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ABSTRACT
The objective of the study was to determine the potential of instant coffee residue as material for
substrates in the production of amaranth and chia microgreens using the mixture experimental
design methodology. The residue was mixed with sand and sawdust following a simplex
centroid design. Sawdust was favorable for substrate aeration. Sand, sawdust, and coffee residue
mixture improved the water-holding capacity of the mixture (74 %), whereas a mixture of coffee
residue and sand resulted in an adequate pH substrate (6.7). Both, substrate bulk density and
particle size were observed to influence plant development. The formulation composed entirely
of sand (100%) demonstrated remarkable improvements in mean stem diameter, root length,
and hypocotyl height compared to other mixtures, establishing it as the best substrate for
amaranth and chia growth. This finding underscores the potential of this substrate to develop
an efficient and environmentally friendly growing medium for microgreens, thus contributing

to urban agriculture and sustainable organic waste management.

Keywords: Substrate, industrial coffee residue, mixture design, regression, microgreens.

INTRODUCTION
According to the United Nations, the world population is projected to reach
approximately 9.7 billion by 2050, with a significant concentration of this growth
occurring in urban areas. By 2050, it’s estimated that 68% of the global population will
reside in urban centers, compared to 55% today, adding an estimated 2.5 billion people
to urban populations (Porras and Gonzalez, 2016; Burgos, 2018). Population growth
implies a higher demand for food and living space leading to the loss of agricultural
land. The cultivation of microgreens is an alternative for fresh vegetable production
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that has recently gained interest given its minimal space and time requirements for
production in addition to its nutritional and sensory advantages (Di Gioia et al.,
2015). Microgreens are versatile in terms of cultivation, being able to be grown both
at home and at complex agricultural facilities. Ebert (2022) indicated that cultivation
of microgreens at home is completely viable. Nolan et al. (2018), pointed out that this
variety of methods allows for different types of substrates to be used for expanding the
options beyond conventional soil. Currently, peat moss, perlite, and coconut fiber have
been used as substrates for growing microgreens. However, these can be expensive or
difficult to access. The food industry produces organic waste when processing food.
For example, in the production of instant coffee, a large amount of roasted coffee bean
residues (spent coffee grounds) is generated after extraction. These coffee residues
(CR) have no clear use and are usually deposited on large plots until they decompose.
The use of mixture designs for the formulation of substrates can help identify a viable
combination of these residues blended with other materials for growing microgreens.
Coffee is one of the most popular beverages on the planet. Population growth
suggests that coffee production and consumption will continue to increase in the
future, including its by-products and residues. Its demand has grown significantly
in recent years due to several factors such as urbanization, and economic and social
development. Coffee is also one of the most important commodities in the international
trade (Murthy and Naidu, 2012). The International Coffee Organization (ICO) in
the 2023/2024 season projected a 5.8 % increase in world production, reaching 178
million 60 kg bags of parchment coffee (Johnson et al., 2021). In 2021, an increase in
coffee demand was observed, with an annual growth of 2.4 %. Regarding coffee in
Mexico, in 2016 there were consumed 87,300 Mg of roasted coffee beans, 35,339 Mg of
ground coffee and 47,344 Mg of instant coffee. Out of instant coffee production, it is
estimated that 45 % ends up as waste, which is equivalent to approximately 21,304.80
Mg (Euromonitor, 2017). Other coffee residues, such as husk and pulp (among others),
have traditionally been used for agricultural or industrial purposes, such as fertilizers,
animal feed, composting, or elimination of harmful substances to produce gibberellic
acid. However, these uses only take advantage of a minimal part of the available
residues (Antonio et al.,, 2021). Residues from the industrial production of instant
coffee (CR) have a high content of neutral detergent fiber (45.2 %), which includes
hemicellulose, cellulose and lignin-bound substances, and acid detergent fiber (29.8
%), consisting of cellulose and lignin (Vardon et al., 2013). These characteristics suggest
that it may be a viable substrate for microgreens production.

The production of microgreens has aroused interest in recent years. Their consumption
has increased due to their high nutritional and functional value, as they are rich in
phytochemicals, vitamins, and minerals (Kyriacou ef al., 2016). Microgreens stand out
for their superior nutritional profile and represent a significant innovation in the field
of fresh vegetables. A study by Di Gioia et al. (2015) examined twenty-five varieties
of these plants revealed that, compared to traditional vegetables harvested at their
optimum ripeness, microgreens contain significant antioxidant levels and vitamins
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such as C, E, and K, as well as carotenoids such as [3-carotene, lutein, and zeaxanthin,
that can be up to twelve times higher (Xiao et al., 2012). In addition, microgreens can
be sustainably produced and can be adapted to different cultivation systems. They can
be grown in greenhouses with hydroponic or soilless systems, or on a small scale at
home for self-consumption (Renna ef al., 2018). These advantages, together with their
attractive sensory properties, stimulate interest in their research.

The design of experiments with mixtures methodology is a variant of response surface
methodologies. It is a tool that allows for optimizing substrate formulations based on
specific objectives such as yield and plant development. Ceglie et al. (2015) successfully
used this methodology to identify a replacement for peat in tomato, melon, and lettuce
seedlings for transplanting. This methodology is based on varying the proportions
of the components that make up a mixture to determine the synergistic effect of a
combination of two or more components on a desired characteristic of the mixture.
The study by Salamanca et al. (2015) highlights the use of blend design to optimize the
manufacture of mango purees and contribute to the development of dairy products,
such as yogurt. This process was supported by the application of sensory testing
and experimental techniques for ingredient mixing. The objective of the study was
to evaluate the potential of instant coffee residue as material for substrates in the
production of amaranth and chia microgreens using the mixture experimental design
methodology.

MATERIALS AND METHODS

Materials

Pine wood sawdust used in the study was purchased from a lumberyard in Cérdoba,
Veracruz, Mexico, with a particle size of approximately 2 mm. Sand was purchased
from the local construction materials store in Cordoba, Veracruz, México. The residue
from the industrial production of instant coffee (CR) was donated by Café Tostado de
Exportacion (CATOEX) Cordoba, Veracruz, Mexico.

Amaranth (Amaranthus hypochondriacus L.) seeds, Laura variety, grown in 2022,
were purchased from a producer in Tlaxcala, Mexico. Chia seeds (Salvia hispanica L.)
were purchased from a local natural products store (Naturista, located in Cordoba,
Veracruz, Mexico).

Germination tests

According to the International Seed Testing Association (ISTA) the germination process
was performed using an inter-folded towel (Sanitas, Kimberly-Clark S. A. B. de C. V.
Mexico City, Mexico) which provided the necessary moisture for chia and amaranth
seeds. The seeds (100) were placed on the distilled water-saturated paper before being
rolled. The rolls were put in a polyethylene bag and stored at room temperature (26
°C) over a plastic tray. The first count was made on the third day visually identifying
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the germinated seeds. The germination percentage was calculated with the formula
(germinated seeds/total seeds) x 100. The test was performed in duplicate.

Chemical composition of mixture materials.

Chemical composition of coffee residue, sand, and sawdust (Table 1) used for the
substrate formulation was determined at the FYPA Soil Analysis Laboratory in
Fortin, Veracruz, Mexico. Moisture content, ashes, organic matter, total carbon, total
nitrogen, and carbon/nitrogen ratio were determined according to the NMX-FEF-
109-SCFI-2008 (DOF, 2008) standard. Minerals were determined using an Atomic
Absorption Spectrometer PERKIN ELMER A Analyst-400 (Shelton, Connecticut, USA).
Phosphorus was determined by UV-VIS using a PERKIN ELMER LAMBDA-25 UV-
VIS Spectrometer (Shelton, Connecticut, USA).

Table 1. Chemical composition of mixture materials.

Variable CR SN SD
Moisture (%) 2.33 0.0 15.5
Ashes (%) 0.78 98.0 0.25
Organic matter (%) 99.22 0.0 NA
Total carbon (%) 57.55 0.0 53.87
Total nitrogen (%) 0.90 0.0 0.35
Carbon/nitrogen ratio 63.94 0.0 153.9
Calcium (CaO) (%) 0.148 217 41.2
Magnesium (MgO) (%) 0.147 1.17 13.8
Sodium (Na,O) (%) 0.044 1.51 1.1
Potassium (K,0) (%) 0.159 0.0 26.5
Phosphorus (P,0,) (%) 0.017 0.18 3.9
Iron (Fe) (%) 0.0209 0.30 NA
Cupper (Cu) (%) 0.0050 0.0 NA
Zinc (Zn) (%) 0.0015 0.0 NA
Manganese (Mn) (%) 0.0036 0.0 NA

NA: Not available. SN=Sand, SD=Sawdust, CR=Coffee residue from industrial production
of instant coffee.

Conditioning of industrial production of instant coffee residue (CR)

Before using the residue from the industrial production of instant coffee in the
formulation of substrates for microgreens, a composting process was carried out to
stabilize it. The composting process was carried out for 3 months according to the
manual for aerobic composting (Navarro and De la Tierra, 2003).
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Formulation of substrates for microgreens

Formulation of substrates using sand, sawdust, and CR followed a simplex mixture
design with centroid. The proportions were based on weight. The codes assigned to
the formulations and the percentages of each ingredient are presented in Table 2.

Table 2. Substrate formulations for microgreens production.

. Sand Sawdust Coffee residue
Formulation Code (%) (%) %)
1 SN 100 0 0
2 SN/SD 50 50 0
3 SN/CR 50 0 50
4 SN/SD/CR 33.33 33.33 33.33
5 SD 0 100 0
6 SD/CR 0 50 50
7 CR 0 0 100

SN=Sand, SD=Sawdust, CR=Coffee residue from industrial production of instant coffee

Physical characterization of substrates

The characterization of substrates was carried out according to the Mexican Official
Standard NOM-021-RECNAT-2000 (DOF, 2002), which establishes the standards for
fertility, salinity, and soil classification. The analysis included the measurement of
porosity, aeration capacity, water retention capacity, bulk density, and particle density.
2.7. pH and electrical conductivity (EC) of substrates

A pH meter was used to determine the pH of a suspension formed by the substrate and
distilled water in a 1:2 ratio. To prepare the suspension, 30 g of substrate were weighed
and mixed with 60 mL of distilled water in plastic cups. The suspension was then
allowed to rest for at least 30 min and shaken again for 20 s before measuring pH with
a Thermo Scientific™ Orion™ 3-star pH meter (°2010 Thermo Fisher Scientific Inc.)
The electrical conductivity determination was carried out using a Hanna determinator
model HI 9811-5, following the same procedure for pH.

Substrate sterilization

Before placing the seeds on the substrates, they were sterilized. A steamer with a 70 L
capacity loaded with 2 L of water was used. Bags containing sand, sawdust, and CR
were heat-treated at 70-80 °C for one hour to reduce microbial contamination. Finally,
the ingredients were mixed according to Table 1 to formulate the substrates based on
the simplex design with centroid.

Microgreens growing
Microgreen cultivation took place in a greenhouse with a transparent plastic cover at
the Facultad de Ciencias Biologicas y Agropecuarias of the Universidad Veracruzana
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(18°51"38” N, 96° 54’ 10” W). In this setup, 55 cm x 28 cm x 6 cm trays were filled with
1.30 Kg of the substrate mixtures (formulations), reaching a height of 2.5 cm.

A disinfection solution was prepared with 1 L of water and 100 mL of chlorine (5 %
initial concentration) in a 2 L container. The seeds, weighing 121.5 g, were immersed
in this solution for 15 min, shaking them with a glass rod for an additional 5 min. They
were then sieved and washed with distilled water to remove chlorine residues and
dried at room temperature on absorbent paper. Nine grams of chia and amaranth seeds
were sown. Seeds were distributed over the substrates and covered with black plastic
layer for three days to facilitate germination (Di Gioia et al., 2015). After germination,
seedlings were nourished with a hydroponic SOLUPONICS® STANDARD A+B
UNIVERSAL hydroponic solution (INVERFARMS Hidroponia Querétaro, Mexico,)
applied daily by subirrigation (Di Gioia et al., 2017). The pH was adjusted to 6.0 with
nitric acid (65% purity) to neutralize the bicarbonates present. 0.054 mL L' of nutrient
solution was used for this condition. The electrical conductivity was adjusted to 2300
mS cm’. The resulting osmotic potential was -0.083 MPa. (Table 3).

Table 3. Composition of the nutrient solution.

. . Nutritional
Nutriment Soluponics formula Water analysis contribution
(mmol L) (mmol L) )
(mmol L)
NO; 15 0 15
NH; 1 0 1
PO, 2 0 2
K* 7 0 7
Ca* 5 1.23 6.23
Mg* 15 0.75 2.25
50} 2 0 2
HCO; 0 1.28 0.5
BO; 13.9
Fe-EDTA 28
Zn-EDTA 3.3
Cu-EDTA 1.7
Mn-EDTA 15.2
MoO}- 0.7

Microgreen growth assessment

The hypocotyl length of ten randomly selected seedlings per treatment was measured
every 24 h after germination for 15 days. A ruler in centimeters was used to measure
from the beginning of the hypocotyl to the cotyledonary leaves. Similarly, stem
diameter and root length were measured in centimeters using a vernier and a ruler
respectively every 24 hours for 15 days.
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Microbiological analysis

The microbiological quality of the culture media and the microgreens produced in
them were carried out according to NOM-113-SSA1-1994 (DOF, 1995) and NOM-110-
SSA1-1994 (DOF, 1994) standards. Random samples of 10 g of microgreens were taken
from each tray and from different substrates. Microgreens were cut with sterile scissors
and serially diluted in sterile water. Then, they were seeded in duplicate on bile red
violet agar for total coliform counts and on potato dextrose agar for fungal and yeast
counts. The plates were incubated at 35 °C for 24 + 2 h and 48 + 2 h, respectively.

Statistical analysis

To analyze the effect of the formulation (as a whole) on the substrate characteristics
(porosity, aeration, water retention, pH, EC, bulk, and particle densities), a completely
randomized experimental design was used. Mean comparisons were performed using
Tukey’s test. Further analysis to identify the impact of formulation ingredients on
physicochemical characteristics of substrates according to the mixture design were
analyzed using a second-order mathematical model as follows.

Y:ﬁlxl + ﬁZXZ + ﬁ3X3 + ﬁlZXIXZ + ﬁ13XlX3+ 1823X2X3 +E.

Where: Y= the response variable (porosity, aeration, water retention, pH, EC, bulk, and
particle densities); X1= proportion of sand in the mixture; X2 = proportion of sawdust
in the mixture; X3 = proportion of coffee residue in the mixture, and € = the error term.
A factorial design with three factors: species (2 levels: amaranth and chia), formulation
(7 levels = 7 formulations), days (15 levels) was used to analyze the evolution in the
growth of microgreens of both species (chia and amaranth) through time.

All statistical analyses were conducted using a significance level a=0.05 in R software
ver. 4.3.2 with the integrated development environment R Studio ver. 2023.12.1.

RESULTS AND DISCUSSION

Germination tests

The amaranth germination percentage was 90 % after 72 h. According to Wang et
al. (2023), amaranth has a high germination capacity at moderate temperatures.
According to his results, 80-90 % of seeds germinated between 19 and 28 °C after
72 h. As for the germination percentage in chia, 93 % germinated after 72 h at room
temperature. Differences in germination percentage between species could likely be
due to genetic differences.

Physical characteristics of substrates
Table 4 shows the physical characteristics of the different formulations. The highest
values of porosity were found in the formulations SN/SD/CR, SD, and CR. As expected,



Agrociencia 2025. DOI: https://doi.org/10.47163/agrociencia.v59i5.3439
Scientific Article 8

Table 4. Results of physical analysis of substrates.

. . Porosi Aeration Water retention Bulk densi Particle densit
Formulation  Mixture (%) v capacity (%) capacity (%) Mg m‘3)ty (Mg m?) !
1 SN 40.05+0.07¢ 10.10+0.14° 29.95+0.07¢ 0.79+0.90° 2.63+0.042
2 SN/SD 59.15+1.48¢ 11.00+1.41° 49.45+1.06¢ 0.52+0.042 2.15+0.07°
3 SN/CR 50.20+0.144 15.15+7.28° 35.05+7.424 0.64+0.132 2.30+0.28%
4 SN/SD/CR 85.05+0.072 10.20+0.14° 74.85+0.072 0.38+0.19° 1.48+0.06°
5 SD 80.90+0.572 30.45+0.64° 50.45+1.20b° 0.16+0.03° 2.17+0.04%
6 SD/CR 70.05+0.07° 20.15+0.07% 49.90+0.14¢ 0.26+0.05° 1.34+0.06°
7 CR 82.75+3.46% 20.20+0.14% 62.55+3.61 0.45+0.06° 0.44+0.05¢
Pr(>F) <0.0001* <0.0001* <0.0001* <0.0001* <0.0001*

Mean of three replicates + standard deviation. *Significant a= 0.05. Means within the same column followed by different
letters are significantly different (Tukey, P < 0.05). SN=100 % sand; SD/SN=50 % sawdust+50 % sand; SN/CR=50 % sand +
50 % residue from industrial production of instant coffee; SN/SD/CR= 33.3 % sand + 33.3 % sawdust + 33.3 % residue from
industrial production of instant coffee; SD= 100 % sawdust; CR/SD= 50 % residue from industrial production of instant
coffee + 50 % sawdust, CR= residue from industrial production of instant coffee 100 %.

the formulation composed of 100 % sand had the lowest porosity value. Martinez and
Roca (2011) reported that organic substrates typically exhibit porosity values above
85 %. This parameter is critical to ensure adequate aeration and water retention in
the substrate which are essential factors for optimal plant development. Regarding
aeration capacity, the highest value was observed for the SD formulation, whereas the
lowest values corresponded to the SN, SD/SN, CR/SN and SN/SD/CR formulations.
According to Martinez and Roca (2011), the optimum range of aeration capacity is
between 20 and 30 %; presented by CR, SD/CR and SD formulations. The formulations
for water retention in substrates revealed significant data. The SN/SD/CR formulation
showed the highest value, highlighting its efficiency in water retention. On the other
hand, the SN formulation registered the lowest water retention and, the general
range of water retention oscillates between 29.95 and 74.85 %. The SD formulation
presented the lowest bulk density value, whereas the SN formulation showed the
highest value. The results obtained in the measurement of the particle density of the
substrates indicate that the SN formulation had the highest real density. The results
are consistent with the parameters published by Martinez and Roca (2011), except in
the case of the CR formulation.

Chemical properties of substrates

Chemical properties of substrates are presented in Table 5. The formulations were
found located in an acidic pH range. According to Di Gioia et al. (2015), a suitable
substrate for the cultivation of microgreens should have a pH ranging between 5.5 and
6.5. In addition, it is crucial that the electrical conductivity is less than 500 mS cm?,
thus indicating that the amount of nutrients present in the substrate is not excessive
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Table 5. Chemical properties of substrates.

. . Electrical conductivit
Formulation Mixture pH ectrica’ conduchivity

(mS cm™)
1 SN 5.53+0.09¢ 0.62+0.02e
2 SN/SD 5.80+0.11bc 92.10£0.14a
3 SN/CR 6.70+0.18a 11.00+0.00de
4 SN/SD/CR 5.61+0.10bc 103.00+1.41a
5 SD 5.72+0.04bc 27.50+2.12cd
6 SD/CR 5.81+0.02%¢ 38.00+16.97bc
7 CR 5.96+0.06° 59.00+0.00b

Pr(>F) <0.0001* <0.0001*

Mean of three replicates + standard deviation. *Significant a= 0.05. Means within the same
column followed by different letters are significantly different (Tukey, P < 0.05). SN=100 % sand;
SD/SN=50 % sawdust+50 % sand; SN/CR=50 % sand + 50 % residue from industrial production
of instant coffee; SN/SD/CR= 33.3 % sand + 33.3 % sawdust + 33.3 % residue from industrial
production of instant coffee; SD=100 % sawdust; CR/SD=50 % residue from industrial production
of instant coffee + 50 % sawdust, CR=residue from industrial production of instant coffee 100 %.

and that it has the right conditions for healthy microgreens growth (Di Gioia et al.,
2015). All the formulations used in this study were found to have an adequate EC.

The simplex coordinate system in mixture design allows for visual identification of
the change in the property of interest as a function of the ingredient proportions in
the mixture (Figure 1). In the case of porosity (Figure 1a), the evenly spaced lines in
the triangle suggest that soil porosity was homogeneously distributed but decreased
when increasing the sand content in the mix. This is reasonable given that sand is a
compact and dense material whereas sawdust and CR are more porous. According
to Moreno-Reséndez and Valdés-Perezgasga (2005), the use of sand in combination
with vermicompost is effective in replacing other substrates. They found that
vermicompost mixed with different levels of sand resulted in a rich and complete
nutritional composition capable of integrally satisfying the nutritional needs of plants
during their development. This alternative also promotes healthy plant growth due to
the diversity of essential nutrients it offers. In case of aeration (Figure 1b), a clustering
of curved lines towards sawdust indicated a rapid increase in substrate aeration.
Regarding water retention (Figure 1c), a reduced variability was found increasing
gradually towards sawdust and CR content. According to Morales-Maldonado and
Casanova-Lugo (2015) sawdust particle size has a significant impact on air porosity
and water holding capacity. Depending on their size, they can increase porosity while
reducing water holding capacity, or vice versa. Formulation SN showed an increase in
bulk density with a value of 0.8. On the other hand, formulation 5 with SD indicates
a lower particle density, as shown by the clustering of lines near the lower vertex,
reflecting lower values in this measure, specifically a value of 0.2. It is common to
observe that as particle size decreases, both bulk and particle densities tend to increase.
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Figure 1. Use of the Simplex Coordinate System for Visualization of the impact of ingredients
on the physicochemical characteristics of substrates. SN=100 % sand; SD/SN=50 % sawdust+
50 % sand; SN/CR=50 % sand + 50 % residue from industrial production of instant coffee; SN/
SD/CR= 33.3 % sand + 33.3 % sawdust + 33.3 % residue from industrial production of instant
coffee; SD=100 % sawdust; CR/SD= 50 % residue from industrial production of instant coffee +
50 % sawdust, CR= residue from industrial production of instant coffee 100 %.
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This is because smaller particles can settle more densely and reduce the proportion of
pores between them, resulting in a higher bulk density value.

In relation to pH, an increase (6.5) in this value was found to be oriented towards a
combination of 50 % sand and 50 % CR (Formulation 3) and a lower value (5.7) towards
the sawdust content in the mixture. This effect is attributed to the presence of acidic
compounds in the mixture that have an adverse impact on complete plant growth.
Regarding electrical conductivity, the lowest values were found in formulation SN (100
% sand) whereas the highest values were found in formulation SN/SD/SR composed
of 33.3 % sand + 33.3 % sawdust + 33.3 % residue from industrial production of instant
coffee.

Microgreen growth

In general, it was found that the substrate formulation significantly influenced
microgreen growth variables such as stem diameter, root length and hypocotyl height
(Table 6) with p values less than 0.0001.

In formulation SN showed a stem diameter of 0.21 mm, which was significantly
different compared to formulations SN/SD, SN/CR and CR. In addition, the root
length of formulation SN was 2.34 cm, marking a difference with formulations SN/
CR, SN/SD/CR and CR. These differences may be indicative of how each formulation
affects plant development in different aspects of growth. The hypocotyl height of
formulation SN was 3.01 cm, also distinguishing it from formulations SN/SD, SN/CR
and CR. These results suggest that formulation SN has a unique effect on plant growth,
which could be crucial to better understand the influence of formulation variables on
plant morphology.

Table 6. Average growth variables by formulation.

Formulation Mixture Stem diameter Root length Hypocotyl height
(mm) (cm) (cm)
1 SN 0.21+0.11a 2.34+1.09a 3.01+1.24a
2 SN/SD 0.08+0.04bc 1.83+1.16b 1.29+0.78b
3 SN/CR 0.07+0.05cd 0.98+0.94c 0.77+0.66¢
4 SN/SD/CR 0.10+0.02b 2.35+1.11a 1.44+0.64b
5 SD 0.09+0.05b 2.05+1.27ab 1.22+0.61b
6 SD/CR 0.09+0.03b 1.80+1.12b 1.27+0.69b
7 CR 0.05+0.05d 0.91+1.04c 0.75+0.78¢
Pr(>F) <0.0001* <0.0001* <0.0001*

Mean of three replicates, standard deviation. *Significant a= 0.05. Means within the same column
followed by different letters are significantly different (Tukey, P < 0.05). SN = 100 % sand; SD/SN=
50 % sawdust+50 % sand; SN/CR=50 % sand + 50 % residue from industrial production of instant
coffee; SN/SD/CR= 33.3 % sand + 33.3 % sawdust + 33.3 % residue from industrial production of
instant coffee; SD=100 % sawdust; CR/SD=50 % residue from industrial production of instant coffee
+50 % sawdust, CR = residue from industrial production of instant coffee 100 %.
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This pattern was confirmed from a multivariate perspective (Figure 2) where it was
found that, according to the map of individuals (Figure 2a), formulation SN was
located far away from the other formulations in the highest position of dimension 1,
which represents the highest variability (84.23 %). Formulations SN/SD, SN/SD/CR,

Dim 2 (11.73%)
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Figure 2. Comparison between species in terms of formulations and growth variables. SN=100
% sand; SD/SN=50 % sawdust+50 % sand; SN/CR=50 % sand + 50 % residue from industrial
production of instant coffee; SN/SD/CR= 33.3 % sand + 33.3 % sawdust + 33.3 % residue from
industrial production of instant coffee; SD=100 % sawdust; CR/SD=50 % residue from industrial
production of instant coffee + 50 % sawdust, CR= residue from industrial production of instant
coffee 100 %.
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SD, and SD/CR also clustered in a central position of dimension 1. These formulations
were characterized by being located towards the sawdust content in the mixture in the
simplex coordinate system. Finally, formulations SN/CR and CR were in the lowest
position in dimension 1 and are those oriented towards CR content. Regarding the
correlation between variables (determined by the angle formed by these variables in
Figure 2b), it was similar for both species. Hypocotyl height and stem diameter were
found tobe closely correlated, whereas the correlation of these variables with rootlength
was lower. These results suggest that both species had higher growth of hypocotyl and
stem diameter in the substrate composed only with sand whereas formulations SN/SD,
SN/SD/CR, SD, and SD/CR had higher root growth in the formulations composed with
sand and sawdust. Mineral nutrition from chemical sources, such as Steiner solution,
becomes truly relevant and is utilized by seedlings once the first true leaves appear and
metabolism shifts to autotrophic. Before this point, application of the nutrient solution
has little effect and can be counterproductive if used at normal concentrations. In the
case of chia (Salvia hispanica L.), the appearance of true leaves occurred between 7
and 14 days after sowing. In amaranth (Amaranthus hypochondriacus L.), this occurred
between 15 and 17 days. Once the true leaves have appeared, the nutrient solution
may have the following influence: promoting a more robust and less etiolated stem;
the roots will develop and branch more; and the hypocotyl will be shorter and more
robust. According to Table 2, if substrates containing coffee grounds (CR) and pine
sawdust (SD), as well as their formulations, were watered only with water after the
first true leaves appeared, the seedlings would grow more than those using sand as a
substrate, due to the elements contained in each.

The magnitude of the differences in the growth variables is presented in Table 7. The
values for chia indicate that this species had a significantly higher stem diameter than
amaranth. For root length, chia significantly exceeded the amaranth in this variable.
For hypocotyl height, as with the other variables, chia has a significantly higher
hypocotyl height than amaranth. These data suggest that chia tends to have more
robust growth compared to amaranth under the study conditions.

Figure 3 shows the effect of significant interactions among factors (time, formulation,
and species) for growth variables. Figure 3a shows that formulation SN favored an
increase in stem diameter, reaching 0.3 mm, in contrast to the other formulations that

Table 7. Comparison of growth variables by species.

Species Stem diameter Root length Hypocotyl height
(mm) (cm) (cm)
Amaranth 0.09+0.07° 1.29+0.97° 1.22+0.96°
Chia 0.11+0.072 2.21+1.292 1.56+1.132
Pr(>F)* <0.0001 <0.0001 <0.0001

*Mean of three replicates + standard deviation. Means within the same column followed by
different letters are significantly different (Tukey, P <0.05).
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Figure 3. Growth variables of microgreens in amaranth and chia as a function of significant interactions (Tukey, P < 0.05)
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remained at 0.1 mm. In Figure 3b, formulations SN, SN/SD/CR and SD, promoted
root growth in the chia species, reaching 2 to 3 cm, whereas formulations SN/CR and
CR were not as effective. In the case of amaranth, formulations SN and SN/SD/CR
promoted root growth of 2 cm. Figure 3c revealed that, overall, formulations SN and
SN/SD/CR promoted more pronounced root growth over time, with roots reaching
3 cm, comparatively superior to the other formulations that ranged between 1 and 2
cm in length. The decrease in root length concurs with the appearance of true leaves,
which could encourage their branching. This can be attributed to the physical and
chemical characteristics of each of the substrates evaluated, which plays an essential
role in plant development. Figure 3d shows that chia had higher root length with
values between 2 and 3 cm, surpassing amaranth, which root length varied in a range
of 1 to 2 cm. Figure 3e formulation SN proved to be the most effective achieving
hypocotyl growth between 2.5 and 3 cm in the species tested (amaranth and chia),
in contrast to formulations SN/CR and CR, where the growth was less than 1 cm.
According to Figure 3f, the same formulation SN excels in terms of hypocotyl height
of the microgreens, achieving 4 cm, whereas formulations SN/SD, SN/SD/CR and SD
present a height of 2 cm. These results agreed with the study of Flores-Pacheco et
al. (2016) who found the increase in plant height is due to the capacity of the sand
substrate to retain nutrients. Sand allows for a better accumulation of nutrients that
are essential for microgreen growth. This is due to high nutrient retention of sand in
hydroponic systems is due to a combination of surface nutrient uptake by the sand
particles; precise control of irrigation and nutrient solution delivery; and rapid root
uptake that prevents excessive leaching. Under overwatering conditions, its retention
capacity will be limited.

Microbiological analyses

Microbiological results (Table 8) showed that formulations SN/SD/CR and SD had
high levels of bacterial CFU. On the other hand, formulation SN registered the lowest
number of bacteria. A notable presence of fungi was observed in the formulation
SN/SD/CR, with a count of 40.45 X102 CFU g'. This increase could be related to the
high-water retention shown in Table 1. So, this could create optimal conditions for
fungi growth. Regarding microgreens, chia microgreens showed a microbial density
of 127.09 X 10®® CFU g, whereas amaranth microgreens showed a lower density
with 11.02 X 10 CFU g™. These findings are consistent with Chandra et al. (2012)
who indicate that bacteria can easily grow in young and delicate tissues such as
those of microgreens. It has also been noted that bacterial growth can be stimulated
by sugars and other organic substances released during endosperm decomposition
at germination. According to the regulatory framework proposed by the U. S.
Environmental Protection Agency (EPA) and the European Union (EU), the tolerance
for total coliforms is 100 UFC g* (Alimentarius, 2003). In a study Castagnino et al.
(2020) found that ‘rapini’ (Brassica rapa L.) sprouts may contain high levels of bacteria
due to the organic media used in their cultivation. These bacteria can cause a disease



Agrociencia 2025. DOI: https://doi.org/10.47163/agrociencia.v59i5.3439
Scientific Article

16

Table 8. Microbiological analysis.

Formulation Mixture MO(I(;:)U re (}[3;15 (t:e 1;_?) (Ilj;ggg_l)
1 SN 13.52 14.45X 10 Negative

2 SN /SD 53.00 51.22 X102 Negative

3 SN /CR 45.59 31.43 X 10% Negative

4 SN/ SD /CR 45.62 98.38X 10° 40.45 X10?

5 SD 78.53 81.27 X 103 Negative

6 SD/CR 56.88 27.48 X 103 Negative

7 CR 46.84 39.31 X103 Negative

Chia microgreens 93.75 127.09 X 103 Negative

Amaranth microgreens 89 11.02 X 103 Negative

SN=100 % sand; SD/SN=50 % sawdust+50 % sand; SN/CR=50 % sand + 50 % residue from industrial production
of instant coffee; SN/SD/CR= 33.3 % sand + 33.3 % sawdust + 33.3 % residue from industrial production of
instant coffee; SD=100% sawdust; CR/SD= 50 % residue from industrial production of instant coffee + 50 %

sawdust, CR= residue from industrial production of instant coffee 100 %.

known as soft rot which significantly reduces the shelf life of these fresh vegetables
and may favor the development of pathogens.

CONCLUSIONS

The use of experimental mix design methodologies to optimize substrate composition
is a strategy that has proven to be effective. The mixture with a higher percentage of
sand shows a decreased in porosity. Sawdust improved the aeration of the substrate,
although this also led to an increase in the variability of water retention capacity,
particularly when the proportion of sawdust and CR increased in the mixture. With
respect to pH, a balanced mixture of 50 % sand and 50 % CR resulted in an adequate pH
of 6.7 for microgreens production. This study revealed that the best substrate for chia
and amaranth microgreen growth was sand when irrigated with a nutrient solution.
Coffee residue seemed not to be adequate for growing chia or amaranth microgreens.
However, the possibility of combining it with other materials to improve its properties
is a promising avenue that deserves further research. This sustainable approach not
only facilitates waste management, but also promotes the production of local, fresh,
and nutritious food, thus supporting a more sustainable and efficient agriculture.
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