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ABSTRACT: This study was performed to associate specific morphological parameters, defined 
by X-ray images, with seed performance of okra (Abelmoschus esculentus (L.) Moench) during 
maturation. Fruits of cultivar Santa Cruz 47 at different developmental stages were collected at 
five-day intervals (from 5 to 65 days after anthesis) and water content, dry matter, germination 
and vigor were determined in seeds extracted immediately after each harvest or after temporary 
storage for seven days. X-ray tests were also performed after each harvest and the images were 
analyzed by ImageJ® software to produce data of aspect ratio (relation between major and minor 
axes of the ellipse surrounding the seed perimeter) and percentage of free space area in the inner 
seed cavity. Physiological maturity (maximum accumulation of dry matter) was reached at 30 days 
after anthesis (DAA), when seed water content was 56.6 %. Seed germination and vigor increased 
during maturation, achieving the maximum at 50 DAA. Seeds showed morphological changes dur-
ing maturation, becoming more spherical (aspect ratio near 1.0); at the same time, the free space 
available in the inner cavity of the seed decreased. This parameter can be successfully used as a 
marker of physiological maturity when values equal or lower than 5 % are reached.
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Introduction

Okra is one of the main vegetable crops grown 
in tropical and subtropical regions of Africa, Asia, and 
Latin America. Brazil is among the five main produc-
ers worldwide. The species has an indeterminate growth 
habit, resulting in lack of uniformity of flowering and 
seed maturation, hindering the establishment of ad-
equate time for harvest (Setubal and Nascimento, 2014).

Maturation is a process of seed metabolic and 
physiological changes that culminates with maximum 
accumulation of dry matter (Delouche, 1971; Chamma 
et al., 1990; TeKrony and Egli, 1997). Seeds produced in 
fleshy fruits are usually kept in high water content, pro-
tected by the fruit structure. In those species, the pos-
sibility of the seed maturation process to continue after 
the fruit harvest is an advantage because it allows early 
harvest, keeping fruits under temporary storage or a 
post-harvest rest period, sufficient for immature seeds to 
achieve a developmental degree similar to fruits harvest-
ed at physiological maturity. This allows the production 
of seed lots of high germination and vigor and avoids 
prolonged exposure of fruits to less favorable effects of 
biotic and abiotic factors in the field (Nascimento et al., 
2000; Araujo et al., 2007; Vidigal et al., 2009, and Silva 
et al., 2015).

Evolution of seed maturation has been character-
ized by biochemical, molecular, physical, physiologi-
cal and morphological parameters, including age and 
fruit color (Marcos-Filho, 1980; Gomes-Junior et al., 
2017). The use of tools, such as the Munsell color chart 
(Kollmorgen Corporation, 1976) and the red, green, and 
blue (RGB) computer vision systems (Vidal et al., 2013) 
to identify the stage of fruit and seed maturation, may 

represent important actions to produce more precise 
color evaluations (Gomes-Junior et al., 2017).

Another resource is the computerized image anal-
ysis of seeds and seedlings for maturation studies. Re-
search in this area includes more detailed observations, 
such as the attempt to establish relations between the 
ratio of the area occupied by the embryo or the available 
space in the inner cavity of the seed with germination 
and vigor, as highlighted by Dell’Aquilla (2009), Gagliar-
di and Marcos-Filho (2011), Silva et al. (2012). 

Computer vision methods have also been useful to 
determine relations between physical parameters (size, 
shape, perimeter, area, and degree of roundness) and 
seed physiological potential. One of the parameters that 
can be used in studies on seed maturation is the aspect 
ratio (Wendt et al., 2014).

This study was performed to monitor the matura-
tion process of okra seeds collected from fruits tempo-
rarily or not stored after harvest and evaluate the rela-
tionship of seed morphological parameters defined from 
X-ray images (free space in the inner seed cavity and the 
degree of roundness) with seed physiological potential.

Materials and Methods

The study was conducted on okra seeds of culti-
var ‘Santa Cruz 47’, one of the cultivars most recom-
mended for growing in different regions of Brazil, for its 
high yield, adaptation to different climatic conditions, 
and production of high quality seeds. The cultivar meets 
the main market demands, such as long, cylindrical, 
smooth, and bright green color fruits. The field experi-
ment was performed in Piracicaba, São Paulo State, Bra-
zil (22°43’30” S, 47°38’51” W, and 524 m altitude).
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Maturation study
Seeds were manually sown in expanded polysty-

rene (Styrofoam) trays, containing commercial substrate, 
and kept in a greenhouse during emergence and initial 
seedling development, under controlled irrigation. The 
mean temperature was 25 °C ± 4 °C and relative humid-
ity was 60 % ± 18 % within the period.

At 25 days after sowing, seedlings with two fully 
expanded cotyledonary leaves were transplanted to the 
field and planted in furrows spaced at 0.8 m, keeping 0.6 
m between plants. Crop management practices were ap-
plied for adequate plant development and climatic condi-
tions (temperature, rainfall, sunlight, and relative humid-
ity) were monitored daily throughout the phenological 
plant cycle.

Flowers were labeled at the time of anthesis and 
four samples of 30 fruits, each selected from the same 
plant (node) position, were manually harvested at 5-day 
intervals from five to 65 days after anthesis (DAA) in a 
completely randomized design. Seeds were extracted im-
mediately after harvest or after a 7-day temporary storage 
period under laboratory conditions. In both cases, four 
replicates of each 500 seeds were obtained for each time 
of harvest and extraction.

The maturation progress was evaluated by deter-
mining morphological characteristics of fruits, inner mor-
phology and seed quality parameters, both soon after 
fruit harvest or after temporary storage.

Physical characteristics of the fruit 
The fruit physical characteristics were represented 

by the length and diameter in samples comprising 15 
fruits at harvest and were evaluated with the aid of a digi-
tal caliper rule. Length corresponded to the distance from 
apex to base of the fruit, and diameter was determined at 
the basal region of the fruit. Mean results at harvest were 
expressed in mm per fruit.

Fruit color was identified through comparison with 
the Munsell Book of Color (Kollmorgen Corporation, 
1976). For that purpose, samples of 15 fruits were evalu-
ated after each harvest, registering the number of fruits 
corresponding to each color identified and calculating the 
mean percentage of fruits with the predominant color. 
The results were expressed as mean percentage of each 
predominant color, composed by hue, value, and chroma.

Afterwards, fruit samples were photographed us-
ing a charge-coupled device (CCD) digital single-lens re-
flex camera with 2.7 megapixels resolution connected to 
a computer, using a sensor in the visible spectrum (370 
to 750 nm). Fruit samples were positioned perpendicu-
larly at 30 cm from the lens, without zooming. In order to 
achieve uniform results, all photos were acquired under 
the same lighting conditions, avoiding the influence of ex-
ternal light. Lighting was achieved with three 55W fluo-
rescent lights (50 cm in length), 4000 K color temperature, 
and a color rendering index (CRI) of approximately 90 %. 
It was used the white balance calibration performed auto-
matically by the camera, and ISO sensitivity of 200.

The images were analyzed with the aid of ImageJ® 
software to obtain values of intensity of pixels of the 
red (R), green (G), blue (B), and grey scale components 
(Gomes-Junior et al., 2017). To obtain these values, an 
area (0.60 × 0.60 cm) in the basal region of the fruit was 
identified (Figure 1).

Seed water content 
The seed water content was determined by the 

oven method at 105 °C ± 3 °C for 24 h as indicated in 
the Brazilian Rules for Seed Testing (MAPA, 2009) in four 
samples of 100 seeds for each harvest time. The results 
were expressed in mean percentages (fresh weight basis).

Seed dry weight
Seed dry matter was determined together with the 

water content at 105 ± 3 °C. After a 24-h drying period, 
the seeds of each replicate were weighed to determine 
the mean dry matter content (g per 100 seeds).

Germination 
Eight replicates of 25 seeds per harvest time were 

sown in paper towel rolls moistened with water at 2.5 
times the weight of the paper at 30 °C. Seedling evalu-
ations were performed at four (germination first count) 
and 21 days after sowing (MAPA, 2009). Results were 
expressed as percentage of normal seedlings per harvest 
time. At the end of the test, ungerminated seeds (hard or 
swollen) were submitted to the tetrazolium test to assess 
their viability as Eichelberger and Moraes (2001). The 
results were expressed in mean percentage of normal 
seedlings per harvest time.

Seedling emergence
Four replicates of 50 seeds for each harvest time 

were distributed in individual cells of expanded poly-
styrene (Styrofoam) trays containing a commercial sub-
strate. The trays were then kept in a greenhouse under 
controlled irrigation (water quantity corresponding to 
60 % of the substrate retention capacity). Evaluation 
was performed at 21 days after sowing, and seedlings 

Figure 1 – Representation of the region of okra fruit used for color 
characterization by means of ImageJ® software.
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with full expansion of cotyledonary leaves above the 
substrate surface were considered as emerged. The re-
sults were expressed as the mean percentage of seedling 
emergence per harvest time.

X-ray test
This analysis was performed during seed matu-

ration using the digital Faxitron X-ray, model MX-20 
DC12, connected to a Core 2 Duo computer (3.16 GHz, 
2 GB of RAM, hard disk of 160 GB) and 17-inch Multi-
Sync LCD1990SX monitor. Samples of seeds collected 
at different harvest times were placed at 28.6 cm from 
the radiation source and exposed to 28 kV and 1.50 mA 
current for 9.7 s.

In order to ensure efficiency of the image analysis 
to associate seed internal morphology with the occur-
rence of normal seedlings, abnormal seedlings, and un-
germinated seeds, previously numbered X-rayed seeds 
(to ensure their individual identity) were submitted to 
the germination test, as described above.

Evaluation of free space in the inner cavity of the 
seeds and aspect ratio

Radiographic images of seeds collected at different 
times (8 replicates of 25 seeds per harvest time) were 
analyzed by ImageJ® software, determining the percent-
age of free space area in the inner cavity of the seed and 
the aspect ratio. The percentage of free space (FS) was 
calculated as follows:

FS
Inner Cavity Seed Area

= ×Free Space Area
   

100

where FS = free space (%), Free Space Area = calculated 
area of free space (mm2) and Inner Cavity Seed Area = 
calculated area in the inner cavity of the seed (mm2).

The aspect ratio (relation between the major and 
minor axes of the ellipse that circumscribes the seed) 
was determined by the equation

AR
Minor Axis

= Major Axis
 

where AR = aspect ratio index, Major Axis = major axis 
of the ellipse that circumscribes the seed (mm) and Mi-
nor Axis = minor axis of the ellipse that circumscribes 
the seed (mm).

Thus, the seed parts (lighter grey) and the free space 
between the embryo/endosperm and the seed coat (darker 
grey) were automatically segmented and quantified by the 
software, with the results expressed as the aspect ratio in-
dex and percentage of free space (Figures 2A and B).

Statistical procedure
A completely randomized scheme was adopted for 

the field harvest times and a factorial design for each 
laboratory test comprising the effects of 13 harvest 
times, two storage periods after each harvest and the 
interaction of these variables. The data were subjected 
to analysis of variance and the means were compared by 

the Tukey test (p ≤ 0.05). the statistical analysis was car-
ried out by the SISVAR program (Ferreira, 2000).

Results

The seed water content right after harvest was 
84.4 % at 5 DAA. Subsequent decreases occurred through-
out maturation until seeds (11.0 % to 13.0 % water 
content) reached hygroscopic equilibrium with relative 
humidity of air between 50 and 55 DAA. During the 
temporary storage, there were significant decreases in 
the seed water content from 5 DAA to 45 DAA (Table 1). 
In the subsequent harvests (from 50 DAA to 65 DAA), 
the seed water content was stabilized, reaching values 
from 10.9 to 12.9 % and did not vary significantly be-
tween seeds extracted soon after each harvest and seeds 
temporarily stored for seven days.

Table 1 – Okra seed water content right after different harvest times 
during maturation or temporarily stored for seven days after each 
harvest time.

Harvest (DAA*)
Water Content (%)

After harvest Stored
5 84.4 Aa 73.2 Ab
10 87.7 Aa 74.6 Ab
15 79.0 Aa 62.3 Bb
20 67.2 Ba 56.1 BCb
25 60.9 Ca 50.7 Cb
30 56.6 CDa 41.8 Db
35 49.2 Da 17.4 Eb
40 31.0 Ea 14.9 EFb
45 25.0 Ea 13.2 Fb
50 12.9 Fa 12.8 Fa
55 11.6 Fa 11.6 Fa
60 11.0 Fa 11.1 Fa
65 10.9 Fa 11.1 Fa
*DAA = days after anthesis; uppercase letters mean comparison within 
each column; lowercase letters mean comparison within each row for each 
parameter (Tukey test, p ≤ 0.01).

Figure 2 – X-ray images of okra seed (A) with identification of the 
seed coat (1), embryo (2), and free inner space (3) and respective 
image segmented by Image J® software (B) with representation of 
aspect ratio determination (a/b).
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At the same time, the seed dry weight increased, 
reaching the maximum at 30 DAA. There was statisti-
cally significant variation between dry matter of seeds 
extracted immediately after each harvest and those tem-
porarily stored from 5 DAA to 20 DAA. In the subse-
quent harvests, from 20 to 35 DAA, the mean values 
of seed dry weight from the stored seeds tended to in-
crease, but not statistically significant (Table 2). Seed dry 
matter reached the maximum and was stabilized from 
30 DAA harvest times.

The statistical analysis showed significant dif-
ferences for fruit length and diameter throughout the 
maturation period (Table 2). Fruit elongation rate was 
more evident at the beginning of the development (from 
15 to 25 DAA) and maximum length was identified at 45 
DAA. The increase in diameter did not follow this same 
pattern as the maximum value was identified at 25 DAA, 
followed by decreases in subsequent harvest times. Sig-
nificant differences were not found between these pa-
rameters in recently harvested fruits in comparison to 
those temporarily stored for seven days.

Germination varied significantly during matura-
tion and the effects of harvest times, storage periods, 
and the interaction of these factors were significant. 
Seeds extracted right after harvest did not germinate un-
til 25 DAA and then increased significantly, reaching a 
maximum at 50 DAA (Table 1). Germination of seeds 
temporarily stored was detected from 20 DAA and then 
increased until reaching the maximum at 50 DAA. In 
general, germination of seeds collected from 40 DAA 
tended to stabilize, both for seeds extracted soon after 
each harvest and for those temporarily stored. There 
was practically no occurrence of hard seeds, as indicated 
by the tetrazolium test results (data not shown). 

There was no manifestation of seed vigor in re-
cently extracted seeds, expressed by germination first 

count, until 25 DAA, and then increased from 30 DAA, 
reaching the maximum at 50 DAA. This also occurred 
for the seedling emergence percentage (Table 2). In gen-
eral, seedling emergence from stored seeds started from 
harvest at 20 DAA, that is, later than observed for not 
stored seeds (30 DAA). The values of germination first 
count and in seedling emergence from stored seeds were 
higher than those from seeds extracted right after each 
harvest.

Visual analyses performed by comparison with 
the Munsell color charts allowed identification of a de-
fined sequence of fruit color changes throughout mat-
uration. We identified fruits of moderate yellow green 
(7.5GY 8/6 or 8/8), yellowish bright brown (7.5YR 7/4), 
and bright brown (7.5YR 6/4). From 5 to 25 DAA, there 
was prevalence of moderate yellow green fruit color, 
when yellowish bright brown fruits arose, representing 
40 % of the total (Table 3). The percentages of bright 
brown fruit increased up to 50 DAA as the moderate 
yellow green fruits declined. At 60 DAA, especially at 
65 DAA, the bright brown fruit became more evident 
and there were no longer moderate yellow green fruits. 
At 30 DAA, when seeds achieved maximum dry mat-
ter, around 73 % of the fruits showed yellowish bright 
brown color, and at 50 DAA, upon reaching maximum 
physiological potential, this percentage reached 80 %. 

The visually evaluated fruit color was also iden-
tified by determining the RGB composition and grey 
scale. Differences were detected even in fruits of the 
same color identified by the Munsell chart during matu-
ration (Figure 3). Thus, based on the histograms of pixel 
intensity, the individual color components indicated that 
up to 20 DAA (moderate yellow green fruit - 7.5 GY), 
there was predominance of the G component, followed 
by R, whereas the fruit had reduced concentrations of 
the B component.

Table 2 – Okra fruit length and diameter, seed dry matter, water content, total germination, germination first count, and seedling emergence from 
fruits harvested at different times during maturation and temporarily stored or not for seven days after each harvest time.

Harvest (DAA*) Fruit Length Fruit Diameter 
Dry matter (g 100 seed–1) Germination (%) Germination First Count (%) Seedling Emergence (%)
After harvest Stored After harvest Stored After harvest Stored After harvest Stored

----------------------- mm -----------------------
5 70.9 C 13.0 CD 0.05 Db 0.06 Ea 0 Da 0 Ea 0 Fa 0 Ea 0 Ha 0 Ha
10 170.1 B 19.6 B 0.50 CDb 0.91 Da 0 Da 0 Ea 0 Fa 0 Ea 0 Ha 0 Ha
15 198.2 A 20.2 AB 0.86 Cb 2.50 Ca 0 Da 0 Ea 0 Fa 0 Ea 0 Ha 0 Ha
20 196.3 AB 21.5 AB 3.90 Ba 4.18 Ba 0 Db 24 Da 0 Fb 3 Ea 0 Hb 25 Ga
25 195.8 AB 22.1 A 4.34 Ba 4.50 Ba 0 Db 54 Ca 0 Fb 7 Da 0 Hb 47 Ea
30 192.2 AB 20.5 AB 5.39 Aa 5.32 Aa 44 Cb 51 Ca 8 Eb 19 Ca 36 Ga 46 Fa
35 185.7 AB 20.3 AB 5.42 Aa 5.49 Aa 76 Ba 78 ABa 13 Db 22 Ca 87 Cb 96 Aa
40 189.0 AB 13.6 C 5.64 Aa 5.65 Aa 78 ABb 85 Aa 24 Cb 33 Ba 81 Db 90 Ba
45 204.7 A 12.2 CDE 5.64 Aa 5.58 Aa 73 Bb 86 Aa 26 BCb 31 Ba 92 Bb 100 Aa
50 189.4 AB 12.0 CDE 5.45 Aa 5.67 Aa 85 Ab 94 Aa 34 Ab 38 Aa 100 Aa 98 Aa
55 192.5 AB 10.7 E 5.46 Aa 5.57 Aa 85 Ab 91 Aa 28 Bb 31 Ba 75 Eb 87 BCa
60 197.6 A 11.3 DE 5.41 Aa 5.41 Aa 84 Aa 83 Ba 24 Cb 30 Ba 58 Fb 83 Ca
65 194.4 AB 12.6 CDE 5.33 Aa 5.41 Aa 78 ABb 84 Aba 24 Cb 31 Ba 60 Fb 87 BCa
*DAA = days after anthesis; uppercase letters mean comparison within each column; lowercase letters mean comparison within each row for each parameter (Tukey 
test, p ≤ 0.01).
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from 35 to 40 DAA. This may be an interesting period 
for the colorimetric aspect of fruits that may be as-
sociated with physiological attributes thus allowing to 
detect, for example, the optimal period for harvest. 
This result may also constitute a basis for the develop-
ment of an automated procedure to distinguish fruit 
classes according to maturation stage and seed per-
formance.

Regarding evaluation of seed internal morphol-
ogy and its association with germination, variations 
were detected in the presence of empty, poorly formed, 
or full seeds during maturation (Table 4). Thus, in seeds 
extracted immediately after each harvest, normal seed-
lings were not found up to 25 DAA, when the mean 
free space was higher than 18 %. Conversely, seeds ex-
tracted after temporary storage produced normal seed-
lings at 20 DAA. In the subsequent harvest times, there 
were progressive increases in the formation of normal 
seedlings and decreases in the occurrence of ungermi-
nated seeds. In general, seeds temporarily stored after 
each harvest originated higher percentages of normal 
seedlings from 20 to 50 DAA, while the percentages of 
abnormal seedlings remained relatively stable.

There were significant effects of the maturation 
stage on the proportion of free space in evaluations of 
seed inner cavity and aspect ratio; however, there was 
no influence of the interaction harvest time × storage 
period. At the initial stages of maturation (5 and 10 
DAA), free space represented practically the entire in-
ner seed cavity (Table 5); however, from 15 DAA, there 
were significant decreases up to 30 DAA and these 
values practically stabilized around 1 % from 50 DAA, 
when it was identified the maximum seed physiological 
potential (germination and vigor).

There were also variations in the aspect ratio in-
dices throughout maturation (Table 5), with maximum 
values occurring at 5 DAA and 10 DAA, reducing at 
later harvest times, when the indices stabilized at 1.1.

Figure 3 – Values of pixel intensity for each component of red (R), 
green (G), and blue (B) color and grey scale for okra fruit color 
right after each harvest time; bars indicate ± mean standard error.

Table 3 – Predominant color of okra fruit harvested at different 
times after anthesis. 

Harvest
DAA*

Fruit Color
Identification Percentage Hue Value Chroma

5 Moderate yellow green
60.0 7.5 GY 8/8

40.0 7.5 GY 8/6

10 Moderate yellow green
67.0 7.5 GY 8/6

33.0 7.5 GY 8/8

15 Moderate yellow green
53.0 7.5 GY 8/6

47.0 7.5 GY 8/8

20 Moderate yellow green
73.0 7.5 GY 8/6

27.0 7.5 GY 8/8

25
Moderate yellow green

53.0 7.5 GY 8/6

7.0 7.5 GY 8/8

Yellowish bright brown 40.0 7.5 YR 7/4

30
Yellowish bright brown 73.0 7.5 YR 7/4

Moderate yellow green 27.0 7.5 GY 8/6

35
Yellowish bright brown 80.0 7.5 YR 7/4

Moderate yellow green 20.0 7.5 GY 8/6

40
Yellowish bright brown 73.0 7.5 YR 7/4

Moderate yellow green 27.0 7.5 GY 8/6

45
Yellowish bright brown 80.0 7.5 YR 7/4

Moderate yellow green 20.0 7.5 GY 8/6

50
Yellowish bright brown 80.0 7.5 YR 7/4

Moderate yellow green 20.0 7.5 GY 8/6

55

Yellowish bright brown 53.0 7.5 YR 7/4

Moderate yellow green 33.0 7.5 GY 8/6

Bright brown 14.0 7.5YR 6/4

60
Yellowish bright brown 67.0 7.5 YR 7/4

Bright brown 33.0 7.5YR 6/4

65
Bright brown 87.0 7.5YR 6/4

Yellowish bright brown 13.0 7.5 YR 7/4

*DAA = days after anthesis.

From 20 DAA onward, there were increases in 
the B component as the percentage of yellowish bright 
brown fruit increased. The proportions of the R and G 
components were similar from 45 DAA harvest time, 
with R slightly higher up to 65 DAA. Simultaneously, 
the grey scale practically stabilized.

The variation of intensity of the pixels in each 
band showed a colorimetric distinction between data 
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Discussion

The okra crop is mainly adapted to tropical and 
subtropical regions and develops better under relative-
ly high temperatures, from 18 to 30 °C. In this study, 
plants developed under favorable climatic conditions, 
that is, mean temperatures from 20 to 30 °C, and ad-
equate rains distributed throughout vegetative growth, 
flowering, and maturation; thus, supplemental irrigation 
was not necessary.

Knowledge of the maturation process is important 
from the biological viewpoint and for accurate identifi-
cation of physiological maturity to determine the most 
adequate harvest time of economically important spe-
cies. In the specific case of okra, a species with an inde-
terminate growth habit and lack of uniformity of flower-
ing and maturation, split harvest is recommended as the 
fruit maturates to obtain seeds of greater physiological 
potential (Setubal and Nascimento, 2014). In species of 
indeterminate growth habit, which seeds produced in 
fleshy fruits, such as okra, it is recommended to perform 
early harvests (near physiological maturity) followed by 
temporary storage of fruits to complete the maturation 
process (Dias et al., 2006).

In this study, fruit length continued to increase 
until 45 DAA, and decreased only when dehydration be-
came more accentuated. In addition, the most evident 
reduction in diameter occurred together with fruit dry-
ing (49 to 31 % water content). Variations of fruit length 
and diameter during maturation were not associated 
to other morph- and physiological parameters, includ-
ing seed maximum dry matter; therefore, they did not 
constitute efficient markers of physiological maturity, as 
emphasized by Carvalho (2014).

Maximum accumulation of dry matter occurred 
when the seed water content was relatively high 

Table 5 – Variation of free space in the inner cavity of seeds and 
aspect ratio during maturation of okra seeds.

Harvest DAA*
Free Space (%) Aspect ratio (index)

Non stored Stored 7 days Non stored Stored 7 days
5 99.7 Aa 99.9 Aa 1.4 A 1.4 A
10 100.0 Aa 99.7 Aa 1.4 A 1.4 A
15 19.6 Ba 21.1 Ba 1.2 B 1.2 B
20 18.0 Ba 14.0 Cb 1.1 B 1.2 B
25 8.0 Ca 9.4 Da 1.2 B 1.1 BC
30 3.6 Da 4.9 Ea 1.1 B 1.1 B
35 2.7 Da 2.0 EFa 1.1 B 1.1 B
40 3.4 Db 1.5 EFa 1.1 B 1.1 B
45 2.2 Da 2.4 EFa 1.1 B 1.2 B
50 1.3 Da 0.8 Fa 1.1 B 1.1 BC
55 1.5 Da 1.6 Fa 1.1 B 1.2 B
60 1.9 Da 2.2 EFa 1.1 B 1.1 BC
65 0.6 Da 1.6 Fa 1.1 B 1.1 BC
*DAA = days after anthesis; uppercase letters mean comparison within 
each column; lowercase letters mean comparison within each row for each 
parameter (Tukey test, p ≤ 0.01).

Table 4 – Relationship between X-ray images and percentage of 
occurrence of normal seedlings, abnormal seedlings, and dead 
seeds during maturation of okra seeds.

Harvest
DAA* X- Rays Storage

(days)

NS AS DS

5
0 0 0 100

7 0 0 100

10
0 0 0 100

7 0 0 100

15
0 0 0 100

7 0 0 100

20
0 0 0 100

7 20 36 36

25
0 0 0 100

7 51 19 12

30
0 31 16 41

7 44 12 33

35
0 52 20 7

7 72 21 19

40
0 76 12 9

7 80 17 3

45
0 69 12 17

7 81 18 1

50
0 80 20 0

7 89 10 0

55
0 83 15 2

7 85 14 0

60
0 82 17 0

7 78 18 0

65
0 75 16 0

7 71 12 0

*DAA = days after anthesis; NS = normal seedlings; AS = abnormal seedlings; 
DS = dead seeds.
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(56.6 %), at 30 DAA, which is compatible to the water 
content described for dicotyledonous seeds (Marcos-Fil-
ho, 2016). The presence of a sufficient amount of water 
is necessary to support the movement of solutes (primar-
ily photosynthates and minerals) from the plant to seeds 
and the consequent dry matter accumulation. There was 
significant variation in the dry matter of seeds stored 
temporarily, in comparison to seeds extracted right after 
harvest, from 5 to 15 DAA, when seeds had initial water 
content from 84.4 to 79.0 %. In the subsequent harvests, 
non-significant increases occurred from 25 to 35 DAA, 
indicating the absence of reserve transference from the 
fruit to seeds during the post-harvest fruit-resting peri-
od. The transference of dry matter to seeds during the 
temporary storage was more evident in seeds with high-
er water content (over 80.0 %), in the three first harvests 
and became non-significant from 20 to 35 DAA, when 
seeds reached the maximum dry weight. This indicates 
that it is possible to perform early harvests (before phys-
iological maturity) followed by a temporary storage of 
fruits as an alternative to obtain seeds of high physi-
ological potential.

The occurrence of increases in dry matter during 
this temporary storage period due to the continuity of 
transfer of fruit reserves from fleshy fruits to seeds dur-
ing the temporary storage after harvest was reported by 
Dias et al. (2006), Vidigal et al., 2009, and Dias (2009). 
The possible variation in the transference of dry matter 
during temporary storage of fruit is influenced by the 
species, maturation stage at harvest, conditions and pe-
riod of storage (Demir and Ellis, 1992).

Germination was higher than the minimum stan-
dard (70 %) established for okra seed marketing in Bra-
zil, from harvests at 35 DAA, reaching the maximum 
value at 50 DAA, when most fruits were yellowish 
bright brown and germination first count and seedling 
emergence also achieved the maximum. These values 
occurred after the time when seeds achieved maximum 
dry matter (30 DAA), a usual characteristic of seeds pro-
duced in fleshy fruits (Demir and Ellis, 1992; TeKrony 
and Egli, 1997; Vidigal et al., 2006; Silva et al., 2015). 

Seeds temporarily stored after harvest were able 
to germinate ten days earlier (20 DAA) than those ex-
tracted immediately after harvest (30 DAA). Seed ability 
to withstand desiccation increases progressively during 
maturation. At the initial stages, seeds are able to with-
stand desiccation only when they are slowly dehydrated 
while still attached to the parent plant. In this situation, 
protective mechanisms are activated that provide great-
er tolerance to cell imbalances caused by fast dehydra-
tion. In contrast, at the end of maturation, when most 
reserves have been deposited, seeds not only become 
more tolerant to desiccation, but also exhibit a greater 
capacity to germinate rapidly and form normal seedlings 
(Bewley et al., 2013; Marcos-Filho, 2016). The intolerant 
phase is manifested during the phases of cell division 
and expansion and most of the reserve transference pe-
riod from the parent plant. The seed can significantly 

tolerate desiccation during maturation when most re-
serves have already been deposited (Vertucci and Far-
rant, 1995; Kermode and Finch-Savage, 2002). Probably, 
for that reason, okra seeds extracted from fruits up to 
30 DAA and dried rapidly did not tolerate desiccation 
and did not germinate, in contrast to seeds temporarily 
stored in the fruit and slowly dehydrated.

The degree of seed tolerance to desiccation is di-
rectly related to the capacity of cells to keep integrity of 
their membranes and prevent denaturation of proteins 
(Decker et al., 2015). If drying is relatively slow, in seeds 
still attached to the fruit, there may be enough time for 
adjustments to keep integrity of cell structure, as oc-
curred in this study.

Rapid and premature desiccation affects synthesis 
of proteins and essential enzymes for seed development 
and germination. Desiccation favors the normal route of 
protein and enzyme synthesis and allows organization of 
the cell membrane system. Removal of seeds from the 
plant during the initial stages of maturation may lead to 
complete loss of viability (Bewley et al., 2013).

Post-harvest temporary storage was beneficial to 
seed germination and vigor. This fact has been reported 
for various species that produce fleshy fruits (Vidigal et 
al., 2006; Araujo et al., 2007; Silva et al., 2015). The ab-
sence of significant variations in seed dry matter, most-
ly during the temporary rest period, may increase the 
physiological potential that are attributed to metabolic 
adjustments (Dias, 2009; Bewley et al., 2013).

In this sense, Villiers and Edgcumbe (1975) 
showed that seeds with a hydration level near complete 
imbibition (as is the case of seeds that remain within 
fleshy fruits) are able to keep viability for a long period. 
The authors suggested that this occurs due to the action 
of repair mechanisms of damages that may accumulate 
during storage. This hypothesis can explain the higher 
physiological potential of seeds temporarily stored in 
fleshy fruits after harvest.

Okra seeds may show lack of uniformity or ab-
sence of germination because of the occurrence of seed 
coat impermeability to water (Setubal and Nascimento, 
2014), whose formation is induced by the occurrence of 
moderate water deficit during maturation (Marcos-Filho, 
2016). Although the cv. Santa Cruz 47 generally produces 
a significant quantity of hard seeds, this was not observed 
here because water availability and its distribution during 
maturation were sufficient to not induce dormancy.

Fruit color was determined through comparison 
with the Munsell Book of Color that allowed a visual 
perception of the color variation of fruits during matu-
ration. The precise and mathematical comparison was 
improved by quantifying RGB and grey scale.

Variation in fruit color followed a defined sequence 
of colors from moderate yellow green to yellowish bright 
brown and to bright brown was identified. The percent-
ages of bright brown fruits increased as the percentages 
of yellow green fruits decreased and yellow green fruit 
color was no longer observed at 60 DAA and 65 DAA. At 
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the time of physiological maturity (30 DAA), there was 
73 % of yellowish bright brown (7.5 YR) fruits, while 
this color accounted for 80 % of the total at 50 DAA. 
This indicates that fruit color constitutes a marker for 
monitoring the maturation process of okra seeds and for 
identifying the time when seeds reach maximum dry 
weight and physiological potential.

Color is one of the most important visual physical 
parameters of various fruit species, including vegetable 
crops, and can be evaluated automatically using differ-
ent computer visual systems (Pathare et al., 2013). Eval-
uation by the RGB color system to characterize different 
okra ripening stages confirmed this possibility by detect-
ing significant changes in the pixel intensity of the R 
and G components, corresponding to the fruit maturity 
degree and then improving the information provided by 
the visual analysis based on the Munsell color chart. As 
an example, the analysis of the RGB intensity and gray 
scale showed a colorimetric threshold between 35 and 
40 DAAD, indicating an important period during fruit 
maturation, possibly associated to intense physiological 
variations. This procedure represents an important tech-
nological evolution, allowing to reduce human influence 
to identify different fruit ripening stages and improve 
accuracy of this analysis.

Analyses of X-ray images detected the beginning 
of germination at 20 DAA (fruits temporarily stored) and 
at 30 DAA (seeds extracted right after harvest), confirm-
ing the results of the germination tests. Thus, normal 
seedlings formed only when the area corresponding to 
the free space in the seed was less than 14 %. The suc-
cessive increase in percentages of normal seedlings dur-
ing the maturation period followed the same tendency 
already detected for germination and vigor tests.

Increases in the free space area in the seed indi-
cate insufficient embryo development, reflecting poor 
seed formation. The relation between the degree of 
embryo development and seed viability was also identi-
fied by Dell’Aquilla (2009), Gagliardi and Marcos-Filho 
(2011), and Silva et al. (2015). However, clarification 
whether the embryo size has a direct association with 
seed physiological potential is needed, as questioned by 
Gomes-Junior (2010). 

In this study, when the seeds reached physiologi-
cal maturity (at 35 DAA), the area corresponding to free 
space in the seed was ≤ 5 % and, when the maximum 
physiological potential was attained (50 DAA), the free 
space was smaller than 1 %. This means that reduction 
in free space corresponds to increases in seed germina-
tion and vigor. However, this is only one of the factors 
that affect germination, if availability of water and ox-
ygen, temperature, and the balance of promoting and 
inhibiting substances are not limiting (Nonogaki et al., 
2006). During maturation, seeds exhibited morphologi-
cal changes, successively becoming more spherical and 
reaching an aspect ratio nearer 1.0, indicating similarity 
between the major and minor axes of the ellipse sur-
rounding the seed perimeter. There was no tendency for 

variation in this parameter after 15 DAA, indicating that 
the seeds assumed a practically spherical shape at physi-
ological maturity and then stabilized. The importance of 
determining the roundness degree was corroborated by 
Wendt et al. (2014).

Thus, the use of computerized visual resources 
confirms the possibility of developing efficient and non-
destructive tools to improve evaluation of okra seed 
physiological potential and contribute to composition 
of more efficient quality control programs. The results 
obtained allow to conclude that accurate determinations 
of fruit color, of the area corresponding to free space 
in the inner seed cavity, and of seed roundness consti-
tute efficient markers for monitoring okra seed matura-
tion. Nevertheless, without sufficient knowledge of seed 
morphology, these analyses cannot be consistently per-
formed and results cannot be interpreted correctly.
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