 

in both studies; however, the activity of the filtrate in the 

different experiments could be slightly different between 

experiments. The fungal toxins could have formed at 

different rates in the media for the two experiments and 

could have been slightly lower than that used in the previous 

study by Al-Ahmadi et al. (2018). 

The ratio of 0 h reflectance to 36 h reflectance was 

0.41 at 1940 nm, which is slightly higher than the 

corresponding ratio of 0.32 observed after 24 h in a previous 

study (Al-Ahmadi et al., 2018). Although plants were too 

wilted for handling without damage at 36 h after treatment, 

there may have been an interim time that would have 



Hyperspectral spectroscopy to detect different responses of two soybean (Glycine max) cultivars to charcoal rot (Macrophomina phaseolina) toxin 84

 

 

 

Engenharia Agrícola, Jaboticabal, v.41, n.1, p.78-86, jan./feb. 2021 

allowed leaf handling and an even greater increase in HS 

reflectance. A disadvantage is that the exact ratios derived 

from one experiment cannot be compared directly to those 

from another experiment, but the relative response of 

cultivars may be consistent. This may require that each 

experiment uses one of the same cultivars as a type of 

control. If the toxicity of different batches of M. phaseolina 

toxin can be standardized, a standard period and direct 

comparison of ratios among experiments may be attainable. 

Spencer seedlings were also affected by the toxin, 

but not to the extent of the Pharaoh seedlings. There was a  

noted variation in the response, as seen in Figure 6, and in 

the wider error bands (Fig. 7) for 24 and 36 h. The mean 

reflectance curves at 24 and 36 h were slightly higher than 

those at 0 h. However, the Spencer cultivar did not exhibit 

any significant differences (F(2,21), p > 0.05) across the entire 

900–2400 nm spectrum among measurement events 

among 0, 24, and 36 h. The ratios of 0 h reflectance to 36 

h reflectance dropped to 0.88 in the 1910–1940 nm range 

and was considerably higher than that of Pharaoh 

seedlings (0.41). 

 

 

FIGURE 6. Spencer cultivar at 36 h after toxin treatment illustrating the relative health of a) controls and b) toxin-treated seedlings. 

 

 
FIGURE 7. Reflectance spectra of toxin-treated Spencer cultivar at 0 h, 24 h and 36 h, with 95% confidence intervals (CI), and 

ratio of 0 h reflectance to each of 24 h and 36 h reflectance on the secondary y-axis. 
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When comparing Pharaoh and Spencer toxin-treated 

seedlings at 24 h, Pharaoh seedlings had significantly 

(F(1,14), p < 0.05) higher reflectance levels than Spencer 

seedlings in the range of 1130–2400 nm, with highly 

significant (F(1,14), p < 0.01) differences in the 1360–1910 

nm and 1980–2400 nm ranges. At 36 h, the Pharaoh 

reflectance values were significantly (F(1,14), p < 0.01) 

higher across the entire 900–2400 nm range. This increase 

in reflectance is consistent with the finding of Hunt & Rock 

(1989), where reflectance in the range of 780–2500 nm 

increased with reduced leaf water content, which is 

consistent with the wilt symptom associated with charcoal 

rot (Diourte et al., 1995). 

 

CONCLUSIONS 

The results of this study indicate that HS can be used 

to detect different responses of soybean seedlings to the 

toxins produced by M. phaseolina and causing seedling 

wilting. The soybean cultivars ‘Pharaoh’ and ‘Spencer’ are 

susceptible and resistant to M. phaseolina, respectively. HS 

reflectance increased more significantly in the 900–2400 

nm range for the susceptible cultivar. 

Regardless of the period used, the ratio 0 h 

reflectance to the last reflectance measurement at 1940 nm 

showed potential to be used to rate soybeans for 

susceptibility to M. phaseolina. While the ratio could be 

inverted, the current form of the ratio has a practical limit 

of 1.0 for maximum resistance and a number approaching 0 

for maximum susceptibility, with lower ratio values 

indicating higher susceptibility. 

Based on this study and on the results of Al-Ahmadi 

et al. (2018), ratios above 0.8 indicate cultivars that have 

low susceptibility to charcoal rot toxin, while ratios below 

0.5 indicate high susceptibility to the toxins. Additional 

experiments using cultivars with more variation in 

susceptibility would be needed to refine the interpretation 

of ratio values. 
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