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Abstract: Development of resistant cultivars for Fusarium basal rot (FBR), a fungal disease caused
by the soil-borne fungus Fusarium oxysporum f.sp. cepae (FOC), is a major breeding goal for onion
breeding programs around the world. Currently, the selection of FBR-resistant bulbs is based on a
visual interval or category scale, which is an entirely subjective method. This study aimed to develop
an objective approach using digital image analysis to quantify symptom development in the basal
plate of dormant bulbs. Digital image analyses were performed after artificially inoculating dormant
bulbs of eighty-five United States Department of Agriculture (USDA) Allium cepa accessions with a
virulent FOC isolate, ‘CSC-515’. An analysis with confocal microscopy identified bright blue–green
autofluorescence from FOC-infected tissue, effectively differentiating diseased from healthy tissue.
Visual scoring of the FBR symptom was aided by stereo fluorescence microscopic images captured
using a green fluorescence protein dual filter to quantify accurately FBR severity in the basal plate
tissue. An automatic stepwise image segmentation method was developed that was relatively more
accurate than a visual estimation. This method exhibited comparable reliability and precision to
visual scoring, but it tended to underestimate FOC infection. To our best knowledge, this is the
first comprehensive study to investigate the potential use of image analysis as a viable alternative
to conventional visual scoring for FBR symptom development. This method could be used for
developing resistant cultivars for onion breeding programs in the near future.

Keywords: fluorescence imaging; confocal imaging; stereo fluorescence imaging; Fiji imageJ

1. Introduction

Fusarium basal rot (FBR) is one of the most devastating diseases impacting onions
across the world. FBR, which affects onion production in the tropical and sub-tropical
parts of the world, is caused by the soil-borne saprophytic fungus Fusarium oxysporum
f.sp. cepae (FOC). The characteristic visible symptoms of FBR can be observed at all plant
growth stages of onion that include damping-off of seedlings, chlorosis and necrosis of
leaves, and discoloration of the basal plate tissue [1]. Even though all crop growth stages
are susceptible to this disease, early detection of this disease is not always possible as a
minor infection in the basal plate tissue often goes undetected. As a result, a substantial
loss of marketable bulbs occurs because the disease appears to reduce bulb weight and
increases bulb rot leading to secondary infections with a favorable environment during
storage [2,3].

An effort to establish accurate disease severity estimation in plants was acknowledged
in the late 1800s to the early 1900s with cereal crop diseases [4]. Since then, a number of
measures have been taken to improve its efficiency, which has led to the development of
various visual scales, such as nominal, ordinal, interval, and ratio scales, to assess plant
diseases [4]. As FBR causes considerable damage in dormant bulbs during storage, disease
estimation in this growth stage is of paramount importance. The scoring of FBR disease-
affected bulbs is based on an interval or category scale of 1 through 9, where 1 implies
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no disease and 9 implies 70% or more diseased basal plate tissue by area [2,5]. Despite
the advantage of being quick and requiring easy training of the raters, a visual rating is
purely subjective. Several factors, such as the rater’s intrinsic ability, value preferences, the
physical state of the infected area, plant part being scored, time of the day for scoring, and
symptom complexity, were found to be the sources of error and determined the quality
of a visual disease estimation [4]. As an example, severity measures of citrus canker
on leaves rated by three plant pathologists with a combined experience of more than
70 years revealed an increasing tendency of overestimation, less accuracy and precision
with an increase in the actual diseased area [6]. Due to the lack of any alternate method of
estimating FBR, a less subjective disease estimation method would benefit FBR resistance
breeding programs in onion.

One way to select resistant plant materials objectively is to score the diseased area in a
basal plate with an image analysis aid [7]. Digital photographs of the affected plant parts,
which are used in image analysis to identify plant diseases and quantify the development
of its causal organisms, could be captured via inexpensive devices, such as film cameras,
digital cameras, and scanners [4] or by using more expensive systems, such as stereo
fluorescence microscopy [8], confocal microscopy [9], and hyperspectral imaging [10]. The
digital images generated are subsequently analyzed to quantify disease severity using
image analysis software that is either available for free, such as Fiji ImageJ [11] and Scion
image (Scion Corp., Fredrick, MD), or for a fee, such as Assess (American Phytopathological
Society Press, St Paul, MN, USA).

Even though onion is among the top horticultural commodities globally [12], the biotic
stress detection system for this crop is not well established. This lack of development could
be attributed to a lack of collective research effort in onion as a result of its biennial, highly
cross-pollinated, and day-length-specific nature [12,13]. The lack of advancement in onion
disease quantification could be easily discernable if compared with disease quantification
of the economically important vascular plant diseases. Color imaging, hyperspectral and
thermal imaging, visible/near-infrared leaf reflectance, and more advanced, 3D deep
learning technologies were used as objective disease quantification methods of vascular
wilt of olive (Verticillium dahliae), Fusarium wilt of tomato (Fusarium oxysporum), charcoal
rot of soybean (Macrophomina phaseolina), and Fusarium wilt of banana (Fusarium oxysporum
f. sp. cubense) [14–17]. Some of these systems are capable of picking up the very sensitive
signal wavelengths related to the physiological changes enabling rapid detection of the
early symptoms or can utilize these signature wavelengths in models capable of classifying
different stages of a disease [14–16]. In onion, a monitoring system, which utilized a high-
resolution camera system, has been used for detecting the presence of downy mildew in
large field trials [18]. However, this system was not intended for diagnosing the disease [18].
For mature bulb postharvest quality, shortwave infrared hyperspectral imaging and optical
coherence tomography were used in onion to detect sour skin disease [19] and neck rot
disease [20], respectively.

In plant species, only a minimal number of image analysis studies have been investi-
gated for in-ground plant parts, such as roots and tubers [4,21–24]. Being a model plant
species, a root tip bioassay has been used in onion for a long time to study the toxic effects
of herbicide, fertilizer, insecticides, fungicides, and heavy metals in cellular functions, as
known as cytotoxicity and genotoxicity, using light and transmission electron microscopes
image analyses [25]. However, no image analysis technique has been conducted to detect
FBR in mature onion bulbs to the best of our knowledge. The most apparent reason for the
lack of effort was the nature of FOC infection. FOC infection develops internally in the basal
plate tissue and could be visible externally only when FOC completely consumes the basal
plate tissue and attracts secondary pathogens [3]. Besides nonvisible internal infection,
the onion bulb’s three-dimensional structure could be a possible source of error for visible
scoring as different plant structures and their orientations result in variation affecting the
quality of the visual estimation [4]. Even with digital images of a cut onion basal plate,
there could be a limitation due to reflective surfaces [4] associated with liquid exudates
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from the exposed tissue. We hypothesized that an effective objective means to estimate FBR
disease infection could be generated by capturing fluorescent images of irradiated onion
basal plates with the nonvisible wavelength radiation in a fixed orientation of the bulb, and
those estimations would be positively correlated in a strong fashion with visual scoring of
the same diseased tissue. This study aimed to develop an objective scoring technique for
FBR severity on the onion basal plate tissue using digital image analysis techniques and to
compare its efficiency with visual scoring.

2. Materials and Methods
2.1. Plant Material

Eighty-five plant introduction (PI) accessions were selected from the National Plant
Germplasm System, USDA, Allium cepa collection for this study depending on the avail-
ability of seeds. These accessions have not been screened for FBR resistance/susceptibility
previously and produced bulbs of diverse sizes and shapes. From our current germplasm,
‘NuMex Crimson’ [26] and ‘Serrana’ (Monsanto Vegetable Seeds, Woodland, CA, USA)
were included in this study as checks based on their susceptibility and partial resistance,
respectively, in earlier trials at New Mexico State University (NMSU) [2].

2.2. Field Production of Mature Bulbs

The field trial was conducted at the Fabian Garcia Science Center (FGSC) of NMSU
during the 2018–2019 cropping season. Seeds of the accessions were sowed in the green-
house before being transplanted into fields with raised beds of 5.5 × 0.56 m2 in size. The
beds were arranged in a randomized complete block design with three replications per
accession. The cultural practices followed, such as land preparation, seeding, transplant-
ing, fertigation, weed control, etc., were those as specified for southern New Mexico [27].
Mature bulbs were harvested during the summer of 2019 after 80% of the plant tops
had lodged.

2.3. Artificial Inoculation of Mature Bulbs

Inoculum of a virulent FOC isolate, ‘CSC 515’, was grown on the potato dextrose
agar (PDA) medium [28]. This isolate was one of 17 FOC isolates collected from the FGSC
at NMSU and tested on eight onion entries for their pathogenicity [28]. ‘CSC-515’ was
recommended for future screening of FBR-resistant germplasm due to its ability to separate
FBR susceptible and resistant individuals efficiently [28]. Spore suspensions were then
prepared by scrapping the top of growing mycelia from fully grown plates into distilled wa-
ter [2]. Afterwards, a special PDA medium was prepared by mixing the spore suspension
at a concentration of 3.0 × 104 spores mL−1. This medium was prepared the night before
inoculation to minimize spore germination and concentration changes. Individual bulbs
were inoculated by placing 1 cm diameter PDA plugs with suspended spores on the top of
transversally cut (approximate section thickness 0.25–0.30 mm) basal plates. All of the inoc-
ulated bulbs of one entry were placed inside a single black plastic crate (58 × 37 × 22 cm3)
(Bekuplast GmbH, Ringe, Germany) with the inoculated surface facing upwards. These
crates were covered with black polyethylene bags (83.8× 104× 0.00254 cm3, Poly-America,
Grand Prairie, TX, USA) for 24 h to create high humidity conditions and were removed
afterwards to facilitate disease development. Proper disease development was ensured
by inoculating the susceptible check, and re-inoculation was conducted if the disease
incidence was not over 90% within 12–15 days. These crates were incubated in the shelves
of a wooden shed with proper ventilation in the ambient high summer temperature of
New Mexico.

2.4. Visual Scorings of the Infected Bulbs for FBR Severity

After 21 d of incubation, the FBR severity of each inoculated bulb was calculated using
two manual scoring methods. The first method utilized visual scoring (VS) of the raw
bulbs. For this method, twenty bulbs of each entry were selected arbitrarily from each crate
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(comprising all bulbs from a single replication), cut transversally, and rated for FBR disease
severity on a scale of 1 to 9 [2,5]. In this scale, ‘one’ represented no FBR discoloration in
the basal plate, ‘two’ indicated 1–10% of the basal plate was showing FBR discoloration,
and 10% increments in disease symptoms for every subsequent increase in the scale [2,5].
Scale ‘nine’ indicated that most of the basal plate was infected with FBR (>70% basal plate
area) [2,5].

2.5. Visual Scorings of the Digital Images for FBR Severity

The second manual method was visual scoring of digital images (VSDI) captured
using stereo fluorescence microscope (Figure 1).
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Figure 1. Visual scoring of digital images (VSDI) method of inoculated basal plate image for calculat-
ing FBR severity using Fiji ImageJ©: (a) raw image of an FOC-infected basal plate, (b) improving
the image for better contrast, (c) manual cropping of the total basal plate area of interest, (d) manual
demarking of the FOC infection to calculate infected area percentage in pixels or FBR severity. Bar
length = 5 mm = 224 pixels or 44.8 pixels/mm, pixel aspect ratio = 1.0.

For the VSDI scoring, the inoculated mature bulbs were subjected to digital image
analysis to develop an objective FBR-severity technique. Confocal images were captured
using a Leica TCS SP5 II Confocal Microscope (Leica Microsystems Inc., Buffalo Grove, IL,
USA) to identify fluorescence intensities of the healthy and FOC-infected basal plate tissue.
FOC-infected basal plate tissue was irradiated using a 405 nm laser, and the resulting
emission was collected between 415 nm and 700 nm. As a confocal microscope captures
images in a very small area, stereo fluorescence images were captured using a Leica©

M165FC (Leica Microsystems Inc., Buffalo Grove, IL, USA) to assess the emission spectra
from the infected tissue. The stereo fluorescence microscope was equipped with a (metal
halide lamp, Model EL6000) mercury lamp and various dual filters, which were used as
excitation and barrier filters. We used four different filter sets, green fluorescent protein
(GFP) (excitation—425/60 nm (395–455 nm) and barrier—480 LP), Texas red (excitation—
560/40 nm (540–580 nm) and barrier—610 LP), ultraviolet (excitation—360/40 nm (340–
380 nm) and barrier—420 LP), and violet (excitation—425/40 nm (405–445 nm) and barrier—
460 LP) to capture autofluorescence of the infected tissue. The camera setting of the stereo
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fluorescent microscope was exposure = 1 s; gain = 5.4×; gamma = 1.0; zoom = 0.73. The
digital pictures were captured on a grayscale.

The digital images of the FOC-infected basal plates captured using the stereo fluo-
rescent microscope were subsequently analyzed using software package Fiji imageJ© [11].
All of the RGB images under analysis were converted into 8-bit tiff images with a fixed
dimension (1392 × 1040 pixels). These 8-bit images were then enhanced to improve their
contrasts (Figure 1b). Caution was taken for image resolution to avoid overexposure by
normalizing the pixels values across 0 to 255 pixels in the X-axis of an image histogram.
After adjusting the scale of a known distance of 44.8 pixels/mm, the improved images were
estimated for total basal plate area (Figure 1c) and FOC-infected areas (Figure 1d) manually
in pixels within each basal plate. Percentage severity of FBR was calculated as (infected
area/total basal plate area) × 100. The actual disease severity values were then used to rate
infected bulbs according to the scales described previously for the visual scoring. Scorings
for both the VS and VSDI methods were performed by the first author (S.M.) with multiple
years of experience of screening resistant onion bulbs for FBR resistance to be consistent in
measuring FBR severity.

2.6. Automated Segmentation of FBR Severity

A high-throughput image segmentation method was developed based on the images
generated by the stereo fluorescence microscope described above. This method was a
stepwise segmentation (SWS) method, comprised of a series of steps, more flexible in
analyzing the FOC infection in an image (Figure 2).

The same digital images that were used in the VSDI method were also used for
this analysis. After setting up the same scale as the VSDI method, the images were en-
hanced for contrast by normalizing the histogram as mentioned for the VSDI method
(Figure 2c). A ‘Gaussian Blur’ filter was applied to reduce the noise and smooth out
edges (Figure 2d). Subsequently, the images were subjected to an automatic multilevel
thresholding method [29] to generate a reproducible result and avoid biases (Figure 2e).
The threshold images were transformed into binary images by creating a mask (Figure 2f).
If any image had gaps within the infected portions, it was filled by the ‘Fill holes’ func-
tion (Figure 2g), and the infected areas were selected to measure the total infection area
(Figure 2h). A custom ImageJ Macro script was written to include all the steps and perform
high-throughput segmentation of the FOC infection in the basal plate. This language is
easy to learn and use by a person with little or no experience in coding. The percentage
severity of FBR was calculated as described above for the VSDI method.

2.7. Statistical Analysis

The statistical analysis was performed using SAS® Studio in a web-based environment
called SAS® OnDemand for Academics (SAS Institute Inc., Cary, NC, USA). Artificially
inoculated basal plates showing a range of FBR severity symptoms scores from 2 to 9 (1% to
>70% infected area) were selected for the analysis. The VS, VSDI, and SWS scoring methods
were compared for their efficiencies of measuring FBR severity with a total of 204 images
of basal plates. Out of the three methods, as the VSDI method used manual demarcation of
the actual % basal plate area of FBR symptoms, it was used as a control or true FBR scores
to compare efficiencies of the other two methods. Regression analysis (PROC REG) was
conducted to determine the relationship between scores measured by the three estimation
methods. The single-factor regression model (y = a + bx) was used for this analysis, where
the scores obtained by the VS or SWS method were considered as dependent variable (x),
and actual scores based on the VSDI method were considered as the independent variable
(y). The intercept (a), slope (b), coefficient of determination (R2), and coefficient of variation
(CV) were calculated to test the goodness of fit. An accurate estimation would ensure
when a = 0, and b = 1. R2 value close to 1 indicated more reliability in estimating the actual
disease severity by the VSDI method (y) as greater variability was explained by the VS or
SWS methods (x). In contrast, smaller CV values were the indictor of greater precision of
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disease estimation. Correlation analysis was also performed to establish the strength of the
relationship between the estimated (VS or SWS) and actual (VSDI) disease scores.

Horticulturae 2021, 7, x FOR PEER REVIEW 6 of 18 
 

 

 

Figure 2. Stepwise segmentation (SWS) method of inoculated basal plate image for calculating FBR 

severity using Fiji ImageJ© : (a) raw image of an FOC-infected basal plate, (b) manual cropping of 

the total area of interest, (c) improving the image for better contrast, (d) smoothing of the image 

pixels using ‘Gaussian Blur’ function, (e) thresholding to select the infected region, (f) masking of 

the image to transfer it into a binary image, (g) filling holes inside the infected region, (h) demarking 

of the FOC infection to calculate infected area percentage in pixels or FBR severity. Bar length = 5 

mm = 224 pixels or 44.8 pixels/mm, pixel aspect ratio = 1.0. 

The same digital images that were used in the VSDI method were also used for this 

analysis. After setting up the same scale as the VSDI method, the images were enhanced 

for contrast by normalizing the histogram as mentioned for the VSDI method (Figure 2c). 

A ‘Gaussian Blur’ filter was applied to reduce the noise and smooth out edges (Figure 2d). 

Subsequently, the images were subjected to an automatic multilevel thresholding method 

[29] to generate a reproducible result and avoid biases (Figure 2e). The threshold images 

were transformed into binary images by creating a mask (Figure 2f). If any image had 

gaps within the infected portions, it was filled by the ‘Fill holes’ function (Figure 2g), and 

the infected areas were selected to measure the total infection area (Figure 2h). A custom 

ImageJ Macro script was written to include all the steps and perform high-throughput 

segmentation of the FOC infection in the basal plate. This language is easy to learn and 

use by a person with little or no experience in coding. The percentage severity of FBR was 

calculated as described above for the VSDI method.  

Figure 2. Stepwise segmentation (SWS) method of inoculated basal plate image for calculating FBR
severity using Fiji ImageJ©: (a) raw image of an FOC-infected basal plate, (b) manual cropping of the
total area of interest, (c) improving the image for better contrast, (d) smoothing of the image pixels
using ‘Gaussian Blur’ function, (e) thresholding to select the infected region, (f) masking of the image
to transfer it into a binary image, (g) filling holes inside the infected region, (h) demarking of the
FOC infection to calculate infected area percentage in pixels or FBR severity. Bar length = 5 mm =
224 pixels or 44.8 pixels/mm, pixel aspect ratio = 1.0.

Even though the above statistical methods visualized the discrepancies between the
three methods in measuring FBR severity, they do not measure the repeatability of the
measurements, i.e., error and biases in the measurements. Bland–Altman plots [30] were
constructed to visualize the bias in a scatter plot. In this plot, the difference between the
two methods of disease assessment (bias) is plotted with respect to the mean of the two
measurements to decipher any pattern in measurement, i.e., increasing or decreasing bias
in the disease scales [31].
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Differences between the methods (d) = (FBR scores of VSDI − FBR scores of VS or SWS)

Mean of the methods (µ) = (FBR scores of VSDI + FBR scores of VS or SWS)/2

95% confidence interval = µ ± 1.96 Standard Deviation

Even though the Bland–Altman plot was originally proposed to compare two methods
of measurement of systolic blood pressure [30] and was routinely used for clinical trials, it
can be used effectively to compare plant disease assessment methods [6].

Due to the three-dimensional shape of onion bulbs, correlation and regression analyses
were also performed to investigate whether the bulb size (indicated by basal plate size,
x) influenced FBR estimation by the three methods (y) of 102 bulbs with various sizes
and shapes.

3. Results
3.1. Spectral Profile of the Healthy and FOC-Infected Basal Plate Tissue

Bright autofluorescence was observed in the digital images of FOC-inoculated onion
basal plate tissue captured via confocal microscopy (Figure 3a).

This autofluorescence generated from the infected basal plate effectively distinguished
the diseased tissue from the healthy one. Spectral analysis of two regions of interest
selected inside the infected and healthy basal plate tissue further revealed that the emission
intensity from the infected region was higher than from the healthy region (Figure 3b).
The peak emission intensities of the FOC-infected and healthy regions were observed at
464.8 nm and 500.5 nm, respectively (Figure 3b). The autofluorescence of the FOC-infected
basal plate tissue, which fell in the blue–green region of the white light spectra, helped
to identify the right optical filter of the stereo fluorescence microscope for scoring FOC
infection with digital images of the basal plates of the PI accessions.
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Figure 3. (a) A digital image of FOC-infected onion basal plate was captured by confocal microscopy.
(a) Autofluorescence from the infected and healthy basal plate tissue, (b) a graph showing the
difference of the fluorescence emission intensities between two selected regions of interest (ROI) from
the infected and healthy basal plate tissue. Bar length = 100 µm.

3.2. Comparisons between the Three FBR Severity Estimations

The visible symptoms of FOC infection were a gray-colored dry rot on the basal plate
(Figures 4 and 5).

Among four different filters, the gray-scale images of the inoculated basal plates
captured by the GFP dual filter generated the best contrast between the healthy and the
infected basal plate areas (Figure 4). With bright autofluorescence from the FOC infection,
symptoms were elucidated (Figure 5), and the disease progression on the basal plates was
clearer (Figure 5) than was for the visual scoring (Figures 4 and 5).

A stronger positive correlation was obtained between the VSDI and VS (r = 0.73, p
< 0.0001) than between the VSDI and SWS methods (r = 0.58, p < 0.0001) for estimating
the FBR scores. An accurate FBR severity estimation by the VS or SWS methods should
generate the intercept (a) and slope (b) values of 0 and 1, respectively, when compared
with the actual FBR severity values obtained by the VSDI method. In this aspect, the SWS
method was relatively more accurate (a and b were 0.88 and 0.93, respectively) than the VS
method (a and b were 1.40 and 0.60, respectively), especially with higher magnitudes of
severity (Figure 6). For reliability, the R2 values should be close to 1. In this context, both
VS or SWS methods had a similar reliability (R2 = 0.54 and 0.53, respectively) of estimating
FBR severity in the onion basal plate tissue. As smaller CV values indicate more precise
estimation, our result indicated both the SWS (CV = 30.6%) and VS (CV = 30.2%) methods
could be equally variable in estimating the actual FBR scores.

Another critical observation was for the VS method; there were bulbs with no visible
disease scored by naked eye as such but were determined to be infected based on infection
fluorescence detected by the VSDI method. For instance, the bulbs, which were scored as
1 (no disease) by the VS method, were scored as 2 and 3 by the VSDI method (Figure 6a).
When comparing between VSDI and SWS methods, bulbs scored as infected in one method,
were also scored as infected in the other method (Figure 6b).
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Figure 4. A comparison of digital images of healthy (a,b) and FOC-infected (c,d) onion basal plates
captured with white light (a,c) and after GFP excitation (b,d). FBR symptom was indicated using
the red arrows. White light images, captured by a Nikon© 3200 DSLR camera, give the readers a
perspective of visual scoring. Microscopic images were captured using a Leica© M165FC Stereo-
Fluorescence microscopy equipped with a Green Fluorescent Protein -1 dual filter (excitation filter—
425/60 nm (395–455 nm); barrier filter—480 LP). Bar length = 5 mm = 224 pixels or 44.8 pixels/mm,
pixel aspect ratio = 1.0.
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Figure 5. Progression of FOC infection in an onion bulb was better visible with GFP excitation
(b,d) than under white light (a,c). The basal plate was partially infected four days after inoculation
(a,b) and was infected fully seven days after inoculation (c,d). The imaging devices and their settings
were the same as in Figure 4.



Horticulturae 2021, 7, 156 10 of 17

Horticulturae 2021, 7, x FOR PEER REVIEW 11 of 18 
 

 

Another critical observation was for the VS method; there were bulbs with no visible 

disease scored by naked eye as such but were determined to be infected based on infection 

fluorescence detected by the VSDI method. For instance, the bulbs, which were scored as 

1 (no disease) by the VS method, were scored as 2 and 3 by the VSDI method (Figure 6a). 

When comparing between VSDI and SWS methods, bulbs scored as infected in one 

method, were also scored as infected in the other method (Figure 6b). 

 

(a) 

 

(b) 

Figure 6. Regression plots showing the relationship between the three methods to estimate FBR 

severity in the infected basal plates of mature onion bulbs: (a) between VSDI and VS method and 

(b) between VSDI and SWS method. Estimated FBR by VSDI method was the dependent variable 

in each case. N = 204. 

Figure 6. Regression plots showing the relationship between the three methods to estimate FBR
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each case. N = 204.

The Bland–Altman plots further revealed that the mean of the difference between
the VSDI and VS methods coincided with the reference line at 0 (Figure 7a). This result
indicated that FBR severity measurements obtained by the VS method were not very
different than those measurements obtained from the VSDI method, and that there is no
bias in estimating actual disease severity by the VS method.
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Figure 7. Bland–Altman plots showing the bias (the difference between two scoring methods)
versus the magnitude (mean of two scoring methods) of measuring FBR severity scores in mature
onion bulbs: (a) between VSDI and VS method and (b) between VSDI and SWS method. Images of
204 different bulbs were used to generate the data points in the above graphs. The difference was
calculated by (severity scores by VSDI method − severity scores by VS or SWS method), and the
mean of the two methods was calculated as ((severity scores by VSDI method + severity scores by VS
or SWS method)/2). Solid blue line = a reference line at 0; solid orange = a reference line at the mean
of the difference of the two methods; dashed gray = a reference line at mean ±2 standard deviation
or 95% confidence interval.

However, the SWS method underestimated FBR severity values as the mean of the dif-
ference between the VSDI and SWS methods were above the reference line at 0 (Figure 7b),
i.e., the measurements obtained by the SWS method were lower (positive bias) than the
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VSDI method. A 95% confidence interval (CI) of the differences, which signified the size of
an estimated error, was lower for the SWS method than for the VS method (Figure 7). The
upper and lower CI values of the SWS method was between 2.91 and −1.54 (Figure 7b)
compared to 2.65 and −2.69 for the VS method (Figure 7a). When the biases (both positive
and negative) of individual data points were compared between the two plots, the VS
method demonstrated bias in all severity ratings (Figure 7a). A greater degree of bias was
demonstrated in the lower disease ratings for the SWS method (Figure 7b).

3.3. Influence of Bulb Size on FBR Estimation

No influence of the size of basal plates was observed (R2 = 0.01 to 0.02 and r =−0.15 to
−0.18) when estimating severity with any of the three FBR severity estimation methods
(Table 1). This indicates that sizes of the bulbs, which determines the total basal plate
area, did not influence the biasness observed with the VS or SWS methods of FBR severity
estimation.

Table 1. The regression and correlation parameters to determine whether size of the bulb (indicated by basal plate size)
influences three methods for estimating FBR severity of onion bulbs.

Correlation Regression Parameters 1 Parameters 2

y Variable x Variables a b R2 CV r

VSDI method Total BP area 4.0 *** −0.002 0.01 43.5 −0.15

VS method Total BP area 4.9 *** −0.003 0.02 54.3 −0.17

SWS method Total BP area 3.6 *** −0.002 0.02 42.4 −0.18
1 A single-factor regression model (y = a + bx) was used for this analysis, where the scores obtained by the VS or SWS method were
considered as dependent variables (x), and actual scores based on the VSDI method were considered as the independent variable (y).
Regression parameters, intercept (a), slope (b), coefficient of determination (R2), and the coefficient of variation (CV) were calculated to test
the goodness of fit. 2 Pearson’s product–moment correlation coefficient. *** Significant at p < 0.001.

4. Discussion
4.1. Blue–Green Autofluorescence Resulted in a Sharp Contrast between Healthy and FOC-Infected
Basal Plate Tissue

The peak fluorescence emission intensities of 464.8 nm and 500.5 nm (Figure 3), which
were detected from the FOC-infected and healthy regions, respectively, both fall in the blue
(464–500 nm) and blue–green region (<520–530 nm) of white light. It is difficult to conclude
whether this fluorescence is coming from the fungus or the degraded cell walls. A study
involving confocal microscopy of Fusarium graminearum—inoculated maize stem tissue
with a 405 nm excitation—captured a hyphal fluorescence emission of 460–500 nm and a cell
wall fluorescence of 570–670 nm [32]. In reference to this study, the healthy onion basal plate
tissue emitted both fungal and cell wall fluorescence, and the infected basal plate tissue
likely generated an emission in the hyphal fluorescence range (Figure 3b). Comparing
both the healthy and infected basal plate tissue generated autofluorescence, fluorescence
emission intensity from the healthy tissue was weaker (Figure 3). This difference in
emission intensity has been useful for determining the severity of fungal infection at the
cellular level. For example, collapsing and non-collapsing mesophyll cells of barley leaves
inoculated with Erysiphe graminis f.sp. hordei could be distinguished based on the weaker
fluorescence from the non-collapsing mesophyll cells [33]. This finding aligned with our
observation of low-intensity fluorescence emission from the apparent healthy basal plate
tissue (Figure 3).

Comparing the emission spectra between FOC-infected and healthy onion basal plate
tissue also showed the limitations of visual estimation of an actual diseased area. Visual
estimation and confocal image analysis were performed on the same bulbs twenty days
after inoculation when FBR encompassed most of the basal plate area in a susceptible
bulb [2]. Even though the visual estimation identified a healthy region in the basal plate
tissue, confocal image analysis of the tissue showed a peak intensity of 500.5 nm, an
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emission close to hyphal fluorescence (Figure 3) [32]. This emission suggested that apparent
healthy tissue may harbor pathogenic fungal growth, which fluoresces in the blue–green
region [34]. Blue–green fluorescence could originate from secondary metabolites, such as
phenolics, in the host cells surrounding the infected ones as a defense-related response [35].
Hypersensitive reactions of plant cells can generate autofluorescence from the papilla, halo,
and lateral wall of the epidermal cells [33]. Phenolics, such as feruloyl-3′-methoxytyramine
and feruloyltyramine, which were found in the granular deposits of onion epidermal
cell walls as a defense reaction materials against Botrytis allii penetration, produce blue
fluorescence under UV irradiation [36]. Alongside host cell wall degradation, intense
fluorescence could also be a product of fungal phenolics and cytoplasmic materials, and it
indicates fungal viability [37,38]. We assumed that the diseased basal plate tissue could be
in its last stage of infection, when no apoplast sugar was available to sustain the fungal
growth [3]. Confirmation of the origin of the autofluorescence is needed from a detailed
histological study involving FOC-infected basal plate tissue from both susceptible and
resistant onion bulbs, which was beyond the scope of this study.

4.2. Image Analyses Proved to Be a Suitable Alternative to Visual Estimation for FBR
Quantification of Onion Bulbs

Despite a single discolored lesion produced by FOC in the basal plate (Figure 4), the
lowest accuracy was obtained with the VS method. The main reason was the lack of color
contrast of FBR symptoms in the inner basal plate tissue (Figure S1), unlike the conspicuous
symptoms of yellowing, necrotic, and chlorotic lesions in leaves [3]. The inconspicuous
gray discoloration caused by FBR on healthy white tissue of the basal plate was not very
apparent to the naked eye (Figures 4 and 5), especially when the symptomatic area was
very small. This subjective nature of the visual quantification was apparent as the VS
method could not detect some bulbs with <20% infection (scored 2 and 3), which were
detected by the VSDI method (Figure 6a). Studies showed that lesion size had a significant
influence on the accuracy and precision of the visual disease estimation [4,21]. Larger and
coalesced lesions were estimated more precisely than smaller and dispersed lesions, which
were generally overestimated [21,39–41]. This could explain the lack of bias in the VS
method compared to the actual diseased area obtained by the VSDI method (Figure 7a) as
the FBR symptoms in the basal plate tissue are mostly a single discolored lesion (Figure 4).

The manual estimation of the VS method, when aided with digital images comprising
actual diseased area with autofluorescence in the VSDI method, produced the best result
in this study. Apart from the single lesion, autofluorescence of the FOC-infected basal
plate tissue in the grayscale images created monochromatic pictures for a discernible and
more accurate estimation of the diseased area. The accuracy came from some underlying
advantages of this technique. As the infection was readily detected by autofluorescence,
this method eliminated the likelihood of over or under-estimation, which is due to rater
bias related to the VS method [42]. The grayscale imaging reduced the possibility of an
error in disease estimation by eliminating a reflective surface or overexposure, which was
generally related to the light source [4]. Smaller and most of the hard-to-find infections by
the rater could also be detected using this method. As the fluorescence intensity changed
with the severity of the infection, this method could decipher FBR resistance resulting from
hypersensitive reactions [33] and fungal viability [37,38] in order to select resistant bulbs.
Fluorescent imaging could detect the presence of infection earlier than 12–14 days required
for visible symptoms to appear in stored bulbs [43].

Even with the VSDI method’s advantages over the VS method in terms of less sub-
jectivity and more accuracy, it was a slow method that required a manual disease area
estimation. In this regard, the SWS method had the advantage of reducing the estimation
time significantly. In this study, the SWS method exhibited comparable reliability and
similar variability with the VS method across the disease severity ranges but was more
accurate in estimating FBR severity scores (Figure 6). Although severity estimation of the
SWS method improved with higher FBR ratings (Figure 7b), this method underestimated
the severity at lower ratings, which could be a consequence of the image segmentation
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procedure. As auto thresholding was solely based on the bright pixel intensity of the
infected area, it might not include pixels with a lower inflorescence intensity that might
result from a lower infection severity or the initial stages of infection. Limitations of digital
image analysis for plant diseases quantification are mainly due to the lack of discrimination
between diseased and healthy tissue by the image capturing system [44,45]. Conven-
tional histochemical stains and autofluorescence could improve the discrimination between
healthy and infected tissue when low amounts of pathogen are present [34]. The present
process does not require lengthy disease estimation training or coding expertise, which is
an essential consideration for a plant breeding program that involves limited number of,
and frequently changing, research personnel.

4.3. The Future Challenges and the Prospects of Digital Image Analysis in Onion Breeding

The imaging system for onion bulbs was destructive in nature [19,20] and required
nondestructive approaches for quality control in the packaging line. Spectral differences
obtained between the FOC-infected and healthy basal plates in this study indicated the
possible use of hyperspectral imaging as a nondestructive FBR screening strategy [19].
The accuracy of detecting healthy and Fusarium head blight-infected plant parts from
hyperspectral imaging systems was reported to be as high as 78–89% when used alone or in
combination with other sensory detection methods [10]. A typical FBR symptom in mature
onion bulbs was detected 12–14 days after inoculation when using a disease conducive
environment [43]. Early detection of fungal infection by optical sensors capable of detecting
fluorescence from undisturbed basal plates could reduce shipment losses related to FBR
that develops during storage [46].

In this study, we used FOC infection caused by a single Fusarium species, FOC, to
develop the image analysis protocol as FOC is known to be the primary causal agent of
FBR in the southern New Mexico region and other parts of the world [28,43,47,48]. Even
though FOC is the most aggressive in developing symptoms during long storage [43,47,48],
the demography and virulence of Fusarium spp. might change with the changing climatic
variables in the near future [49]. Recent studies revealed the isolation of other Fusarium
species, such as F. proliferatum (Matsush.) Nirenberg ex Gerlach and Nirenberg, F. solani
(Martius) Saccardo, F. acutatum Nirenberg and O’Donnell, and F. anthofilium (Braun) Wol-
lenw, from FOC-infected onion bulbs [43,48]. All these species can produce similar disease
symptoms in the mature bulb as FOC [43], which complicates disease estimation as greater
accuracy of identifying a plant disease could be accomplished by estimating a single dis-
colored lesion [23] than identifying multiple diseases in the same plant part [24]. The
efficiency of image analysis could be improved further by employing simple machine learn-
ing algorithms, such as Trainable Weka Segmentation [50] or more complex Deep Neural
Networks [23], both of which use the training of image classifiers to decipher complex
disease symptoms. Objective quantification of FBR severity using digital image analysis in
the present study was an important first step towards achieving a long-term breeding goal
of automated screening of FOC-infected mature onion bulbs using machine learning.

5. Conclusions

Objective quantification methods were developed to study FBR disease symptoms
in mature onion bulbs. Confocal microscopic analysis revealed digital images of the
basal plates, captured bright autofluorescence emission in the blue–green region of the
visible light generated from the FOC-infected area, and effectively distinguished infected
tissue from healthy tissue. A subsequent comparison between a visual and two image
analysis methods showed visual estimation with the aid of digital images was the best
method to quantify FOC infection of the basal plate objectively. Even though the automatic
stepwise image segmentation procedure was more accurate than only visual estimation, it
underestimated FOC infection. A more improved image analysis protocol, such as using
machine learning algorithms, could be a viable alternative to visual scoring and could



Horticulturae 2021, 7, 156 15 of 17

effectively reduce the time of screening FBR-resistant bulbs to increase the efficiency of
onion disease resistance breeding.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/horticulturae7060156/s1, Figure S1: Stereo-fluorescence images of FBR-infected basal plate
tissue to show the original color of an FBR infected basal plate after UV excitation without any
filter (left).
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Romanovsky, A.V.; et al. An evaluation for the standardization of the Allium cepa test as cytotoxicity and genotoxicity assay.
Caryologia 2018, 71, 191–209. [CrossRef]

26. Cramer, C.S.; Corgan, J.N. “NuMex Crimson” onion. HortScience 2003, 38, 306–307. [CrossRef]
27. Walker, S.; Ashigh, J.; Cramer, C.; Sammis, T.; Lewis, B. Bulb Onion Culture and Management for Southern New Mexico.

Coop Exten Serv Circ 563, College of Agr., Consumer and Environment Sciences, NMSU. 2009. Available online: https:
//aces.nmsu.edu/pubs/_circulars/CR563/welcome.html (accessed on 13 June 2021).

28. Saxena, A.; Cramer, C.S. Screening of onion seedlings for resistance against New Mexico isolates of Fusarium oxysporum f. sp.
cepae. J. Plant Pathol. 2009, 91, 197–200. Available online: https://www.jstor.org/stable/41998593 (accessed on 13 June 2021).

29. Yen, J.C.; Chang, F.J.; Chang, S. A new criterion for automatic multilevel thresholding. IEEE Trans. Image Process. 1995, 4, 370–378.
[CrossRef]

30. Altman, D.G.; Bland, J.M. Measurement in medicine: The analysis of method comparison studies. J. R. Stat. Soc. Ser. D 1983, 32,
307–317. [CrossRef]

31. Giavarina, D. Understanding bland altman analysis. Biochem. Med. 2015, 25, 141–151. [CrossRef] [PubMed]
32. He, J.; Yuan, T.; Tang, W.-H. Fusarium graminearum maize stalk infection assay and associated microscopic observation protocol.

Bio Protocol. 2016, 6, e2034. [CrossRef]
33. Mayama, S.; Shishiyama, J. Histological observation of cellular responses of barley leaves to powdery mildew infection by

UV-fluorescence microscopy. Jpn. J. Phytopathol. 1976, 42, 591–596. [CrossRef]
34. Roshchina, V.V. Vital autofluorescence: Application to the study of plant living cells. Int. J. Spectrosc. 2012, 124672. [CrossRef]
35. Buschmann, C.; Lichtenthaler, H.K. Principles and characteristics of multi-colour fluorescence imaging of plants. J. Plant Physiol.

1998, 152, 297–314. [CrossRef]
36. McLusky, S.R.; Bennett, M.H.; Beale, M.H.; Lewis, M.J.; Gaskin, P.; Mansfield, J.W. Cell wall alterations and localized accumulation

of feruloyl-3′-methoxytyramine in onion epidermis at sites of attempted penetration by Botrytis allii are associated with actin
polarisation, peroxidase activity and suppression of flavonoid biosynthesis. Plant J. 1999, 17, 523–534. [CrossRef]

37. Wu, C.H.; Warren, H.L. Natural autofluorescence in fungi, and its correlation with viability. Mycologia 1984, 76, 1049–1058.
[CrossRef]

38. Wu, C.H.; Warren, H.L. Induced autofluorescence in fungi and its correlation with viability: Potential application of fluorescence
microscopy. Phytopathology 1984, 74, 1353–1358. [CrossRef]

39. Sherwood, R.T. Illusions in visual assessment of stagonospora leaf spot of orchardgrass. Phytopathology 1983, 73, 173–177.
[CrossRef]

40. Godoy, C.V.; Carneiro, S.M.T.P.G.; Iamauti, M.T.; Pria, D.M.; Amorim, L.; Berger, R.D.; Filho, A.B. Diagrammatic scales for bean
diseases: Development and validation. J. Plant Dis. Prot. 1997, 104, 336–345. Available online: https://www.jstor.org/stable/4321
5167 (accessed on 13 June 2021).

41. Costa, A.P.; Peixoto, J.R.; Blum, L.E.B.; Vilela, M.S.; Nogueira, I.; Castro, A.P.G. Standard area diagram set for quantification of
septoriosis in fruit of sour passion fruit. Rev. Bras. Ciências Agrárias Braz. J. Agric. Sci. 2019, 14, e5637. [CrossRef]

42. Chiang, K.S.; Bock, C.H.; Lee, I.H.; El Jarroudi, M.; Delfosse, P. Plant disease severity assessment-how rater bias, assessment
method, and experimental design affect hypothesis testing and resource use efficiency. Phytopathology 2016, 106, 1451–1464.
[CrossRef]

http://doi.org/10.1016/j.sjbs.2019.05.007
http://doi.org/10.1186/s13007-019-0479-8
http://www.ncbi.nlm.nih.gov/pubmed/31452674
http://doi.org/10.1007/s13314-019-0344-7
http://doi.org/10.1016/j.compag.2019.105099
http://doi.org/10.1016/j.jfoodeng.2011.10.001
http://doi.org/10.17660/ActaHortic.2012.945.33
https://www.jstor.org/stable/43383217
http://doi.org/10.1016/j.procs.2015.02.137
http://doi.org/10.3389/fpls.2016.01419
http://doi.org/10.1094/PHYTO-08-18-0288-R
http://www.ncbi.nlm.nih.gov/pubmed/30543489
http://doi.org/10.1080/00087114.2018.1503496
http://doi.org/10.21273/HORTSCI.38.2.306
https://aces.nmsu.edu/pubs/_circulars/CR563/welcome.html
https://aces.nmsu.edu/pubs/_circulars/CR563/welcome.html
https://www.jstor.org/stable/41998593
http://doi.org/10.1109/83.366472
http://doi.org/10.2307/2987937
http://doi.org/10.11613/BM.2015.015
http://www.ncbi.nlm.nih.gov/pubmed/26110027
http://doi.org/10.21769/bioprotoc.2034
http://doi.org/10.3186/jjphytopath.42.591
http://doi.org/10.1155/2012/124672
http://doi.org/10.1016/S0176-1617(98)80144-2
http://doi.org/10.1046/j.1365-313X.1999.00403.x
http://doi.org/10.1080/00275514.1984.12023949
http://doi.org/10.1094/Phyto-74-1353
http://doi.org/10.1094/Phyto-73-173
https://www.jstor.org/stable/43215167
https://www.jstor.org/stable/43215167
http://doi.org/10.5039/agraria.v14i2a5637
http://doi.org/10.1094/PHYTO-12-15-0315-R


Horticulturae 2021, 7, 156 17 of 17

43. Kalman, B.; Abraham, D.; Graph, S.; Perl-Treves, R.; Harel, Y.M.; Degani, O. Isolation and identification of Fusarium spp., the
causal agents of onion (Allium cepa) basal rot in northeastern Israel. Biology 2020, 9, 69. [CrossRef]

44. Olmstead, J.W.; Lang, G.A.; Grove, G.G. Assessment of severity of powdery mildew infection of sweet cherry leaves by digital
image analysis. HortScience 2001, 36, 107–111. [CrossRef]

45. Chungu, C.; Mather, D.E.; Reid, L.M.; Hamilton, R.I. Assessment of ear rot symptom development in maize hybrids inoculated
with Fusarium graminearum. Can. J. Plant Pathol. 1997, 19, 390–396. [CrossRef]
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