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Abstract

This study aimed to assess the effect of different drying forms, environments, and storage periods on germination
and sanitary quality of quinoa seeds cv. BRS Syetetuba. Seeds were submitted to drying in forced air circulation
chamber at 30, 40, and 50 °C and in a suspended tray, in full sun, until they reached +12% of moisture content.
The observed drying data were adjusted to 10 mathematical models. The storage for 360 days was continuous in
three different environments. Seeds were evaluated at 0, 6, and 12 months for germination, first count of
germination, moisture content, and sanity tests. The experimental design was completely randomized, in a split
split-plot scheme with four replicates. Among the studied models, Midilli was efficient in describing the drying
curves of quinoa seeds. The storage environment influenced the loss of seed quality more than the drying
temperature. The increased storage period caused a decrease on fungal seed incidence.
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1. Introduction

Quinoa seeds (Chenopodium quinoa Willd.) have striking nutritional qualities and have integrated the diet of
Andean Peoples for hundreds of years (Bazile et al., 2016). Food and Agriculture Organization of the United
Nations considered quinoa as one of the most promising cultures of humanity, not just for the beneficial
properties to health, but also for the varieties of use (FAO, 2013). Quinoa adapts to different soil and climatic
conditions, resist to abiotic factors and has a low production cost. In this form, this species may fit different
agriculture systems (Restrepo et al., 2005). In Brazil, this culture was officially implemented to increase the
variety of cultivation in production systems, besides contributing to food security and increasing producers'
income (Spehar et al., 2011).

During the last years, this culture expanded greatly, mainly outside the origin country, causing an increase in the
demand for its grains and derivatives, mainly in the USA, Canada, European Union, and Asia, which are the
leading importers (Bazile et al., 2016). For these reasons, there is high potentiality for the growth of this
cultivation at medium and large scale to satisfy the growing world demand for this product (Torres & Salas,
2015).

A key factor for the success of this cultivation is the quality of seeds. Seeds quality must be kept high during
storage, aiming at an optimal seedling establishment in the field, in order to guarantee the economic and
productive benefits aimed by the producer (Tunes et al., 2014). Drying is a crucial stage of the productive cycle
of seeds (Peske & Villela, 2012), mainly employed to reduce the amount of water, delay the deterioration, and
make them more suitable for storage (Oliveira et al., 2009). Storage, in turn, aims to preserve the initial quality
of the seeds, protecting them from the weather, insects, and microorganisms (Ellis & Hong, 2006).

Both the processes of drying ad storage are often neglected, even if they are critical stages of the productive
cycle of seeds (Berbert et al., 2008). As refers to quinoa, as an example, most of the producers still use artisanal
techniques, such as the natural drying on the plant, under the sun, or the shadow, and on the ground, and storage
in environments with uncontrolled temperature and relative humidity (Quiroga et al., 2013). Moisture content,
temperature, and storage time are critical factors in the preservation of the quality of the seed (Marcos-Filho,
2015).
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Even the same, the drying process may be detrimental to the quality of seeds, mainly due to its delay, or the use
of high temperatures, excessive time of exposure to heated air, or the drying method employed (Menezes et al.,
2012). Chemical, physical, and physiological alterations may occur during the process of water removal (Roveri
José et al., 2004; Peske & Villela, 2012). Considering the relevance of the drying process of the seeds, the
theoretical study of the process and its practical application in the post-harvest stage is crucial, mainly dealing
with cultures that have been produced for a short time, such as quinoa (Moscon et al., 2017).

Another crucial element to be considered is that the seed is one of the primary pathogen dissemination vehicles
(Henning et al., 2011; Cardoso et al., 2015). Seeds contamination is often responsible for the introduction of new
foci of infection of diseases in uncontaminated areas (Medeiros et al., 2015). Fungi play a crucial role as plant
pathogens. Some infections caused by fungi appear as seeds are paced to germinate; other fungal infections
appear during the storage, causing damages, mainly for production, and productivity (Henning et al., 2011).

As considering this context, there is still a lack of pieces of information on the drying process, and the effects of
post-harvest stages, on the quality attributes of the seeds. In this form, the article aimed to analyze and to model
the drying curve, and to assess the effects of different drying systems, environments, and storage times, on the
germination, and sanitary quality of quinoa seeds.

2. Material and Methods
2.1 Environment and Harvesting

The study was conducted at the laboratory of ‘Seed Studies’ and ‘Mycology’ of the University of Brasilia (UnB),
Brasilia, Federal District, Brazil. In the experiment, we used pure seeds of the cultivar BRS Syetetuba (Spehar et
al., 2011), produced in the ‘Agua Limpa’ experimental farm (FAL) of the UnB. Seed harvesting and threshing
were hand made by the friction of the panicles. These processes were performed, 120 days after the emergence
of the seedlings. Seed cleaning and size standardization were done by using a prototype of air machine and
sieves.

2.2 Drying and Storage

Thin layer seed drying was performed in a stove with a forced ventilation system (Lucadema brand, model
82/150). The drying process was set as follows: D1—chamber at 30 °C; D2—chamber at 40 °C; D3—chamber
at 50 °C; D4—suspended terrace at one-meter height under the full sun. All treatments used three trays with the
bottom constituted by netting (50 x 50 cm). Each tray received 1.0 kg of seeds in a £1.5 c¢m thin layer. The trays
were randomly set, and sed layers were hand revolved. The drying continued until the seeds reached the moisture
content of 12+1.0%.

The seed moisture content reduction during the drying was measured gravimetrically. The final determination
was performed by the hoven method (105 °C) using three 5 g samples (Brasil, 2009a). The equilibrium moisture
was determined by using three 5 g samples for each drying condition. After the drying process, the content of the
trays was grouped, hand homogenized, and divided into 200+10 g portions. The repetitions were characterized
and packaged in closed translucent 300 mL plastic bottles (Souza et al., 2016). The bottles were stored for 360
days as follows: Al—cold chamber (10 °C and 50% RH, initial); A2—cold chamber (19 °C and 40% RH, initial);
A3—Ilaboratory environment (26 °C and 50% RH, initial). The temperature and the relative humidity of the air
(RH) during storage (August 2017 to September 2018) were assessed (Digital datalogger Onset HOBO®
U12-011).

2.3 Study the Kinetics of Drying

To study the kinetics of drying, the assessment of the water removal rate from the seeds was performed
according to equation 1 (Silva et al., 2018).

WWR = (Mw, — Mw))/[Mp * (t; — to)] ey
where, WRR: water removal rate (kg kg™ h™"); Mw: previous total mass of water (M, at ty — Mp), kg; Mw;:
current total mass of water (M, at t; — Mp), kg; Mp: dry matter [M,, x (1 — Uj)], kg; to: previous total drying time,
h; and t;: current total drying time, h.

Moisture ratios (MR) were obtained for each temperature according to Equation 2.
MR = (M — Me)/(Mi — Me) 2)
where, M: moisture content of the product at each drying time, decimal and drying bases (d.b); Mi: initial

moisture content of the product, decimal (d.b.); and, Me: equilibrium moisture content of the product, decimal
(d.b).
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Moisture content data determined during drying were submitted to mathematical models (Table 1) used to
describe this phenomenon (Doymaz, 2014; Goneli et al., 2014; Santos et al., 2015; Mendonga et al., 2015;
Maciel et al., 2017; Tao et al., 2018).

Table 1. Mathematical models used to predict the drying

Designation Model Equation
Page MC = exp(-kt") (3)
Henderson and Pabis MC=a- exp(-kt) 4)
Midilli MC =a-exp(-kt") +bt %)
Wang e Singh MC=1+at+bt ©6)
Verma MC=a- exp(-kt) +(1-a) exp(-klt) @)
Thompson MC =exp {[-a~ (a>+4bt)"’| /2b} (8)
Newton MC = exp(-kt) )
Exponential Two Term MC=a exp(-kt) + (1 - a)~ exp(-kat) (10)
Two Terms MC=a- exp(-kot) +b exp(-klt) (11)
Page modified MC= exp(-kt)ll (12)

Note. MC: moisture content data dimensionless; t: drying time (min); k, ky, k; drying constants (s-1); a, b, ¢, n:
models’ coefficients.

The adjust of the mathematical methods to the experimental data of drying was performed by non-linear
regression analysis, by the Quasi-Newton method, by computational analysis. The degree of adjustment to each
model was assessed considering the magnitude of the determination coefficient (R?), the mean relative deviation
(P), and the standard error of estimate (SE), the variance explained by the model (VE) (Goneli et al., 2014).

2.4 Analysis of Physiological Quality
Samples of the seeds were withdrawn at 0, 6, and 12 months of storage to assess, by the following methods:

Moisture content (MC): Determined by the stove method at 105+3 °C for 24 h (Brasil, 2009a). The results were
expressed as percentage wet bases (w.b).

Germination (G): Four subsamples of 50 seeds were seeded in transparent plastic boxes (11 cm x 11 cm % 3 cm)
on two leaves of previously moistened Germitest paper. The boxes were stored in an incubation chamber (12
hours of light exposure; 25+2 °C). The normal seedlings were counted on the 5™ day, and the results were
expressed as a percentage (Brasil, 2009a; Souza et al., 2017).

First count of germination test (FC): Counting of the normal seedlings at two days after the beginning of the
germination test and expressed as a percentage (Brasil, 2009a; Souza et al., 2017).

2.5 Analysis of Sanitary Quality

Seeds incubation was performed by the filter paper method, with freezing and 12 hours photoperiod (Brasil,
2009b). 2.0 g samples of seeds from each repetition were disinfected using a 2% solution of sodium hypochlorite
for 2 minutes. Were extracted 200 seeds, divided into four groups of 50 units each, and seeded in plastic boxes,
stored in incubation chambers at 20 °C during 12 hours, frozen at -20 °C during 24 hours and later placed again
in an incubation chamber at 25 °C during seven days. After this, the seeds were examined individually using a
magnifying glass with lighting and stereoscopic microscope. The percentage of infected seeds and the incidence
of each genus were considered (Brasil, 2009b; Henning, 2015).

2.5 Statistics

For the analysis of physiological and sanitary quality, the completely randomized experimental design was used,
in a split split plot scheme, with four repetitions. The factors were: the drying conditions, the place, and the
storage period. Data were submitted to analysis of variance. The comparisons among the means were performed
by the Tukey Test (p < 0.05). As refers to the storage time, the regression analysis was performed, and the
models were adjusted based on the t-test (p < 0.05) and coefficient of determination (R?).
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3. Results and Discussion
3.1 Drying and Moisture Content

After drying, the times spent, and the moisture content of the seeds were respectively for D1 to D4: 7, 5, 2.25,
1.5 h and 12.26%, 12.07%, 12.02%, 11.39% (Figure 1A). As observing the treatment submitted to drying in the
stove, we observed that the rise of temperature caused a reduction of the drying time. Seeds placed in the
suspended terrace required the shortest time and displayed the highest water removal rate. Figure 1B shows the
opposite results in the seeds dried at 30 °C. It was also possible to observe that the water removal rate was higher
at the beginning of the drying process, and later tended to be constant (Zonta et al., 2011).
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Figure 1. Moisture content (A) and water removal rate (B) during the drying of quinoa seeds under different
treatments, according to the drying time

3.2 Adjust of Mathematical Models

During the process of water removal from the seeds, air renovation is crucial: the more the air is saturated with
humidity, the more difficult is the removal of the water; the dryer the air, the faster the drying process (Carvalho
& Nakagawa, 2012). In the stove, the exchange between the internal and external air may be slower, mainly due
to the physical impairment caused by the equipment, even the presence of a ventilation system. During the
drying in the suspended terrace, although the psychrometric conditions of the air, such as relative humidity, or
temperature has not been measured, the natural ventilation of the environment might have provided conditions
for faster drying of the seeds, as compared with the stove drying.

As refers to the ten models analyzed, all of them were effective in describing the drying process of the quinoa
seeds with a high coefficient of determination (R?), and explained variance (VE), and low relative average error
(P), and standard deviation of the estimate (SE). Even the same, as considering the conditions in which the study
was performed, we used the Midilli model, as it presented the highest number of favorable parameters to the
studied drying forms (Table 2).
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Table 2. Coefficient of determination (R?), relative average error (P, decimal), estimated standard deviation (SE,
decimal), and explained variance (VE) of the ten analyzed models for the drying of quinoa seeds after different
methods of drying

30 °C 40 °C

Modelo R? P SE VE R? P SE VE

Page 0999 0018 271 0.994 0999 0011 192 0997
Henderson-Pabis 0997 0018 292 0.993 0993 0026  3.65 0985
Midilli 0.997 0016 229 0995 0,999 0011 181 0997
Wang and Singh 0997 0017 2.0l 0.994 0.998 0014 222 099
Verma 0.998 0013 153 0.99 0997 0015 244 099
Thopson 0.997 0018 292 0.993 0993 0026  3.65 0985
Newton 0.997 0018  292. 0993 0993 0026  3.65 0985
Exp. Dois Termos 0997 0018 292 0.993 0993 0026  3.65 0985
Dois termos 0.997 0018  2.96 0.993 0,994 0023 335  0.989
Page Modified 0.997 0018 292 0.994 0993 0026  3.65 0985

50 °C AMB

Model R p SE VE R? p SE  VE

Page 0999 0.002 027 0.999 0994 0022 365 0987
Henderson-Pabis 0997 0014 153 0.995 0985  0.034 669  0.969
Midilli 0.999  0.000  0.000  1.000 0999  0.008 113  0.999
Wang and Singh 0.999  0.004 043 0.999 0998 0012 146 099
Verma 0.999  0.006  0.64 0.999 0999  0.001 000  0.998
Thopson 0997 0014 153 0.994 0985  0.034 669  0.969
Newton 0997 0014 153 0.994 0985  0.034 669  0.969
Exp. Dois Termos 0999  0.002 029 0.999 0993 0023 411 0985
Dois termos 0.998 0013 150 0.995 0985 0033 663 0971
Page Modified 0.997 0014 153 0.994 0985  0.034 669 0970

The Midili model was satisfactory. It described the relationship between the estimated and observed data with
high concordance in each analyzed drying condition (Figure 2). The same method was used to describe the
kinetics of drying of different seeds, such as watermelon (Doymaz, 2014), Carapa guayensis (Mendonga et al.,
2015) and pea (Tao et al., 2018).

10 1.0 1
® D1 A e D1 &
o D2 o D2

_. 0.8 A v D3 0.8 4 v D3

a A D4 A D4

%’ Predicted 7]

S K]

2 06 - 3 06

g I

s 5

£ 04 ] £ 041

© iy o

2 °© ® <

© J ]

2 0.2 0.2

0.0 T T T T T T 0.0 T T T T
0 1 2 3 4 5 6 i 0.0 0.2 0.4 0.6 0.8 1.0
Drying time (h) Predicted vaules

Figure 2. Moisture ratio (A) and distribution of the residuals (B) of the values observed and adjusted according
to the Midilli model for quinoa seeds submitted to different forms of drying

3.3 Quality Seeds After Drying and Storage

During the storage, the climatic variables showed distinct behaviors in different environments. As refers to Al,
A2 and A3, the average temperatures were: 11.4+£0.2 °C, 19.1£0.4 °C and 26.5£7.3 °C and the air relative
humidity: 53.7+1.5%, 40.1£6.5%, and 50.9+19.5%, respectively. A3 treatment displayed the higher amplitudes

75



jas.ccsenet.org Journal of Agricultural Science Vol. 12, No. 2;2020

of heat and relative humidity of the air. The values varied between 21.4 °C to 31.1 °C temperature, and 19.4 to
77.3% relative humidity.

As refers to the moisture content of the seeds during storage, the analysis of variance pointed out a significant
interaction only between the drying method, and the periods. The treatments submitted to drying at 30 °C and
under the sunlight presented the highest values of moisture content at the beginning and the end of the assessed
period, and a decrease at the end. The remaining treatments displayed a continuous increase in moisture content
during the storage period. Treatment D1 displayed the highest moisture content at six months of storage
(12.75%). Treatment D3 displayed the lowest moisture content (11.37%) at the beginning of storage (Figure 3).
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Figure 3. Moisture content (%, wet basis) of quinoa seeds submitted to different drying methods, according to
the storage time

The variations of the moisture content during the storage were probably mainly due to loss of hermeticity of the
package and to their opening at the sampling. Due to their hygroscopicity, the moisture content of seeds tends to
vary according to the temperature and relative humidity of the storage environment (Peske & Villela, 2012). It is
essential to point out that the moisture content of seeds should not exceed 12-14% in order to preserve them
safely (Carvalho & Nakagawa, 2012). As the moisture content is preserved lower than this, the respiratory
processes are low, promoting the quality of the seeds (Zucareli et al., 2015).

In the germination of seeds was observed significant interaction of the factors to which the seeds were submitted
(Table 3). Drying treatments did not cause significant differences among samples stored in Al or A2 conditions.
In both cases, germination continued high, over 90%. Even the same A3 storage caused a significant effect
between D1, D4, and the remaining treatments. In this environment, germination decrease more significantly in
D1 and D4, but stayed high in D2, and D3 (69%, 83%, 92% e 93%, respectively).

Table 3. Germination (%) of quinoa seeds submitted to different drying methods and storage environments

Storage environment

Drying methods N - 3

%
D1 95 aA 94 aA 64 cB
D2 94 aAB 95 aA 92 aB
D3 95 aA 95 aA 93 aB
D4 94 aA 95 aA 82 bB

Note. Averages followed by the same lowercase letters in the row and upper-case letter in the line do not differ
significantly among each other by the Tukey test at 5% probability. Drying conditions: D1—chamber at 30 °C;
D2—chamber at 40 °C; D3—chamber at 50 °C; D4—suspended terrace at one-meter height under the full sun.
Storage conditions: Al—cold chamber (10 °C); A2——cold chamber (£19 °C); A3—Iaboratory environment
(26£2 °C, 50+10% RH).
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The association between the laboratory environment and some of the drying methods contributed to the decrease
of germination observed in the experiment. Probably the delay or the excessive speed of water removal from the
seeds during drying caused the extreme values observed. These latent damages can only be perceived after the
storage, causing a decrease in germination and vigor (Labbé, 2012). The increase in drying speed may cause an

increase in the incidence of cracks, both in the integuments and in the cotyledons and embryonic axis (Peske &
Villela, 2012).

During the 12 months storage in both Al, and A2 environments, the seeds preserved over 90% germination,
independently from the drying conditions. Seeds preserved in the A3 environment preserved high germination
only as dried at 40 °C and 50 °C (D2 and D3, respectively). Seeds preserved in the natural environment (D4) and

in the stove at 30 °C (D1) displayed a reduction of germination, reaching respectively 64%, and 25%, after the
12 months storage (Figure 4).
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Figure 4. Germination (%) of quinoa seeds submitted to different drying methods and storage environments, to
the storage time

Several authors have already described the influence of the storage environment on the germination of seeds.
Dias et al. (2016) claim, seeds of Jatropha curcas loose germination capacity as preserved in laboratory
conditions (23£3°C and 64+11% RH), but preserve it as stored in cold chamber (10+2 °C and 55+5% RH).
According to the authors, the storage in the cold chamber is the best form to store the seeds for 12 months.

The storage of seeds of Adzuki beans (Vigna angularis) at 25.4£3 °C and 67.3£3% RH cause a reduction in
quality, germination, size, and dry mass of the seedlings (Tavares et al., 2015). The physiological quality of
beans seeds (Phaseolus vulgaris) decreased after 18 months of storage under uncontrolled condition of
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temperature and humidity (Zucareli et al., 2015). The drying at 42 °C and the storage for eight months reduced
the physiological quality of pepper seeds (Silva et al., 2018).

Storage time increase also reduced the quality of seeds of Hymenaea stigonocarpa (Coradi et al., 2016). Zonta et
al. (2011) described the same decrease in the germination of the seeds of Jatropha curcas L. during 270 days of
storage after drying in stove at 33 °C and under the sun. The decrease in germination was associated with the
latent damages caused by the slow drying process.

Even the same, it is crucial to assess both abiotic (moisture content and temperature) and biotic factors (fungi
and pests) during the storage of the seeds. Both classes of factors may intensify the degradation process, acting

individually or in combination, and causing, in this form, irreversible losses in the product’s quality (Giorni et al.,
2008; Coradi et al., 2016).

3.4 Storage Fungi and Quality

In this work, there was no statistically significant interaction between the factors (drying conditions and the place
storage) for the percentage of infected seeds (IS), but there was for the storage periods. Figure 5 highlights the
significant differences between the different fungi contaminations observed.
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Figure 5. Incidence of contaminated seeds (A), and fungi (B) in quinoa seeds submitted to different methods of
drying and storage, at three assessing periods (0, 6, and 12 months)

The variations among the drying methods and storage environments did not influence significantly the quality of
seeds infected by fungi. However, the data showed significant effect of the storage period on the incidence of
fungi. Contamination by fungi displayed the highest value the beginning of the storage period, decreased along
the storage, reaching null in some treatments, at the end of the experimental period. The decrease of
contaminated seeds may be explained by the loss of viability of fungal spores and dormant mycelia during the
storage. As no abrupt increase in the moisture content of the seeds was observed, the multiplication of fungi was
hindered, decreasing, in this form the contamination. The storage at low moisture content (14%) in hermetic or
not hermetic conditions preserved the original quality of corn seeds, with low growth of fungi, even after months

of storage (Suleiman et al., 2018). Decreases in oat seed contamination have also been observed during storage
(Rupollo et al., 2006).

The most common genera of fungi found in this experiment were Aspergillus spp., Penicillium spp., Fusarium
spp., and Cladosporium spp. At the beginning of the experiment, we observed the highest incidence of
Cladosporium spp. (4.92%), followed by Fusarium spp. (4.46%). Also, at the second assessing time the genera
Cladosporium spp. (3.25%), and Fusarium spp. (2.79%) prevailed. At the last assessing time we observed the
highest incidence of Fusarium spp. (0.42%), Penicillium spp. (0.25%), and Aspergillus spp. (0.13 %) (Figure 5).
Our experiment detected other genera of fungi, but the lack of sporulation prevented their identification. Some
genera occurred with very low frequency, or just once, being, therefore, just quoted, as in the case of Alternaria
spp., Curvularia spp. Phoma spp., and Phomopsis spp.
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Guimaraes and Carvalho (2014) associated the presence of Cladosporium spp. in bean seeds, with their storage,
affecting their quality. Silva and Lourengo Jr. (2009) described similar pathogens in seeds of five other Brazilian
quinoa strains. Antonello et al. (2009) described the presence of the fungi Aspergillus spp., and Penicillium spp.
during the storage of corn seeds in plastic packages. Additionally, fungi of the genus Fusarium found in seeds of
quinoa have already been described as causing agents of damping-off (Drimalkova & Veverka, 2004).

It is crucial to point out that, due to their low incidence, in this experiment fungi did not influence the
germination of the seeds directly, mainly at the end of the storage period. Even the same, it is essential to pay
attention to the handling of the seeds to avoid or reduce the contamination, mainly due to their pathogenic
potential. Fungi may deteriorate the seeds or kill them before, or after the planting.

4. Conclusions

The Midilli model was efficient to describe the drying curves of quinoa seeds. Regardless of the drying
temperature, the storage environment influenced the loss of seed germination quality. There was a reduction in
the incidence of fungi with increasing storage time.
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