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12 1. INTRODUCTION 
13 
14 Agriculture associated to with technological innovation is a key to promote qualitative and 

quantitative 
15 advances in food production. It is widely believed that the seed plays an important role to achieve 
16 gains in productivity. This fact is due to seed being considered a vector that frequently incorporates 
17 new technologies. 
18 
19 In terms of planting success, i t is indispensable to use seeds with a high physiological potential. That 
20 means seed with the ability to restore its biochemical system functions and result in a normal and 
21 vigorous plant [1]. Therefore, the evaluation of seed physiological quality is necessary and it is usually 
22 performed by germination test and complemented by vigor tests. There are many ways to evaluate 
23 seed vigor, such as determination of seedling growth, speed and uniformity [2,3]. However, when 
24 seedling growth parameters are manually obtained by demanding more time and may causing 
25 reading errors, mainly as a result of the analysts’ subjective interpretations [4]. 
26 
27 Given the above, the automation of those analyses through computer vision systems become a 
28 valuable alternative. It provides significant advances not only in methodology standardization by 
29 making possible to increase the analyses agility, but also in obtaining information with high reliability 
30 and repeatability level [5]. Consequently, seedlings digitized images evaluation enables lots 
31 distinguish at different vigor levels by using a fast and precise method [6,7]. Several authors report 
32 good results in an image analyses application techniques to evaluate seed quality different species, 
33 such as Crambe abyssinica [8], Triticum aestivum [9], Zea mays [10,11]. 
34 
35 In order to make high-performance image analysis methods more accessible, free software and low- 
36 cost equipment may be used to acquire, process and generate image data. Seedling Analysis System 
37 (SAPL®) is one of the free alternatives available for this purpose [12]. Recently developed, SAPL® 
38 was designed to evaluate maize seed vigor, based on seedling growth. Its system has a differential in 
39 capturing images made from photographs by using cameras or smartphones. It is a quick, simple and 
40 economical acquisition that may be performed in any illuminated place. 
41 
42 Considering the importance of more robust methodological approaches in seed quality determination, 
43 this study aims to evaluate the efficiency of computer vision through a free software of processing 

Rapid and accurate evaluation of seed lot physiological potential are is strongly desirable for the 
success of quality control programs conducted by seed industry. This study aims to evaluate the 
efficiency of computer vision through a free software of processing seedling digital images, in order to 
characterize maize seeds physiological potential and make comparisons among routine vigor tests, 
recommended for this species. So that, germination test, first germination count, seedling 
emergence, cold test, germination speed index and electrical conductivity test were used for featuring 
the physiological potential of maize seed lots. Then, these tests’ results were compared with data 
collected, using image analysis technique, through SAPL® software. Seedlings growth were 
evaluated by photographs at the seventh day and obtained the values of the primary root, coleoptile, 
and whole seedlings length, as well as growth, uniformity, vigor and corrected vigor indices. The 
computerized images analysis of seedlings through SAPL® is a consistent and promising alternative 
for evaluating the physiological potential of maize seeds. Its efficiency was proved in this study, being 
equivalent to what verified in routine tests for vigor determination. 
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seedling digital images, in order to characterize maize seeds physiological potential and make 
comparisons among routine vigor tests, recommended for this species. 

 
2. MATERIAL AND METHODS 

 
2.1 Location and characterization of seed water content 

 
This study was conducted at the Universidade Federal do Rio de Grande do Norte in Seed Analysis 
Laboratory, located in Macaíba - RN, Brazil. Four seed lots of maize varieties from the Macaíba 
region were used in order to evaluate their physiological quality. 

 
First, the seed water content was determined by the oven method, at 105±3 °C for 24 hours, based 
on The Rules for Seed Analysis [13]. So that, two replicates of 20 seeds were used for each lot. 

 
2.2 Evaluation of seed physiological quality 

 
The viability and vigor of maize seed lots were evaluated through the routine tests and the computer 
vision analysis using SAPL® software, described as follows: 

Germination test: Four replicates of 50 seeds per lot were placed on germination paper rolls, 
moistened with distilled water in an amount equivalent to 2.5 times of the dry paper mass. The rolls 
were arranged in plastic bags and kept into a B.O.D. type germination chamber at 25°C, for seven 
days. Evaluations were made in accordance with the Rules for Seed Analysis [13] and the results 
were registered in percentage of normal seedlings per each lot. 

 
First germination count: performed along with the germination test by counting the number of normal 
seedlings on the fourth day after sowing [13]. 

 
Seedling emergence: Four replicates of 50 seeds per lot were sowed in expanded polystyrene trays 
of multiple cells. Each cell was filled with washed sand and contained one seed that was irrigated  
daily and kept in a greenhouse. The emergence evaluation was performed 14 days after sowing and 
the results expressed as a percentage of emerged seedlings. 

 
Cold test without soil: Four replicates of 50 seeds per lot were placed on germination paper rolls, 
moistened with distilled water in an amount equivalent to 2.5 times of the dry paper mass. Then, the 
germination paper rolls were arranged into plastic bags, sealed with adhesive tape and kept in a 
humid chamber at 10°C, for seven days. After that, the rolls were removed from the plastic bags and 
transferred to a germinator at 25°C, where remained for four days, when the number of normal 
seedling was counted [13]. 

 
Germination speed index: performed along with the germination test through daily counts of the 
normal seedlings from fourth to seventh day after sowing. GSI was calculated using equation 
proposed by Maguire [14]. 

 
Electrical conductivity test: four replicates of 50 seeds per lot were weighed using precision balance 
(0.01 g), placed into plastic cups containing 75 mL of distilled water and arranged in germination 
chambers at 25°C, for 24 hours. After that, the electrical conductivity of the solution was determined 
by using a conductivity meter (TEC-4MP model). The results were divided by the seed weight and 
expressed in μS. cm-1 g-1 [15]. 

Computerized image analysis: First, the maize seeds were germinated in accordance with Nakagawa 
et al. [2] methodology. Four replicates of 25 maize seeds per lot were longitudinally arranged in a row 
drawn on the upper third of germination paper. Seeds were placed in a way that the hilum was facing 
to the paper bottom. Then, the germination papers rolls were packed in plastic bags and placed 
vertically in the germinator, for seven days at 25 °C. On the seventh day, secondary roots were 
removed when necessary, so only primary root was left. After that, the seedlings were transferred to a 
blue satin vinyl foam sheet (40 x 60 cm), containing nine cells of 5 cm width and divided by white 
stripes. The upper corner of the first cell on the right was assigned to a scale and the rest of the cells 
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were individually occupied by each seedling. After recording the initial values, seedlings images were 
carried out by repetition and lot. 

 
The software provided measurements of primary root, coleoptile, and whole seedling length, as well 
as uniformity, growth, vigor and corrected vigor indices. These indices were defined by Sako et al. 
[7], expect for the corrected vigor index [12]. 

 
2.3 Experimental Design and Statistical Analysis 

 
The statistical design was completely randomized with four replicates per treatments. The variance 
analysis was applied (P ≤ 0.01) to data and means were compared by the Tukey test (P ≤ 0.05). The 
variables mean values of vigor tests and image analysis were also correlated by the Pearson 
correlation coefficient (r, P ≤ 0.05). The R software was used to statistical analyses [16]. 

 
3. RESULTS AND DISCUSSION 

 
The seed moisture content varied from 8.5 to 9.2%, showing uniformity in the dry state maintenance, 
which is in accordance with Carvalho & Nakagawa [17] recommendations (8 to 10%). Marcos-Filho 
[18] indicates moisture content among seed lots should be low in order to compare seed 
physiological quality, without alters this parameter’s results. 

 
The germination test showed differences in seed viability between lots 2 and 3, with the highest and 
lowest normal seedlings percentage, respectively (Fig. 1A). For all lots, germination was within 
Brazilian commercialization standards of maize seeds, which is 85% [19], indicating the high viability 
of the lots. Although germination test has showed similar behavior among the majority of the lots, it is 
possible that it may have a difference in the physiological quality among them, since the germination 
test is carried out under ideal conditions, such as temperature, humidity, and adequate luminosity. So 
that, it may overestimate the real seed physiological potential by narrowing the differences among 
lots. According to Silva & Cicero [20], it is necessary to complement the germination test information 
using vigor tests that provides more sensitive indices of seed physiological quality. 

 

Fig. 1. Viability and vigor of four maize seed as determined through different traditional tests 
**Significant and ns non-significant effect by F test at 1% probability. Means followed by same later do 

not differ by the Tukey test t 5% probability. Fc = calculated F; CV = coefficient of variation 
 

It was observed that lot 2 had a lower performance on the first germination count, the seedling 
emergence and the germination speed index (Fig. 1B, 1C, 1E). All tests ranked lots into two vigor  
classes as occurred in the germination test. According to Pessarakli [21], the seedling emergence 
duration express the speed, in which metabolic systems and embryo structures are recovered. So, 
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high values of this parameter are related to high physiological quality as may be observed to majority 
of studied lots. 

 
In the cold test (Fig. 1D), high germination rates were reached. However, this test was capable to  
differentiate lots into vigor classes, so that lots 3 and 4 had high vigor, lot 1 and 3 had intermediate 
and low vigor, respectively. The cold test is the most used test to evaluate maize seeds, especially in 
low- temperature areas during sowing [22]. In this study, the cold test was the most sensitive to 
characterize maize seeds lots, being complementary to the germination test. This test efficiency is 
due to vigorous seeds have a higher probability to survive under low temperature. This fact is related 
to the difficult of cellular membrane reorganization during imbibition in those conditions [23]. 

 
By the electrical conductivity test (Fig. 1F), it was possible to identify the difference in vigor between 
lot 1 and the others, being this lot considered as having a higher physiological potential, showing less 
exudates leaching. Otherwise in the cold test, the electrical conductivity test ranked lots into less vigor 
classes and classified lots into different performances. Pinto et al.[24] alleges that tendency is normal 
since those tests evaluate different seed characteristics. 

 
Evaluating seed vigor through seedling image analysis on the seventh day after the germination test 
begun enabled to identify differences among physiological potential of the lots by using most of the 
SAPL® provided variables (Fig. 2). 
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Fig. 2. vigor of four maize seed as determined image analysis through SAPL® software 
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**Significant and ns non-significant effect by F test at 1% probability. Means followed by same later do 
not differ by Tukey test at 5% probability. Fc = calculated F; CV = coefficient of variation 

 
Shoot length (Fig. 2A) enables to identify a lower performance of lot 2 compared to the other lots.  
Whereas, primary root length (Fig. 2B) distinguished lots 3 and 4 as high vigor and lots 1 and 2 as low 
vigor. Seedling length (Fig 2C) ranked lots into three classes, similar to the cold test. Those results 
corroborate the majority of routine test performed in this study. Other authors, such as Dias et al.[25] 
verified that these variables especially root lengths originated by image analysis were efficient to rank 
maize seed lots lead to reliable data compared to traditional vigor tests as may be shown in this study 
results. 

 
Analyzing other variables provided by the SAPL® software, it was observed that the growth index (Fig. 
2D) also enables lots classification as similar to the cold test results. It demonstrates that lots 3 and 4 
had the best performance compared to lots 1 and 2. According to Rocha et al.[26], low physiological 
potential seeds usually have a delay in cell membrane system restructuration. This fact impacts on 
the metabolic system causing effects on mitochondrial efficiency through lower energy release and 
slower seedling growth. 

 
The uniformity index (Fig. 2E) was not an efficient variable to evaluate vigor in four studied maize 
seed lots, so it was not possible to identify significant differences for a categorization among the lots. 
Caldeira et al.[27] found similar results when evaluatevaluatinge sunflower seeds related to the 
uniformity 
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186 variable. According to Marcos Filho et al.[6], uniformity is a characteristic normally present in vigorous 
187 lots that don’t contribute for distinguishing significantly the lots. Soo that, it is necessary to use other 
188 more sensitive parameters. 
189  
190 The vigor index (Fig. 2F) results shows that was possible to distinguish lot 2 from the others, being lot 
191 2 the one with the lowest performance. Lots that reached high vigor in this test show seedlings with 
192 the highest growth rates. So that, Dan et al.[28] indicates that the higher rates may be provided by the 
193 greater tissues transformation capacity. In other words, the rapid degradation of storage tissues 
194 reservations that are used for composition and formation of embryonic axis. 
195  
196 The  corrected  vigor  index  (Fig.  2G)  provided  similar  results  to  those  observed  in  the  initial 
197 physiological characterization, showing that it may be considered sensible for distinguishing lots, once 
198 had ranking three vigor levels: lots 3 and 4 (high vigor), lot 1 (medium vigor) and lot 3 (low vigor). The 
199 corrected vigor index takes into account not only seedling length, but also seed germination, being 
200 more coherent between viability and maximum expected vigor [12]. For Nakagawa et al.[2], this 
201 adjustment is important because in some cases the lot may have low germination percentage and 
202 high average seedling length, or the opposite. In this situation, a few normal seedlings that expected 
203 to have a low viability, a  presented high growth rate. So that, this fact may not be transposed to the 
204 whole sample or lot, considering it vigorous. 
205  
206 From the Pearson correlation analysis (Fig. 3), it was possible to observe significant correlations 
207 between variables generated by traditional tests and image analysis. Only the uniformity index didn’t 
208 correlate significantly with any traditional test. Brunes et al.[9] in their research with wheat seeds, also 
209 observed a significant correlation between most of the variables related to length and measured by 

image 
210 analysis, with the other routine tests used. 
211    

 

 G FGC GSI E EC CT ShL RL SL GI UI VI CVI 

 0.69 0.67 0.39 -0.27 0.59 0.62 0.51 0.6 0.57 0.31 0.57 0.67

G  (0.003)* (0.004) (0.133) (0.302) (0.017) (0.010) (0.045) (0.014) (0.020) (0.246) (0.020) (0.004) 
   0.88 0.63 -0.39 0.86 0.84 0.68 0.81 0.77 0.13 0.74 0.78 

FGC   (0.0001) (0.008) (0.126) (0.0001) (0.0001) (0.003) (0.0001) (0.0004) (0.633) (0.001) (0.0004)
    0.63 -0.28 0.83 0.75 0.64 0.74 0.71 0.26 0.69 0.73 

GSI    (0.008) (0.292) (0.0001) (0.0008) (0.008) (0.001) (0.002) (0.340) (0.002) (0.001) 
     -0.30 0.71 0.55 0.56 0.59 0.59 -0.07 0.54 0.55 

E     (0.258) (0.001) (0.027) (0.023) (0.015) (0.016) (0.795) (0.029) (0.027) 
      -0.17 -0.29 0.09 -0.10 -0.04 0.27 0.01 -0.04 

EC      (0.508) (0.261) (0.765) (0.694) (0.883) (0.308) (0.986) (0.869) 
       0.82 0.82 0.88 0.87 0.24 0.84 0.85 

CT       (0.0001) (0.0001) (0.0001) (0.0001) (0.373) (0.0001) (0.0001)
       0.75 0.93 0.88 0.36 0.86 0.87 

ShL       (0.0007) (0.0001) (0.0001) (0.166) (0.0001) (0.0001)
       0.94 0.98 0.52 0.97 0.96 

RL       (0.0001) (0.0001) (0.039) (0.0001) (0.0001)
       0.99 0.47 0.98 0.98 

SL       (0.0001) (0.063) (0.0001) (0.0001)
        0.50 0.99 0.99 

GI        (0.050) (0.0001) (0.0001)
         0.59 0.58 

UI         (0.017) (0.019) 
         0.99 

VI         (0.0001)
CVI          

 
 

214 Fig. 3. Pearson correlation between variables evaluated through routine test and image 
215 analysis in seed and seedling for four lots of maize varieties 
216 * p-valor; G = germination, FGC = first germination count, GSI= germination speed index, E = 
217 emergence, CT = cold test, EC = electric conductivity, ShL = shoot length, RL = root length, SL = 
218 seedling length, GI =growth index, UI = uniformity index, VI = vigor index, CVI = corrected vigor index 
219  
220 The significant correlations show that the cold test, considered the most sensitive test for initial 
221 characterization, was strongly correlated with all indices generated through image analysis, except for 
222 the uniformity index. Although, the significant correlation indicates only a similar trend in variation 

Comment [Office16]: Rewrite the sentence 

Comment [Office17]: Write this paragraph 
in a simple and clear way for a better 
understanding 

Comment [Office18]: Make it simple and 
be concise 

Comment [Office19]: Lot 3 cannot be of 
high and low vigor at the same time , 
check this again 

Comment [Office20]: Is this relevant here? 

Comment [Office21]: UI was correlated 
with the RL and GI 

Comment [Office22]: The correlation result 
is not well interpreted. Explain the 
negative correlation between EC test and 
other tests.

Formatted: Highlight

Formatted: Highlight



UNDER PEER REVIEW 
 

223  
224  
225  
226  
227  
228  
229  
230  
231  

 
232  
233  
234  
235  
236  
237  
238  
239  
240  
241  
242  
243  
244  
245  
246  
247  
248  
249  
250  
251  
252  
253  
254  
255  
256  
257  
258  
259  
260  
261  
262  
263  
264  
265  
266  
267  
268  
269  
270  
271  
272  
273  
274  
275  
276  
277  
278  
279  
280  
281  

between two characteristics [29]. According to Albuquerque et al.[30], when there is a great 
dependence between the variables, may decide to reduce the number of characteristics evaluated in 
future experiments. 

 
4. CONCLUSION 

 
The computerized images analysis of seedlings on the seventh day, using SAPL®, is a consistent and 
promising alternative for evaluating the physiological potential of maize seeds lots, with proven 
efficiency in this study, being equivalent to what verified in traditional tests for vigor determination. 
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