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ABSTRACT: The use of computational tools has become notable in seed quality control
to assist in confirming seed lots of higher potential. Thus, the aim of this study was to
use a computational approach to investigate analysis of morphological parameters that
characterize primary root emergence in evaluation of tomato seed vigor. For that purpose,
five seed lots were analyzed for germination and vigor (seedling emergence and analysis of
seedling images). A parallel analysis of primary root emergence was made using computer-
assisted imaging; the images recorded as germination proceeded were processed with
the Imagel® software to obtain aspect ratio and seed area parameters. Vigor differences
among tomato seed lots can be identified based on primary root emergence, and computer
image processing based on aspect ratio proves to be an efficient procedure to characterize
emergence of the primary root in evaluation of tomato seed vigor.

Index terms: Solanum lycopersicum, physiological potential, aspect ratio, computational tools.

Parametros morfolégicos de processamento de imagens para
caracterizacdao da emergéncia da raiz primaria na avalia¢ao do vigor
de sementes de tomate

RESUMO: A inclusdo do uso de ferramentas computacionais no controle da qualidade
de sementes tem-se destacado com o intuito de auxiliar em maior assertividade na
caracterizagdo de lotes de maior potencial. Assim, o objetivo deste estudo foi investigar
por meio de uma abordagem computacional a andlise de parametros morfoldgicos que
caracterizem a emergeéncia da raiz primdria na avaliagao do vigor de sementes de tomate.
Para isso, cinco lotes de sementes foram analisados quanto a sua germinagdo e vigor
(emergéncia de plantulas e analise de imagens de plantulas). Em paralelo, a emergéncia da
raiz primaria foi analisada utilizando visdo computacional assistida; as imagens registradas
durante o progresso de germinagdo foram processadas com o software Imagel® para
obtenc¢do dos parametros de relagdo de aspecto e drea da semente. As diferengas de vigor
entre lotes de sementes de tomate podem ser identificadas com base na emergéncia da
raiz primaria e o processamento computacional das imagens baseado na relacdo de aspecto
apresenta-se como um procedimento eficiente para a caracterizacdo da emergéncia da raiz
primaria na avaliacdo do vigor de sementes de tomate.

Termos para indexagdo: Solanum lycopersicum, potencial fisiolégico, relagdo de aspecto,
ferramentas computacionais.
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INTRODUCTION

Automated analysis of the physiological potential of seed lots leads to reduction in errors in interpretation, which
increases the degree of reliability of the results of analysis. In this regard, computational resources have been and
are currently used by researchers for seed analysis in studies involving different plant species (Onwinmol et al., 2016;
Skrubej et al., 2015). From seed images obtained by cameras or scanners linked to a processor, it is possible to rapidly
gather information with high accuracy (Trujillo et al., 2019). This information allows not only morphological studies of
seeds (Jamil et al., 2017; Cervantes et al., 2016), but also physiological studies, especially through recording seedling
performance (Marcos-Filho, 2015; Silva and Cicero, 2014a).

Computerized analysis of seedling images has been established as a powerful tool for measuring the performance of
seed lots. This analysis makes multiple processing of seedling images possible, which allows parameters to be obtained
that correlate with the physiological potential of seeds, as can be verified through use of the Seed Vigor Imaging System
(SVIS®) for soybean (Marcos-Filho et al., 2009), cucumber (Chiquito et al., 2012), carrot (Marchi and Cicero, 2017), and
tomato (Ferreira et al., 2013) seeds.

In addition to seedling analysis, studies on seeds using computer images have been directed to performing tests
on primary root emergence and determination of mean germination time for the purpose of differentiating seed lots
regarding vigor (Matthews et al., 2012; Matthews and Powell, 2011). The advantage of these techniques consists of
minimizing the subjectivity of interpretation, especially in relation to the result of analysis of primary root emergence.
This is possible due to characterization of changes in the geometric dynamic of seeds through computer-assisted
analysis, which can be correlated with physiological events that occur in seeds during the germination process. This
procedure has potential for integration with traditional methods of evaluation of seed physiological quality (Wagner
et al., 2011; Dell’Aquila, 2009; Casco and Dias, 2008), generating a rapid and consistent response. Thus, the aim of
this study was to verify the potential of using the test of primary root emergence in association with computational
resources to determine tomato seed vigor.

MATERIAL AND METHODS

The study was carried out in the image analysis and seed analysis laboratories in the Crop Science Department of the
Escola Superior de Agricultura “Luiz de Queiroz” (Esalq), at the Universidade de Sdo Paulo (USP), using five tomato seed
lots of the Roma cultivar. The seeds were disinfected through immersion in 30% sodium hypochlorite solution for 10s,
followed by washing in distilled water. Before carrying out the experiment, the moisture content of the seeds from each
lot was measured by the laboratory oven method at 105 °C for 24 hours (Brasil, 2009). The physiological potential of the
seeds was evaluated by the tests of germination, first germination count, seedling emergence in substrate, emergence
speed index, computerized analysis of seedling images, and primary root emergence, together with computational
resources, as described below.

Germination: four replications of 50 seeds were germinated in plastic boxes (110 x 110 x 35 mm) containing two
sheets of germination paper moistened with distilled water in the amount of 2.5 times the dry weight of the paper at 20-
30 °C, with a 6/18 hour photoperiod. First germination count (FGC) occurred at five days after sowing, counting normal
seedlings. The percentages of normal seedlings (germination percentage) were recorded on day 14, as described in the
Rules for Seed Testing (Brasil, 2009).

Seedling emergence (SE): four replications of 50 seeds were sown in polyethylene trays with organomineral
substrate, moistened to field capacity. The percentage of emerged seedlings was calculated fourteen days after setting
up the test, considering shoot growth of not less than 2 mm above the surface of the substrate as a criterion for
seedling emergence.

Emergence speed index (ESI): evaluated together with the SE test, obtained by the ratio between the sum of the
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number of seedlings emerged for each day by the number of days that passed since sowing, according to the following
formula: ESI = 5 En/Nn (En = number of normal seedlings counted on the day; and Nn = number of days from sowing).

Computerized analysis of seedling images (SVIS®): four replications of 25 seeds were germinated in a roll of
germination paper moistened to 2.5 times its dry weight at 25 °C for four days. The seedling images were obtained
with a scanner (HP Scanjet 200) adjusted to a resolution of 300 PPl and evaluated using the SVIS® to obtain seedling
length (SL), hypocotyl length (HL), and primary root length (RL) (Silva and Cicero, 2014b).

Primary root emergence (RE) measured by means of computational resources: four replications of 25 seeds
were germinated on germination paper fastened on a Petri dish containing 40 mL of water placed over an LED
panel (400 x 400 mm) to allow acquisition of images by transillumination. The images were obtained in the
periods of 0, 24, 48, 52, 56, and 60 hours with a digital camera (Logitech C920) connected to a computer. From
the images obtained, seeds with primary root emergence were counted, and morphological parameters of aspect
ratio and the area of each seed were determined using the Imagel® software (Cervantes et al., 2016). The aspect
ratio represented the ratio between the largest and smallest diameter of the ellipse that circumscribes the seed
(the greater the ratio, the more elongated the seed). A higher value of the ratio was associated with primary root
emergence. The area represents the amount of two-dimensional space, i.e., the seed surface expressed in square
millimeters. Expressive increase in the area value was associated with primary root emergence.

Statistical analysis: the trial was conducted in a completely randomized design (five seed lots with four
replications). The normality of the data was tested by the Shapiro-Wilk test; and percentage data were transformed
in arcsine V x/100 when necessary. The factorial arrangement was used for evaluation of primary root emergence,
aspect ratio, and seed area (five seed lots x six times). Sigmoidal fits were made for the data on primary root
emergence, and polynomial fits were made for the data on aspect ratio and area. The mean values of the five seed
lots were compared by the LSD test at 5%, and Pearson correlations were tested for significance by Student’s t-test
at 5%. The correlation coefficients were interpreted according to Zou et al. (2003).

RESULTS AND DISCUSSION

Germination (G) of the seed lots ranged from 78% to 98%, and lots 2, 3, and 5 had normal seedling percentages
greater than lots 1 and 4 (p < 0.05). The traditional method for evaluating tomato seed vigor made it possible to detect
differences among the lots from evaluations of first germination count (FGC), seedling emergence (SE), and emergence
speed index (ESI) (p < 0.05; Table 1). Lots 2, 4, and 5 gave rise to a greater percentage of normal seedlings in FGC
compared to lots 1 and 3 (p < 0.05). The percentage of normal seedlings in the SE test in lots 3, 4, and 5 was superior to
that in lot 1. The emergence speed observed for lots 4 and 5 was superior to that obtained for lots 3, 2, and 1.

In recent years, determination of length of the seedling and of its parts has been an efficient approach for evaluating seed
lot vigor. These evaluations have grown, due to the use of computational resources for capturing and processing seedling
images in a rapid way, generating results with high precision and reliability (Santos et al., 2020; Castan et al., 2018). In the
present study, computerized image analysis of seedlings at four days of age allowed identification of differences among seed
lots regarding seedling length (SL), hypocotyl length (HL), and root length (RL) (p < 0.05; Table 1). Lots 2, 4, and 5 have SL, HL,
and RL values superior to those observed for lots 1 and 3. Results of computerized analysis of five seedlings representative
of lots 3 and 4 with individual and mean values of SL, HL, and RL are shown in Figure 1. The mean values of SL, HL, and RL
obtained for the five seedlings of lot 4 were superior to those obtained in lot 3 by 8.1 mm, 3.1 mm, and 5.0 mm, respectively.
Furthermore, greater unevenness in development among the seedlings of lot 3 can be observed. For example, seedling 1 of
this lot had a SL that was 47.6 mm less than seedling 5, whereas the greatest variation observed among the seedlings of lot
4 was 34.9 mm. Although this also indicates lack of uniformity in seedling size, it occurred less frequently than in lot 3. Based
on these results, the sensitivity of computerized analysis of seedling images can be characterized to make distinctions in vigor
among tomato seed lots, as previously reported for tomato seeds by Silva and Cicero (2014a).
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Thus, through traditional analyses and analyses of seedling length measured by SVIS®, it was possible to stratify
the lots regarding vigor (Table 1); this ensured that the lots analyzed had different potentials, a necessary condition
to proceed with the study. After that, with the assistance of computational processing (Figure 2), it was possible to
identify differences among the tomato seed lots based on primary root emergence (RE) (p < 0.05; Table 1). For most of
the lots, stabilization of RE occurred 56 hours after the beginning of the test (Figure 3A). Lot 4 had a higher percentage
of RE at the end of the test (60 hours) compared to the other lots. The percentages of RE obtained for lots 2 and 5 were
superior to the percentages observed in lots 1 and 3 (Table 1). The test accompanying RE should be suspended at the
period of 60 hours since proceeding with evaluations for stratification of the lots after that point is not possible, due to
overlapping of the roots, making it difficult to obtain the individualized images necessary for identification of primary
root emergence. The higher percentage of RE of lot 4 is due to its higher level of vigor, which results in greater capacity
for initiating germination compared to lots of lower vigor, indicating greater sensitivity for separating lots regarding
vigor by RE in relation to the traditional tests in tomato seeds (Table 1).

The morphological changes that occurred in the tomato seeds after primary root emergence were identified by the
aspect ratio (AR) (p < 0.05; Figure 3B). The value of AR corresponding to lot 4 was greater than the values observed
in lots 2, 3, and 5 (Table 1). The lowest value of AR was found for lot 1, corroborating with the lowest percentage of
RE observed in that lot (Table 1). Changes in seed area were not very expressive, with an increase as of 24 hours after
setting up the test. In evaluation of primary root emergence after 60 hours, lots 3 and 4 had a greater area than lot 2
(p <0.05; Table 1).

From the results of RE percentage and AR at 60 hours after the beginning of the test, calculated with assistance of
digital processing, it was possible to estimate the percentage of normal seedlings in the first germination count (FGC),
percentage of seedling emergence (SE), emergence speed index (ESI), seedling length (SL), hypocotyl length (HL), and

Table 1. Physiological potential of seed lots of the Roma tomato cultivar through analysis of germination (G), first
germination count (FGC), seedling emergence (SE), emergence speed index (ESI), seedling length (SL),
hypocotyl length (HL), root length (RL), primary root emergence (RE), aspect ratio (AR) and seed area (Area).

Parameters of root emergence

Traditional tests Seedling growth (60 h)
seed lot G FGC SE SL HL RL RE AR Area
% =l cm % index mm?
1 78 b 36b 91b 7.3d 53.7b 15.1b 38.6b 20c 1.28 ¢ 7.2 ab
2 % a 67 a 95ab 83c 66.1a 188a 473 a 55b 1.33b 6.6 b
3 95 a 40b 99a 9.0b 559b 16.7b 39.2b 21c 1.31b 7.4a
4 88b 61a 99a 95a 659a 195a 46.4 a 60 a 1.37a 7.5a
5 98 a 65a 98 a 9.2a 68.0a 20.2a 47.8a 52b 133b 6.8 ab
CV% 8.5 13.1 3.7 3.6 7.1 8.2 7.4 22.0 2.3 6.8
Correlation analyses
RE 0.42  0.95* 0.36™ 0.53 0.96" 0.91” 0.96™ - 0.88™ -0.36™
AR 0.39" 0.75 0.66" 0.79 0.79 0.84™ 0.76" 0.88™ - 0.07"
Area -0.48™ -0.59™ 0.24™ 0.27™ -0.51" -0.36™ -0.56™ -0.36™ 0.07" -

Seed moisture content was 10 + 0.4.

CV%: coefficient of variation.

*: significant at 5% (p < 0.05).

**. significant at 1% (p < 0.01) by the t-test.

n.s.: not significant.

Mean values followed by the same letter in the column do not differ from each other by the LSD test at 5% probability (p < 0.05).
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root length (RL) of the tomato seed lots due to the strong correlation between RE and FGC (r = 0.95; p < 0.01), RE and SL
(r=0.96; p<0.01), REand HL (r=0.91; p < 0.01), REand RL (r = 0.96; p < 0.01), and AR and HL (r =0.84; p < 0.01); and
moderate correlation between AR and FGC (r = 0.75; p < 0.05), AR and ESI (r = 0.79; p < 0.05), AR and SE (r = 0.66; p <
0.05), ARand SL (r=0.79; p<0.05), and AR and RL (r =0.76; p < 0.01) (Table 1). This result shows that determination of
morphological attributes by digital processing can provide reliable information for evaluating the vigor of tomato seed
lots. In seeds of this species, the characterization of primary root emergence has been indicated as a good parameter
for rapidly estimating seed lot vigor, as reported by Ermis et al. (2015). Together with the results presented here, this
reinforces the consistency of using this evaluation through digital processing to estimate the vigor of tomato seed lots,
eliminating the subjectivity of interpretation inherent to an analyst.

Based on the correlation values obtained between AR and the other tests for measuring seed vigor, with moderate
to strong variation (r 2 0.6), this calculation can be considered an efficient procedure for distinguishing the physiological
potential of tomato seed lots (Table 1). Dell’Aquila et al. (2000) used image analysis and shape description techniques,
such as seed area, and found high sensitivity and accuracy of this parameter in monitoring germination and identifying
the time of primary root emergence of cabbage seeds. However, in the present study, changes in the area of the seeds
during the germination process did not show correlation with the results of the traditional vigor tests (Table 1).

Size variations among seeds normally observed in commercial tomato seed lots can prevent the identification of
some morphological changes associated with germination in the seeds. The tomato seeds used in the present study did
not have 100% uniformity of size within the same seed lot (Figure 1). Thus, identification of lots with different vigor levels
based on seed area as a parameter for characterizing primary root emergence was not efficient. To clarify why seed area
was not an efficient variable, special focus was given to some seeds during digital processing (Figura 2), and this analysis
leads to at least two main explanations: (i) when there are variations in size among the seeds of the sample, the value of
seed surface area is different between individual seeds before primary root emergence (seed 1 versus seeds 5, 49, and
52; Figure 2) and after primary root emergence, as observed for seed 1 (without RE) versus seeds 8, 12, 20, and 60 (with

Figure 1. Computerized image analysis of tomato seedlings of lots 3 and 4. The parameters of seedling length (SL),
hypocotyl length (HL), and root length (RL) were calculated with the assistance of the SVIS® software at 96 h
after setting up the seed germination test at 25 °C.
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RE); and (ii) seeds with the same area may have generated a primary root or not, as can be observed in seeds 39 and
60 (Figure 2). In addition, the seeds focused on that generated a primary root (green columns) had mean values for area
similar to those of the seeds that did not generate a primary root (columns in yellow) (Figure 2). In contrast, determination
of AR, whose values tend to increase when the primary root emerges and shows linear growth, allowed differences
among seed lots with different vigor levels to be detected in a consistent manner. As AR expresses the ratio between the
largest and smallest axis of the ellipse that circumscribes the seed, there is no interference of variations in the size of seeds
on the accuracy of the results. However, for this determination to be reliable, it is important that the samples be placed
within the germinator in a way that favors linear growth of the primary root.

Considering the potential of AR in stratification of vigor, a polynomial regression equation was fitted to this characteristic
at 56 hours when stabilization of the RE occurred for most of the seed lots (Figure 3A), and the five seed lots were stratified
regarding AR in a range from 1.3398 + 0.011 to 1.2438 + 0.008 (Table 2). In spite of this narrow variation, the highest and
lowest value of AR corresponded to lots 4 and 1, respectively, which were lots with contrasting vigor levels, according
to the results shown in Table 1. This determination is important because the development of software to automate
evaluation of root emergence will be able to use these equations for development of models. In addition, this aspect
can be measured before finalization of the emergence test (in this study at 60 hours). The efficiency of determination of
the percentage of primary root emergence had already been confirmed for evaluation of tomato seed vigor (Ermis et al.,
2015). However, considering that computer-assisted image analysis has been one of the most popular approaches for
automating evaluation of the physiological potential of seed lots (Dell’Aquila, 2007; Dell’Aquila, 2009), the results obtained
in this study revealed AR as a morphological parameter consistent in characterization of primary root emergence of tomato
seeds. Skrubej et al. (2015) also found that the computational system based on image processing is able to measure the
events that encompass tomato seed germination with 95.44% accuracy, with potential for integration with the laboratory
evaluations that are traditionally performed. In a similar manner, a study performed with Brassica napus seeds showed
the effectiveness of computational image processing in ranking seed lot vigor levels, based on determination of primary
root emergence (Matthews and Powell, 2011).

Figure 2. Images of tomato seeds from lot 3 processed by the Imagel® software focused on to exemplify the reasons
for which the seed area variable was not efficient compared to the aspect ratio variable in characterizing
primary root emergence. The parameters of aspect ratio and seed surface area colored in green and yellow
correspond to the demarcated seeds from which a primary root emerged and did not emerge, respectively,
at 56 h after setting up the germination test at 25 °C.
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Figure 3. Primary root emergence (A) and morphological attributes of aspect ratio (B) and seed surface area (C) of five
tomato seed lots, determined after digital image processing (Imagel® software) over the period of 60 hours
after setting up the germination test at 25 °C. The vertical line at 56 hours in A and B indicates the time of
maximum emergence of the primary root and aspect ratio, respectively, for most of the tomato seed lots. The
symbols (**) in A and B indicate significance at 1% of the models generated. In C, the regression models were
not significant (n.s).

Table 2. Polynomial equations of the parameter of aspect ratio at the time of maximum emergence of the primary
root of most of the tomato seed lots.

Time for emergenceof ARt e tme i
1 0.000062x%- 0.0030x + 1.22 (R>=0.88) 56 h 1.2464 + 0.008
2 0.000062x%- 0.0025x + 1.23 (R2=0.85) 56 h 1.2844 + 0.009
3 0.000049x%- 0.0020x + 1.25 (R?=0.99) 56 h 1.2916 + 0.006
4 0.000087x%- 0.0033x + 1.24 (R>=0.97) 56 h 1.3280 £ 0.011
5 0.000057x%- 0.0023x + 1.25 (R?=0.85) 56 h 1.2999 + 0.008

The maximum time of root emergence of 56 hours was attributed to the value x for each regression adjustment of the tomato seed lots.

Computer-assisted image analysis has been an important approach for automation of seed vigor evaluations. Thus,
the definition of morphological parameters that reliably express the changes associated with seed germination, such
as primary root emergence, is fundamental for supporting professionals involved with development of computational
systems. This highlights the importance of the results reported in the present study.

CONCLUSIONS

Computational image processing based on the aspect ratio proved to be an efficient procedure for characterization
of primary root emergence in evaluation of tomato seed vigor.
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