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Abstract

Aims
The objectives of this work were to compare the degree of �t between WinRhizo (WR) and RhizoVision
Explorer (RVE), and validated the utility of RVE in biological assays.

Methods
Seedlings of lettuce (Lactuca sativa L. var. Grand rapid), broccoli (Brassica oleracea L. var. italica Plenck
H. Belstar) and bell pepper (Capsicum annuum L. H. Floridor) were irrigated with different concentrations
of sodium selenate and sodium selenite. Scanned images of the roots were obtained and analyzed with
WR and RVE.

Results
Results showed that mean bias error (MBE) values for total root length and average diameter of roots
indicate an overestimation of RVE with respect to WR, while the opposite is true for the number of root
tips. In bell pepper, the highest values of the root mean square error (RSME) were observed with respect to
the other two crops. Furthermore, there were signi�cant differences (P < .0001) between the values
measured by RVE and WR for the 3 crops. For most of the crops and parameters evaluated there was a
high linear regression coe�cient between the programs. Similarly, linear correlation coe�cient was high
in all three crops for most of the root diameter classes evaluated. The two programs allowed �nding
similar signi�cant differences for the selenium treatments.

Conclusions
RVE allowed to contrast and analyze the biological effect of different types of treatments on the roots.

Introduction
The root system of plants has multiple functions as structural stability in the soil or substrate, the
acquisition of water and nutrients, and the interaction in the rhizosphere zone with other living organisms
(Gri�ths et al. 2021b; Lynch 1994; Lynch et al. 2001). Root system architecture (RSA) varies in shape and
spatial arrangement throughout the plant growth cycle, affecting the interception and uptake of soil
resources. The con�guration of the RSA is determined by the interaction of genetic and environmental
factors, which affect crop productivity and yield (Bucksch et al. 2014; Gri�ths et al. 2021b; Lynch 1995;
Osmont et al. 2007; Rogers and Benfey 2015).
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Thus, it is important to measure how and how much environmental changes affect certain key
parameters of root growth. These are related to their functional signi�cance per se and to each other
when they are correlated. Some of them are simple morphological parameters such as: root length (mm)
and area (mm2), root number or root diameter. While others are composite parameters such as speci�c
root length (SRL: mm g− 1) or those related to root activity. Whether simple or composite parameters, each
will have signi�cance in the performance of the crop in the medium in which it grows (Atkinson 2000;
Himmelbauer et al. 2004a).

In order to begin to understand RSA, the �rst step is to obtain root images and then extract the
architectural information. The ways to obtain images are variable in a wide range of array of
experimental systems. For example from soil cores, classical imaging using �at-bed scanners or
cameras, in hydroponics or aeroponics, rhizotrons, gel plates or gellan gum (Lobet et al. 2011). The
resolution of digital images with the automated analysis, will allow a repeatable extraction of a much
richer set of measurements (Pound et al. 2013). Images must be analyzed e�ciently and objectively.
There are different software programs that vary in their degree of automatization (Lobet et al. 2011).
Several of them apply a sequence of �lters to eliminate pixels that aren´t considered root material, and
�nally group those as roots (Pound et al. 2013). The most common techniques are the image smoothing,
image thresholding, and skeletonization (Atkinson et al. 2019; Pound et al. 2013).

WinRHIZO™ – WR – (Regent Instruments Inc., Quebec, Canada, 2000) is one of the best-known software
programs to measure morphological parameters in root images (Arsenault et al. 1995; Pang et al. 2011;
Wang and Zhang 2009). This is automated and operates with 256 levels grayscale images in TIFF �le
format. These are converted into threshold (binary) and skeleton images; thresholding procedures
provides separation of the root from the background pixels. Skeletonization result in a transformation of
one-pixel thick line overlaying objects within the image. Additionally, the program detects overlapping
parts and takes them into account when calculating root parameters (Himmelbauer et al. 2004b).

It is valuable to �nd an alternative software to WinRHIZO™, free, automated, and, reliable and reproducible
in the measurements. The perform of many free software programs is good in root images areas of
higher quality. In areas of lower quality the root overlap is higher, requiring semi-automated or manual
tracing methods, in consequence, that implies a greater investment of time (Lobet et al. 2011).

RhizoVision Explorer – RVE – (© Noble Research Institute, LLC) is a recently free automated software. It
is open source and released under a modi�ed GPL 3 license with an additional indemni�cation clause
(Seethepalli and York 2020). This program uses images from a �atbed scanner or camera, with an
interactive window for the user. Furthermore, the parameters selections in�uence in the segmentation and
the �nal result of the image, with a simple and intuitive interface. RVE derives from a previous software
called RhizoVision Analyzer (RVA) using to analyze excavated root crowns (Mattupalli et al. 2018;
Seethepalli et al. 2020). RVE, unlike RVA, was developed for more general purposes, for whole roots or for
broken roots. RVE has been used for a variety of purposes in different crops (Delory et al. 2021; Gri�ths
et al. 2021a; Gri�ths et al. 2021b; Guo et al. 2020; Han et al. 2020).
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Nowadays, there is a gap in reliable and free software programs, with reproducible data in the analysis of
root images. It is expected, that the results are a least in the same amount or proportion, and useful in
biological assays. Thus, we propose to RVE as an alternative for the reliable growth parameters
measurement of root images.

In the present work, we compared the adjustment of calculated morphological parameters in three
different horticultural root crops between the commercial software WR and the free software RVE. It is
known that selenium salts have various effects on the growth parameters of different crops under certain
growing conditions (Balakhnina and Nadezhkina 2017; Gupta and Gupta 2017; Irmak 2017; Liu et al.
2004; Mroczek-Zdyrska and Wójcik 2012; Naseem et al. 2021). Secondly, we evaluated at a biological
level the effect of different selenium salts treatments with both software programs in the same set of root
images.

Materials And Methods
Plant growth conditions and treatments application

Lettuce (Lactuca sativa L. var. Grand rapid), bell pepper (Capsicum annuum L. H. Floridor), and broccoli
(Brassica oleracea L. var. italica Plenck H. Belstar) roots, corresponding to seedlings of uniform size
grown in multi-layer trays with commercial substrate and subjected to continuous irrigation with 50%
Hoagland’s nutrient solution (Hoagland and Arnon 1950) with �ve different concentrations (3, 6, 12, 24
and 48 µM) of two species of selenium, sodium selenite (Na2SeO3) and sodium selenate (Na2SeO4) were
evaluated, as well as the control (0 µM selenium) with a total of eleven treatments. We used 36 seedlings
of each selenium treatment, and bell pepper seedlings were treated only with sodium selenate. Seventy-
two seedlings of lettuce and broccoli, and 36 seedlings of bell pepper were harvested, the roots were
separated from the shoot and then completely washed with running water to remove any debris or
substrate residue.

Seedlings were cultivated in a plant chamber for 20 days under the following conditions: red/white led
light, with a photoperiod of 16 h day/night, with a constant temperature of 20 ± 2°C and the relative
humidity was 60 ± 15%. All the assays were performed in the Laboratorio de Investigaciones de Fisiología
y Biología Vegetal (LIFiBVe), Facultad de Ciencias Agrarias de la Universidad Nacional del Litoral/ ICiAgro
Litoral (CONICET).

Image acquisition and setting values

The roots of each crop were scanned on an Epson Expression 11000XL �atbed scanner with a
transparency unit (overhead light), using WinRHIZO™ root-scanning equipment and software (WinRHIZO
Pro 2013d, Regent Instruments, Quebec, Canada) with a resolution of 400 DPI, in grayscale and saved in
TIFF format. We also processed the same images with the free software RhizoVision Explorer (© Noble
Research Institute, LLC). RVE setting values for each crop are presented on the Table 1:
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Table 1
Setting values of RVE.

Crop Thresholding

level

Filter

Particles

(mm)

Root pruning threshold Diameter

classes

(mm)

Lettuce 210 1 1 0 to 2.5 by 0.5

Broccoli 200 1 1 0 to 4 by 0.5

Bell pepper 168 100 1 0 to > 4.5 by 0.5

Root parameters

Root parameters calculated with the two software programs were: number of root tips (RT), total root
length (TRL) in mm, average diameter (AD) in mm, and root length (mm) in diameter class. The diameter
classes were the same in both software programs.

Statistical analysis
We used the coe�cient of correlation (ρ) and linear regression (β) analysis Slope (α) and coe�cient of
determination (R2) of the linear regression was used to compare paired measurements between WR and
RVE-estimated data. In order to quantify the differences in the measurements between WR and RVE-
estimated data we used different metrics such as mean bias error (MBE) and root mean square error
(RMSE). Student t test for paired samples were used to check if the two software programs measure in
the same way. The data will be analyzed by an analysis of variance (ANOVA) and the means will be
compared by Fisher's Least Signi�cant Difference (LSD) test with a signi�cance level of P < 0.05 to
evaluate the e�cacy of RVE to measure biological aspects of the effects of selenium treatments in root
parameters of the crops evaluated. Statistical analysis were done with software INFOSTAT (Di Rienzo et
al. 2008).

Results
Comparison between RVE and WR for the morphological parameters evaluated.

Table 2 shows that there was a strong correlation between the values measured by RVE and WR for total
root length (TRL). Bell pepper had the highest values of RMSE (534.04 mm) and the highest
overestimation in the values measured by RVE in relation to WR (MBE 494.19 mm), while in lettuce were
observed the lowest values of RMSE (60.21 mm) and MBE (47.54 mm). There were signi�cant
differences (P < .0001) between the values measured by RVE and WR for the 3 crops.

Table 2 Coe�cient of correlation (r), RMSE and MBE values, P-value of Student t test for paired samples
between RhizoVision Explorer and WinRHIZO-estimated total root length, average diameter, and number
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of root tips in each crop.

  r RMSE (mm) MBE (mm)   Crop

Total

root

length

1.00 60.21 47.54 P < .0001 Lettuce

1.00 109.98 92.62 P < .0001 Broccoli

0.97 534.04 494.19 P < .0001 Bell pepper

Average

diameter

0.89 0.07 0.06 P < .0001 Lettuce

0.88 0.12 0.11 P < .0001 Broccoli

0.97 0.17 0.17 P < .0001 Bell pepper

Root

tips

0.87 16.07 -3.33 P = .0782 Lettuce

0.73 106.87 -46.65 P = .0001 Broccoli

0.73 467.58 -348.42 P < .0001 Bell pepper

the number of datasets is 180.

Linear regression coe�cients for TRL in the 3 crops were very high as shown in Fig. 1, with slope values
close to 1, overestimating the values measured by RVE in relation to WR in the 3 crops as shown in the
slopes of the linear regression equations.

In terms of average root diameter (AD), the correlation coe�cient was lower than that calculated for TRL,
except for bell pepper; however, the values were high. Likewise, RVE in relation to WR presented the same
tendency as in TRL for RSME and MBE, being higher for bell pepper (RSME 0.17 mm; MBE 0.17 mm) and
lower for lettuce (RSME 0.07 mm; MBE 0.06 mm), overestimating the values measured in all crops by
RVE. Similarly, with TRL, there were signi�cant differences (P < .0001) between what was measured by
RVE and WR for the 3 crops (Table 2).

Linear regression coe�cients for AD were very high for bell pepper, and were high for lettuce and broccoli
as shown in Fig. 2. The best �t to the linear regression line was observed in lettuce with a slope value
close to 1. In contrast, in broccoli and bell pepper the slope values of the linear regression equations were
greater than 1, indicating that the values measured with RVE were overestimated by those measured with
WR.

Correlation coe�cient for root tips number (RT) between RVE and WR was very high only for lettuce. For
the parameters measured in the 3 crops, RSME and MBE presented the same trend in decreasing order for
bell pepper, broccoli and lettuce, but contrary to what was observed for TRL and AD, RVE underestimated
the values measured by WR according to MBE values. Signi�cant differences (P < .0001) between RVE
and WR measurements were observed for broccoli and bell pepper, but not for lettuce (P = .0782)
(Table 2).
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Figure 3 shows that the linear regression coe�cient and the slope �t was high only for lettuce, but not for
bell pepper and broccoli where the R2 values were very low, and RVE underestimated that measured by
WR as shown in the slopes of the linear regression equations.

Table 3 shows that for all evaluated diameter classes of TRL in lettuce roots, there were very high
correlation coe�cients between RVE and WR measurements. On the contrary, in broccoli and bell pepper
when increasing the diameter within each range, the values of correlation coe�cients were decreasing
from very high to low values for high diameter classes, particularly in broccoli and bell pepperfor the 3.5–
4 mm diameter class, where r 0.41 and r 0.6, respectively.

Table 3
Coe�cient of correlation (r) between RhizoVision Explorer-

estimated and WinRHIZO-estimated root length (mm) in each
diameter classes (mm).

Diameter

classes (mm)

Lettuce

(n = 72)

Broccoli

(n = 72)

Bell pepper (n = 36)

0–0.5 1.00 0.99 0.98

0.5–1 0.95 0.97 0.97

1–1.5 0.91 0.83 0.97

1.5–2 0.90 0.81 0.95

2–2.5 1.00 0.71 0.95

2.5–3 ND 0.68 0.82

3–3.5 ND 0.68 0.71

3.5–4 ND 0.60 0.41

4–4.5 ND ND 0.66

> 4.5 ND ND 0.70

the number of datasets is 180. nd: no data.

Validation of the e�cacy of RVE to measure biological aspects

Results obtained from the processing of images of lettuce roots treated with different concentrations of
selenite showed that TRL (RVE P < .0001; WR P < .0001) was signi�cantly lower than the control (0 µM Se)
in the 12, 24 and 48 µM treatments, similarly for RT (RVE P < .0001; WR P < .0001) the control and the 3
µM treatment were signi�cantly different from the rest of the treatments (Table 4). In the case of AD, there
were only signi�cant differences between treatments when roots were measured with WR (RVE P = .1300;
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WR P = .0453). With selenate, the TRL parameter was signi�cantly lower in comparison to the control in
the 6, 24 and 48 µM treatments with RVE (P = .0007) and WR (P = .0007). On the other hand, for RT with
the values obtained with WR (P = .0009) only the 48 µM treatment was signi�cantly lower than the
control, in contrast to the values calculated with RVE (P = .0067) where this treatment and the 24 µM
treatment had signi�cant differences in relation to the control. Finally, in terms of AD, the differences were
signi�cantly lower than the control with the 24 and 48 µM treatments when the roots were processed with
RVE (P < .0001), and with the 3, 6, 24 and 48 µM treatments when WR was used (P < .0001). 

Table 4
Arrangement of selenite and selenate treatments (0, 3, 6, 12, 24 and 48 µM) according to the LSD Fisher

values for the parameters evaluated in lettuce.
Parameter Selenite treatment (µM) Selenate treatment (µM)

RVE WR RVE WR

Total root

length

P < .0001 48 P < .0001 48 P = .0007 48 P = .0007 48

24 24 24 24

12 12 6 6

6 6 12 12

3 3 3 3

0 0 0 0

Root

tips

P < .0001 48 P < .0001 48 P = .0009 48 P = .0067 48

24 24 24 24

12 12 3 3

6 6 6 6

3 0 12 0

0 3 0 12

Average

diameter

P = .1300 6 P = .0453 6 P < .0001 0 P < .0001 0

12 12 12 12

0 24 3 3

24 48 6 6

48 0 24 24

3 3 48 48

treatments grouped in the same column with the control treatment (0 µm) do not show signi�cant differences with the control.

values are presented from lowest to highest in descending order (n=144; p < .05, lsd �sher).
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When the effect of different concentrations of selenite salts in broccoli was evaluated with the two
measurement methods (Table 5), it was observed that TRL was signi�cantly lower in relation to the
control (0 µM Se) in the 48, 24 and 12 µM treatments when the roots were processed with RVE (P < .0001)
and in 48 and 24 µM when they were processed with WR (P < .0001). In RT there were signi�cant
differences with the control only for values obtained from images processed with RVE (P < .0001) for the
48 and 6 µM treatments, being lower and higher values, respectively, versus WR (P = .1327). Regarding the
AD parameter, both the values obtained with RVE (P < .0001) and those obtained with WR (P < .0001) were
signi�cantly higher for the 3 and 48 µM treatments in relation to the control. With selenate salts for TRL,
all treatments were signi�cantly lower in relation to the control for the values obtained with RVE (P 
< .0001) and with WR (P < .0001). The same occurred with RT for RVE (P < .0001), but not for WR (P 
< .0001), where the 6 µM treatment did not differ from the control treatment. Finally, for AD there were no
signi�cant differences between treatments with RVE (P = .0594), but there were signi�cant differences
with WR (P = .0031) where the 3 and 48 µM treatments were signi�cantly higher than the control.
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Table 5
Arrangement of selenite and selenate treatments (0, 3, 6, 12, 24 and 48 µM) according to the LSD Fisher

values for the parameters evaluated in broccoli.
Parameter Selenite treatment (µM) Selenate treatment (µM)

RVE WR RVE WR

Total root

length

P < .0001 48 P < .0001 48 P < .0001 48 P < .0001 48

24 24 24 24

12 12 12 12

3 3 3 3

6 0 6 6

0 6 0 0

Root

tips

P = .0010 48 P = .1327 48 P < .0001 48 P < .0001 48

24 24 3 3

12 12 24 24

0 6 12 12

3 0 6 6

6 3 0 0

Average

diameter

P < .0001 0 P < .0001 12 P = .0594 6 P = .0031 6

12 0 12 0

6 6 24 12

24 24 3 3

3 3 48 48

48 48 0 24

treatments grouped in the same column with the control treatment (0 µm) do not show signi�cant differences with the control.

values are presented from lowest to highest in descending order (n=144; p < .05, lsd �sher).

In the case of bell pepper, only the effect of selenate salts was evaluated. The TRL values were
signi�cant for both measurement methods, observing that only the 48 µM treatment was signi�cantly
lower than the control with RVE (P = .0003), occurring the same with WR (P = .0001), but, in turn also the
values of the 6 µM treatment were statistically higher. For RT, there were no signi�cant differences
between treatments with RVE (P = .0356), but with WR (P < .0001), where the 6 µM treatment was
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signi�cantly superior to the control. For AD, the values obtained with RVE (P = .002) and with WR (P 
= .0024) for the different treatments had signi�cant differences, being higher for the 24 µM treatment in
relation to the control (Table 6).

Table 6
Arrangement of selenate treatments (0, 3, 6, 12, 24 and 48 µM) according to the LSD Fisher values for the

parameters evaluated in bell pepper.
Parameter Selenate treatment (µM)

RVE WR

Total root

length

P = .0003 48 P = .0001 48

3 3

24 24

0 12

12 0

6 6

Root

tips

P = .0356 48 P < .0001 48

3 3

24 0

0 12

12 24

6 6

Average

diameter

P = .002 48 P = .0024 48

6 6

0 0

12 12

3 3

24 24

treatments grouped in the same column with the control treatment (0 µm) do not show signi�cant differences with the control.

values are presented from lowest to highest in descending order (n=72; p < .05, lsd �sher).

Discussion
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The current study found that in all parameters evaluated (TRL, RT and AD) for the 3 crops, the values
measured by RVE in relation to those measured by WR had a very high correlation coe�cient, with the
exception of the RT parameter in broccoli and bell pepper where the correlation was high. For the three
variables measured, the RMSE value was higher in peppers and lower in lettuce. The MBE values allowed
observing that on average the values measured by RVE compared to WR were overestimated for TRL and
AD, and underestimated for RT, coinciding with the �ndings of Seethepalli and York (2020).

Correlation coe�cients for the different diameter classes had high to very high values, with the exception
of the 3.5–4 mm diameter class in bell pepper and broccoli. Nevertheless, for most of the diameter
classes it was not necessary to use conversion factors between RVE and WR, as observed in previous
works (Tajima and Kato 2011; 2013), where the authors used a conversion factor of 2/3 between WR and
ImageJ for diameter classes below 0.5 mm.

For lettuce crop roots, in most of the treatments evaluated with the different selenium salts in all
parameters, the values obtained with both measurement methods allowed �nding very similar signi�cant
differences between treatments, with the exception of AD for selenate salts, where the statistic applied to
the values obtained with RVE, discriminated a smaller number of treatments with signi�cant differences
with respect to the control. In the case of the analysis of the effect of selenium salts treatments in
broccoli roots on the evaluated parameters, the degree of statistical coincidence between the
measurement methods was lower than for lettuce. However, for some parameters and concentration and
type of selenium salt, the difference between one and another measurement method was only at the level
of 1 treatment with or without statistical difference in relation to the control, which would imply in this
case that the level of sensitivity of one or another method would in�uence the selection or discarding of a
treatment and the effect of the treatment on the parameters evaluated. In particular, is the case of the
selenite salts treatments in the RT parameter, the values obtained with RVE allowed that the statistic
found signi�cant differences with respect to the control, while the same did not occur with WR. In bell
pepper, the values obtained with RVE and WR for AD, allowed that the statistic used found similarities in
the degree of signi�cance between the treatments evaluated for selenate salts and signi�cant differences
in relation to the control. In TRL, although there were signi�cant differences between treatments when we
measured with both methods, the values obtained with WR allowed to the statistics to �nd signi�cant
differences in relation to the control for more than 1 treatment. When the values obtained with RVE were
analyzed, the statistic didn't �nd signi�cant differences between treatments, while the contrary occurred
with WR. Se at trace concentrations allows normal growth and development, at moderate concentrations
it can be stored for homeostatic functions, and at high concentrations it can have toxic effects on plants
(Feng et al. 2013; Gupta and Gupta 2017; Handa et al. 2016; Hawrylak-Nowak et al. 2015; Kaur et al.
2014). Some studies have shown that the effect of Se salts is manifested by an improvement in the
partitioning of photoassimilates to the roots, an increase in the fresh and/or dry weight of the roots
(Balakhnina and Nadezhkina 2017; Haghighi et al. 2019; Mroczek-Zdyrska and Wójcik 2012; Naseem et
al. 2021; Shekari et al. 2016).



Page 13/19

Conclusion
Despite the results obtained, although they do not show that the 2 software programs measure exactly
the same thing, the degree of adjustment found between them is high, also, it was possible to contrast
and analyze the biological effect of different types of treatments on the roots, so the use of RVE is
recommended as an alternative to other software for the measurement of root parameters.
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Figure 1

Comparison between RhizoVision Explorer and WinRhizo for total root length (mm). A linear regression
model is �t for lettuce (a), broccoli (b) and bell pepper (c). The dotted black line represents the linear
regression line
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Figure 2

Comparison between RhizoVision Explorer and WinRhizo for average diameter (mm). A linear regression
model is �t for lettuce (a), broccoli (b) and bell pepper (c). The dotted black line represents the linear
regression line
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Figure 3

Comparison between RhizoVision Explorer and WinRhizo for root tips number. A linear regression model
is �t for lettuce (a), broccoli (b) and bell pepper (c). The dotted black line represents the linear regression
line


