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SUMMARY

Background: The sexual propagation of Cocoa (Theobroma cacao L.) has some limitations to preserve some desirable
agronomic characteristics in successive generations. Objective: To evaluate the effect of a chitosan based-formulation
(Quitomax®) on morpho-physiological, rooting attributes and benefit-cost ratio of two cocoa varieties during
vegetative propagation. Methodology: The experimental design was completely randomized with a factorial
arrangement (A x B), where A represented the two clones and B the three concentrations of chitosan based formulation
used (0, 100, 500 and 1000 mg L), with three repetitions. per treatment. The survival (%), the stem diameter (mm),
the number of leaves, the number and length (cm) of roots, the biomass (g), the gas exchange (A, gs, Ci, E), and an
economic analysis of the two cocoa plant varieties were evaluated at 120 days after starting the trial. Results: The
clone CCN-51 treated with 500 mg L™ had significantly the highest results on survival (80%), stem diameter (6.83
mm), number of leaves per plant (8.2), number and length of roots (6.21 and 35.74 cm), aerial and root biomass (4.07
g and 1.64 g) parameters. In gas exchange, the highest values of Water use efficiency (WUE) were observed at 500
mg L in CCN-51 (5.36 mmol mol) and 12000 mg L™t in INIAP-EETP-801 (7.62 mmol pumol?). In both clones, higher
profitability was obtained when applying the chitosan dose of 500 mg L%, reaching profitability of 40.65 and 50.00%
for clones INIAP-EETP-801 and CCN-51, respectively. Implications: The cocoa clone CCN-51 showed plants that
exhibited greater development of both the aerial part and the root part of the cocoa seedlings than INIP-EETP-801
coca clones. Conclusion: The chitosan based formulation at 500 mg L is a promissory alternative to improve the
evaluated parameters after 120 days of cocoa vegetative propagation.
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RESUMEN

Antecedentes: La propagacion sexual del Cacao (Theobroma cacao L.) tiene algunas limitaciones para conservar
algunas caracteristicas agrondmicas deseables en generaciones sucesivas. Objetivo: Evaluar el efecto de una
formulacién a base de quitosano (Quitomax®) sobre los atributos morfo-fisioldgicos, de enraizamiento y relacion
costo-beneficio de dos variedades de cacao durante la propagacion vegetativa. Metodologia: El disefio experimental
fue completamente al azar con arreglo factorial (A x B), donde A represent6 los dos clones y B las tres concentraciones
de formulacién a base de quitosano utilizadas (0, 100, 500 y 1000 mg L), con tres repeticiones por tratamiento. Se
evaluaron la supervivencia (%), el diametro del tallo (mm), el nimero de hojas, el nimero y longitud (cm) de raices,
la biomasa (g), el intercambio gaseoso (A, gs, Ci, E), y un analisis econémico en las dos variedades vegetales de cacao
a los 120 dias de iniciado el ensayo. Resultados: El clon CCN-51 tratado con 500 mg L* tuvo resultados
significativamente mas altos en supervivencia (80%), didmetro de tallo (6.83 mm), nimero de hojas por planta (8.2),
nimero y longitud de raices (6.21 y 35.74 cm), parametros de biomasa aérea y radicular (4,07 g y 1,64 g). En
intercambio gaseoso, los mayores valores de eficiencia en el uso del agua (EUA) se observaron a 500 mg L en CCN-
51 (5.36 mmol mol™?) y 1000 mg L en INIAP-EETP-801 (7.62 mmol pmol). En ambos clones se obtuvo mayor
rentabilidad al aplicar la dosis de quitosano de 500 mg L™, alcanzando una rentabilidad de 40.65 y 50.00% para los
clones INIAP-EETP-801 y CCN-51, respectivamente. Implicaciones: El clon de cacao CCN-51 mostr6 plantas que
exhibieron mayor desarrollo tanto de la parte aérea como de la parte de la raiz de las plantulas que los clones de cacao
INIP-EETP-801. Conclusion: La formulacién a base de quitosano a 500 mg L-1 es una alternativa promisoria para

mejorar los pardmetros evaluados luego de 120 dias de propagacion vegetativa del cacao.
Palabras clave: propagacion asexual; bioestimulantes; Quitomax®; Cacao; esquejes de tallo.

INTRODUCTION

Cocoa (Theobroma cacao L.) is an important
worldwide crop, and it grows in tropical areas from
Africa, Asia and America (Nair, 2021). Cocoa is
cultivated by approximately 6 million farmers in
countries such as Brazil, Cameroon, Colombia,
Dominican Republic, Ecuador, Ghana, Indonesia, and
Peru with a world production in 2020-2021 of 5.2
million tons (Wainaina et al., 2021). In Ecuador, its
production is located in 23 of the 24 provinces and is
produced as a monoculture or associated with other
species (Ledn-Bravo and Jaramillo-Villacrés, 2021).
Cacao bheans are the fundamental ingredient for
chocolate food products, and additionally, as a
formulation ingredient for pharmaceutical and
cosmetic industries (Predan et al., 2019).

Cacao plants can be sexually (seed) or asexually
propagated (grafting, cuttings, air layering, and tissue
culture) (Garcia et al., 2018). Nonetheless, sexual
propagation by botanical seeds has some limitations
due to cross-pollination or allogamy which difficult to
preserve some desirable agronomic characteristics in
successive generations (Hernandez and Granados,
2021). Thus, asexual vegetative propagation is a better
alternative to obtain identical and desirable
characteristics from their predecessors such as
resistance to pests and diseases and high yield
(Véasquez-Zamora et al., 2022). This propagation is
done through meristematic tissue that contains
undifferentiated cells that can give rise to the organs
required to form a new plant (Garate-Navarro et al.,
2017). Many countries in South America such as
Brazil, Colombia, Costa Rica, and Ecuador have

cultivated cocoa by air layering and grafting
propagation techniques, however, these are time-
consuming and can lead to tissue incompatibility
(Laliberté and End, 2015). As consecuence, the search
for alternative methodologies that guarantee the
successful propagation of selected cocoa plants is still
ongoing (Essola-Essola et al., 2017). Stem cuttings are
a promissory propagation technique because of their
quick an efficient performance (Reyes-Pérez et al.,
2021). The propagation of cocoa clones by stem
cuttings depends on the development of adventitious
roots from the pericycle region at the stem base just
above the cut and treating them with phytoregulators
to promote root initiation (Junior et al., 2017).

Biostimulants are natural preparations that increase the
efficiency of nutrient utilization and tolerance to
abiotic stress and improve the quality of crops (Drobek
et al., 2019). Chitosan is a biopolymer with confirmed
bio-stimulatory activity in several crops (Shahrajabian
et al., 2021). Chitosan is chemically structured by
multiple sub-units of D-glucosamine and N-acetyl-D-
glucosamine with 1,4-glycosidic bonds (Kou et al.,
2021). Since it is classified as GRAS (generally
recognized as safe), easy plant absorbed, and
inexpensive has gained great relevance to agronomic
purpose (Hidangmayum et al., 2019). The initial
application of chitosan in agriculture is related to its
elicitor effect by stimulating the biosynthesis of
molecules against phytopathogens (Chouhan and
Mandal, 2021). It increased photosynthetic activity,
tolerance to abiotic stressors (high temperatures,
salinity, and drought) and the overexpression of
defensive genes and antioxidant enzymes (Jogaiah et
al., 2020). Chitosan also is a plant growth and root
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length promoter by increasing nutrient uptake and
serving as secondary carbon source (Chouhan and
Mandal, 2021).

There are many proved applications of chitosan
effectiveness in agriculture; however, it is important to
remark that the obtained results are not similar because
different factors such as methodological approaches
and chitosan chemical composition. For all the
mentioned above, the main objective of this research
was to evaluate the effect of a chitosan based
formulation on morpho-physiological and rooting
attributes of CCN-51 and INIAP-EET-801 cocoa
varieties during vegetative propagation. Also, the
economic feasibility of the chitosan-based formulation
treatments were evaluated.

MATERIALS AND METHODS
Experimental site and general conditions

This research was established at the Faculty of
Agricultural Sciences of the State Technical University
of Quevedo, located between the geographic
coordinates of 01° 06" S and 79° 27' W, at an altitude of
73 meters. The soil has an irregular topography with
little slope, loamy-clayey texture, with a pH of 5.5-7.5
and regular drainage (Reyes-Pérez et al., 2021). The
ecological zone where the experiment was established
is classified as tropical humid forest (INAMHI, 2021).
The average temperature during the period of the
experiment was 24.8 °C; average relative humidity of
84%, total precipitation of 1587.5 mm/year and a total
heliophany of 894.4 hours/light/year (INAMHI, 2021).

Material collection and preparation of cuttings

Cocoa cuttings of 35 days old were used, from clones
CCN-51 and INIAP-EETP-801 from the germplasm
bank of the National Institute of Agricultural Research
(INTAP). Shoots were collected in the morning (before
8 am) from the midle area of cacao tree crowns
(Vazquez-Zamora et al., 2022). Prior to harvesting
cuttings, hands and tools (pruning shears and razor)
were disinfected with a 1% sodium hypochlorite
aqueous solution. The cuttings were obtained from
shoots originating in the 4th or 5th lateral stem, cutting
15 + 2 cm from it. To obtain it, a cut was made in the
stem just below each node, in addition to making a
cross-shaped cut at the base of each cutting. All
collected shoots had active axillary buds and were
transported to the propagation greenhouse in an
icebox, to minimize the physiological stress of the
tissues (Vazquez-Zamora et al., 2022).. Before the
application of the chitosan based formulation, cuttings
were immersed in a 1% NaClO solution for 1 minute.
Immediately, after rinsing with distilled water, they
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were placed on a sterile tray to allow the evaporation
of excess water (Vazquez-Zamora et al., 2022)..

Chitosan based formulation

As a source of chitosan, the biostimulant Quitomax®
(RFC 010/17, central registry of fertilizers of Cuba)
was used, which is a mixture of chitosan biopolymers
and chemical salts with a broad spectrum of
application in crops, obtained by the group of products
bioactive products from the National Institute of
Agricultural Sciences of Cuba (INCA) in 2017. The
chitosan in this product has a molar mass of 100 kDa
and an acetylation degree of 13.7%.

Treatments and experimental design

The experimental design was completely randomized
with a factorial arrangement (A x B), where A
represented the two clones (CCN-51 and INIAP-
EETP-801) and B the three concentrations of chitosan
based formulation used (0, 100, 500 and 1000 mg L-
1), with three repetitions. per treatment. The 0
treatment was used as control. Ten cuttings per
replicate were used for a total of 240 cuttings in the
experiment. The plants were treated by immersing the
base of the cuttings for 30 minutes in Quitomax®
concentrations, and subsequently transferred to 1 kg
polyethylene bags with 25% sterile sand and 75%
Sogemix commercial substrate (75% Sphagnum spp.,
25% vermiculite and limestone) (Vazquez-Zamora et
al., 2022). The plants were stored in a grow house and
covered with plastic at 80% relative humidity and
temperatures of 26-34 °C during the day throughout
the rooting phase. Daily irrigations were carried out
up to field capacity, thus avoiding water stress in the
plants.

The survival (%), the stem diameter (mm), the number
of leaves, the number and length (cm) of roots, the
biomass (gr), the gas exchange parameters (A = net
photosynthetic rate; E = transpiration rate; gs =
stomatal conductance; Ci= intercellular concentration
of CO,; WUE = water use efficiency), and economic
analysis (Benefit-cost ratio) of the two cocoa plant
varieties were evaluated at 120 days after starting the
trial. The stem diameter and root length were measured
using a digital caliper. The number of leaves and roots
per plant was determined by simple counting
performing. The biomass of the total plant was
determined with an analytical balance. Once the fresh
weight of the plants was obtained, each type of
biomass was placed in paper bags and taken to a drying
oven at a temperature of 80 °C for 72 hours until
completely dehydrated. Subsequently, it was weighed
on the analytical balance (USS-DBS83, USA) and the
weight was expressed in grams of dry plant matter. The
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Gas exchange parameters were measured in six
individuals in clones of CCN-51 and INIAP-EETP-
801, subjected to different concentrations of chitosan
(n = 6); by use of a portable infrared gas analyzer
(CIRAS-II, PP Systems Inc., Amesbury, MA). All
measurements were made on fully expanded and
healthy adult leaves (third leaf from the apex), under
the following conditions: CO2 concentration of 400
10 umol mol-1, leaf temperature of 28.0 + 1 °C, a AW
of 2.4 £ 0.5 KPa and a photosynthetic photon flux
density (PFD) of 1000 + 50 umol m-2 s (light was
provided by an LED-based light unit from the same
manufacturer). Instantaneous water use efficiency
(WUE) was estimated as:

WUE = = 1)
Where:

A: Net photosynthesis rate

E: Water use efficiency of two cocoa clones subjected
to different concentrations of chitosan.

Measurements were made randomly between 0800 and
1200 h in all plants. Also, an Economic analysis
(USD) was performed considering the costs of each of
the treatments under study, and the income generated
by the sale of 1000 seedlings, to then find the
benefit/cost ratio using the formula:

B_ I.B )
cC C.T.P (2)
Where:

B/C: Benefit-cost ratio
1.B.: Gross Income
C.T.P.: Total cost of production

Statistical analysis

The data were subjected to the Kolmogorov-Smirnov
normality test (Massey, 1951) and the homogeneity of
variances according to the Bartlett criterion (Bartlett,
1937). Analysis of variance and multiple comparison
of means were performed using Tukey's test with a
significance level of 5% (a = 0.05). Statistical data
were processed using the statistical program Statistica
v.12.0 (Statsoft).

RESULTS
Survival percentage

The survival of seedlings of the two cocoa clones in
response to the application of different doses of
chitosan is presented in Table 1. The analysis of
variance determined that the varieties and doses of
chitosan reached high statistical significance, while
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they did not obtain statistical significance for the
interactions.

Among the cocoa clones, CCN-51 registered the
highest percentage of survival with 61.67%,
statistically superior to the INIAP-EETP-801 clone,
which presented 55.83% of live plants. When applied
in doses of 500 mg L, Chitosan obtained a higher
percentage of seedling survival with 76.67%, showing
significant differences with respect to the other doses
that registered values between 38.33 and 65.00%. The
comparison of the interactions showed that when the
clone CCN-51 is combined with the dose of 500 mg L-
!, a higher percentage of survival is obtained with
80.00%, without statistically differing from the
interactions INIAP-EETP-801 + 500 mg L* and
INIAP-EETP-801 + 1000 mg L, which presented
values of 73.33 and 66.67%, respectively. The
mentioned interactions statistically surpassed the
others that showed percentages of seedling survival
between 33.33 and 63.33%, being the interaction
INIAP-EETP-801 + 0 mg L™, the one that presented
the lowest survival.

Stem diameter

In Table 1, the diameter of the stem of cocoa seedlings
from the planting of cuttings is presented. In the
following evaluations at120 days, it was observed that
statistical significance was recorded at 99.00%. At 120
days of age of the seedlings, the clones reached
significant  differences, the  highest  value
corresponding to clone CCN-51 (6.41 mm). The dose
of chitosan, 500 mg L%, showed a larger diameter with
6.62 mm, without differing from the dose of 1000 mg
L? (6.46 mm), statistically superior to the two
remaining doses that showed values below 6.11 mm.
In the case of interactions, CCN-51 + 500 mg L*
presented a higher average with 6.83 mm, without
differing from the interactions CCN-51 + 1000 mg L
(6.60 mm) and INIAP-EETP-801 (6.41 mm),
statistically superior to the other interactions that
presented values between 5.28 and 6.32 mm,
respectively.

Number of leaves

The averages of the number of leaves per plant at 120
days are presented in Table 1. The clone CCN-51 had
a higher number of leaves per plant (7.32), without
statistically differing from clone INIAP-EET-801
(6.94). The comparison between the doses of chitosan;
reflected that the dose of 500 mg L™ registered the
highest number of leaves per plant (8.11), and
statistically surpassed the other doses that presented
values between 6.02 and 7.72 leaves per seedling. For
the interactions, CCN-51 + 500 mg L registered a
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Table 1.Parameters evaluated in cocoa seedlings in response to the application of chitosan based formulation in the vegetative propagation of
clones CCN-51 and EETP-801.

Survival (%)

Stem diameter (cm) Leaves per seedling Roots per seedling Root lenght (cm) Aerial biomass (g) Root biomass (g)

Treatments

Clones

C: 55.83+1.31 b" 5.98+0.08 b 6.94+0.16 b 497+052 a 29.19+351 b 313+014 b 1.24+0.08 a
C> 61.67 +1.50 a 6.41+0.09 a 7.32+0.21 a 525+093 b 31.16+212 a 347x0.10 a 1.40+£011 b
Dose

Do 38.33+287 d 560+0.11 ¢ 6.02+£032 d 419+132 d 2482+195 d 259%£012 d 1.11+£010 c
D, 55.00£3.25 ¢ 6.11+£0.07 b 6.68+1.20 ¢ 466+£084 ¢ 2566+354 ¢ 298%x0.13 c 1.13+£013 ¢
D. 76.67 +4.84 a 6.62+0.12 a 8.11+150 a 6.08+1.22 a 35.74+£223 a 4.00+£021 a 1.57+£0.09 a
Ds 65.00+£2.92 b 6.46+0.13 a 7.72+090 b 551+153 bd 3449+297 bd 365%+0.16 b 1.47+£0.08 b
Interactions

C1Do 33.33+3.01 e 528+019 d 6.00£17 ¢ 400£198 ¢ 2423+323 ¢ 241+x023 d 1.03+012 d
CiD: 53.33+243 cd 593+0.16 ¢ 6.13+£23 ¢ 450+093 ¢ 2541+253 ¢ 257+0.08 d 1.03+£011 d
CiD2 73.33+4.32 ab 6.40 £ 0.09 abc 8.01+042 a 595+113 b 3586+345 b 3.92+0.16 ab 1.50+£0.09 ab
CiDs 63.33+1.27 abc 6.32+0.12 bc 7.63+£0.58 ab 542+157 bc 33.12+198 bc 3.63+0.11 bhc 141+£012 b
C2Do 43.33+£1.92 de 592+0.08 ¢ 6.03+260 c 438+099 ¢ 2525+254 ¢ 276+021 d 1.19+£0.09 «cd
C2Ds 56.67 +3.28 cd 6.29+0.11 bc 723+£097 b 482+112 ¢ 26.07+273 c¢ 340009 c 1.23+013 ¢
C.D2 80.00+ 237 a 6.83+0.09 a 8.21+155 a 6.21+0093 a 37.30£338 a 4.07+022 a 1.64+£0.17 a
C:Ds 66.67 + 2.53 bc 6.60+0.17 ab 7.80+2.76 ab 5.60+0.11 bc 34.18+4.20 bc 3.67+0.12 bhc 152+0.14 ab
Average 58.75 6.20 7.13 511 30.18 3.30 1.32

Ccv 9.19 2.85 3.13 2.68 2.48 4.05 4.66

* Means with the same letter in each data group do not differ statistically according to Tukey's test (p>0.05) £ SE. C; = INIAP-EETP-801;
C2=CCN-51; Do=0mg L*; D; =100 mg L*; D, =500 mg L*; D3 = 1000 mg L ; CV = Coefficient of variation (%).
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higher number of leaves per plant (8.21), without
statistically differing from the interactions: INIAP-
EETP-801 + 500 mg L, CCN-51 + 1000 mg L and
INIAP-EETP-801 + 1000 mg L™, which registered
values between 7.64 and 8.01 leaves per plant. The
aforementioned interactions statistically outperformed
the other interactions that presented values that
fluctuated between 6.00 and 7.23. The lowest average
was recorded in the interaction INIAP-EETP-801 + 0
mg L! of chitosan.

Number and length of roots

The averages of the number of roots and the root length
of seedlings of the two cocoa clones in response to the
application of different doses of chitosan are presented
in Table 1. The analysis of variance determined that the
varieties and doses of chitosan reached high
significance. statistics for the variable number of roots,
while the interactions did not register statistical
significance. For the length of the root, the clones and
the doses of chitosan reached high statistical
significance, and the interactions presented statistical
significance at 95%.

Cocoa clones showed significant differences, being
clone CCN-51 the one with the highest number of
roots, with 5.26 roots. The application of chitosan in
doses of 500 mg L, presented a greater number of
roots, with 6.08 roots, statistically surpassing the other
doses that registered values between 4.19 and 5.51
roots. In the absence of chitosan application, the lowest
number of roots was presented. The comparison of the
interactions showed that when the clone CCN-51 was
combined with the dose of 500 mg L, the highest
number of roots (6.21) was obtained in the absence of
significant differences with respect to INIAP-EETP-
801 + 500 mg L' (5.85). These interactions
statistically outperformed the other interactions that
showed averages between 4.00 and 5.60 roots. The
lowest average was obtained in the interaction INIAP-
EETP-801 +0mg L™

For the root length variable, the CCN-51 clone had the
greatest root length (31.16 cm), showing a significant
difference over the INIAP-EETP-801 clone (29.19
cm). With the application of the chitosan dose of 500
cc of chitosan per liter of water, longer roots (35.74
cm) were produced, statistically surpassing the other
doses of chitosan that showed averages between 24.82
and 34.49 cm of root length. At the level of
interactions, the combination CCN-51 + 500 mg L*
showed greater root length, with 37.30 cm, in
statistical equality with CCN-51 + 1000 mg L%, which
registered an average of 35.86 cm, statistically superior
to the other interactions that registered values between
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24.23 and 34.18 cm of root length. The shortest root
length was found in the INIAP-EETP-801 + 0 mg L
interaction.

Biomass

The averages of the weight biomass of the aerial and
the root zone part of the cocoa seedlings in response to
the treatments under study are presented in table 1. For
the dry aerial and root biomass, it was observed that
the clones and the doses of chitosan reached high
statistical significance, while for the interactions, no
statistical significance was observed for both variables.

In the case of the dry weight of the biomass of the
aerial part of the seedlings, the existence of significant
differences could be observed among the clones, being
clone CCN-51 the one that presented the highest
average (3.47 g). The application of 500 mg L of
chitosan registered a higher dry weight of the biomass
of the aerial part (4.00g), statistically surpassing the
other doses. The lowest weight was recorded in the
absence of chitosan. The interactions: CCN-51 + 500
mg L (4.07 g) and INIAP-EETP-801 + 500 mg L*
(3.92 @), registered the highest weights, without
statistically differing from each other, but in turn;
exceeded the other interactions that showed values that
ranged between 2.41 and 3.67 g. The lowest dry weight
of the biomass of the aerial part of the seedlings took
place in the interaction INIAP-EETP-801 + 0 mg L™

For the dry weight variable of root biomass, clone
CCN-51 had the highest weight (1.39 g), showing a
significant difference over clone INIAP-EETP-801
(1.24 g). With the application of the dose of 500 mg L-
! of chitosan per liter of water, a higher dry weight of
the root biomass (1.57 g) was presented, statistically
surpassing the other doses of chitosan that showed
averages between 1.11 and 1.47 g. The lowest average
was recorded when chitosan was not applied. At the
level of interactions, the combination CCN-51 + 500
mg L showed: the higher dry weight of root biomass,
with 1.64 g, in statistical equality with CCN-51 + 1000
mg L and INIAP-EETP-801 + 5000 mg L, which
registered averages of 1.52 and 1.50 g, respectively.
These interactions statistically outperformed the
others, which registered values between 1.03 and 1.41
g dry weight of root biomass. The lowest average was
obtained in the INIAP-EETP-801 + 100 mg L and
INIAP-EETP-801 + 0 mg L interactions, which each
had a weight of 1.03 g.

Gas exchange

No significant differences in A were observed between
clones or chitosan treatment, with A values between
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2.7-4.0 pmol m-2 st (Figure 1). Significant changes in
E were observed in both cocoa clones due to chitosan
treatment (p = 0.05) and between clones (p = 0.004),
with the highest E observed in clone CCN-51 (1.4-1.7
mmol m -2 s%) (Figure 1). Low gs values were found
(19.8 and 36.5 mmol m-2 s%), with significant
differences between clones (p = 0.08). Ci ranged from
163 and 208 pmol mol™* in CCN 51 and INIAP-EETP-
801, respectively, showing significant differences
between clones (p = 0.01). The WUE showed
significant changes due to chitosan treatment (p =
0.045) and among clones (p = 0.01), the highest values
of WUE were observed at 500 mg L in CCN-51 (5.36
mmol mol?) and 1000 mg L in INIAP-EETP-801
(7.62 mmol umol?) (Figure 1).

Economyc analysis

In Table 2, the economic analysis (USD) of the
treatments under study is presented based on the
production of 1000 cocoa seedlings. In both clones,
higher profitability was obtained when applying the
chitosan dose of 500 mg L-1, reaching profitability of
40.65 and 50.00% for clones INIAP-EETP-801 and
CCN-51, respectively. For the CCN-51 clone, a profit
of $0.50 was obtained for each dollar invested, while
for the clone INIAP-EETP-801: a profit of $0.41 was
recorded for each dollar invested. The treatment cost
for the mentioned dose was $403.15. When chitosan
was not applied, economic losses were recorded for
each clone, with 20.82 and 1.31%, for INIAP-EETP-
801 and CCN-51, respectively.

DISCUSSION

Chitosan and chitin sources have emerged as
promising groups of biological substances that can
induce plant growth, disease resistance, and
postharvest quality preservation (Paul et al., 2017;
Gonzalez-Estrada et al., 2023). In the present study, it
was possible to verify different benefits of the
application of chitosan in cocoa seedlings, among
which it stands out that it promoted the survival of
cocoa seedlings of both clones, the dose being a
determining factor for obtaining more live plants. in
the nursery phase, so that the dose of 500 mg of
chitosan per liter of water improved the survival
conditions of the seedlings, observing a possible
negative effect when increasing the dose up to 1000
mg of chitosan per liter of water. This agrees with
(Rivas-Garcia et al., 2021; Reyes-Perez et al., 2022),
who, at the tomato and cocoa nursery level, maintains
that the application of 3000 mg L and 1000 mg L*
doses respectively of foliar Quitosan based products
(Quitomax®) should be considered as one of the most
important to guarantee success in obtaining seedlings,

Reyes-Pérez et al., 2023

since that a higher dose could generate negative
effects, as well as economic losses due to a waste of
inputs.

Another point to take into account is that clone CCN-
51 showed a higher percentage of survival, which can
be attributed to greater resistance to environmental
conditions, such as possible pathogens and factors
associated with the microclimate inside the
greenhouse. Reyes-Pérez et al. (2021), mentions that
genetic materials with a higher degree of resistance to
both diseases and environmental factors, could present
greater survival in controlled conditions, as a result of
a greater degree of adaptability, which is also verified
when observing that when interacting the mentioned
clone with the dose of chitosan of 500 mg L, the
percentage of survival increased up to 80.00%.
Chakraborty et al. (2020) mentioned that plants can
survive on a larger scale in comparison to the
environmental survival if a common growing material
is added with an ideal source of fertilization.

The development of the CCN-51 seedlings was
notably greater, so that after 120 days, they exhibited a
growth of 1.05 mm, compared to 0.77 mm of the
seedlings of the clone INIAP- EETP-801, which can
be attributed to a greater adaptability of the seedlings
of the first clone, as well as a greater development and
production potential (Junior et al., 2017). In addition,
this is supported by the foliar emission, which, at the
age of 120 days, the seedlings of clone CCN-51,
registered an emission of 4.64 leaves, compared to the
increase of 4.26 in the INIAP-EETP-801 clone, being
able to point out that the CCN-51 clone presents a
greater development than the INIAP clone, however,
these results are opposed to those obtained by (Reyes-
Pérez et al., 2021), who observed that clone CCN-51
was characterized by plants of lower height, but with
high productive potential at the field level. This
difference can be attributed to the fact that the lighting
conditions, as well as other edaphoclimatic factors,
differ notably under cover, agreeing with (Leiva-Rojas
et al., 2019), who maintain that, under controlled
conditions, the response of cocoa clones may differ
directly depending on the conditions in which they
grow in the open field.

When analyzing the variables mentioned above,
depending on the doses of chitosan, a significant effect
could be identified when increasing the dose of this
biopolymer, however, when excessively increasing its
dose, a contradictory effect is produced, restricting the
thickening of the stem, as well as the foliar emission of
cocoa seedlings (Vazquez-Zamora et al., 2022). This
is reflected when analyzing the interactions, in which
it can be seen that in both clones the dose of 500 mg L*
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Figure 1. Gas exchange parameters: A. Net photosynthesis rate, E. Transpiration rate, gs. Stomatal conductance, Ci.
Intercellular concentration of CO,, WUE. Water use efficiency of two cocoa clones subjected to different chitosan
concentrations. Both cacao clones: INIAP-EETP-801 (black bars) and CCN-51 (white bars). Each bar shows the
average of six different seedlings + SE (n = 6). Significant differences from the two-way ANOVA (chitosan x clone)
are indicated by different letters above the bars. P-values for the significance of the effect of each factor on the response
variables are indicated within each panel.
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Table 2.Economic analysis (USD) of the production of 1000 cocoa seedlings in response to the application of chitosan in the vegetative propagation of
clones CCN-51 and EETP-801.

Treatments Survival  Produced Gross Variable Treatment -I(—:gtsil Net profit B/C Profitability
(%) plants income ($) cost (%) cost ($) ) %) (%)

CiDo: INIAP-EETP-801 + 0 mg L™ 33.33 333 183.15 33.30 70.00 231.30 -48.15 0.79 -20.82
CiD1: INIAP-EETP-801 + 100 mg L 53.33 533 293.15 53.30 74.18  255.48 37.67 1.15 14.74
CiD2: INIAP-EETP-801 + 500 mg L 73.33 733 403.15 73.30 85.34 286.64 116.51 1.41 40.65
CiDs: INIAP-EETP-801 + 1000 mg L' 63.33 633 348.15 63.30 93.00 284.30 63.85 1.22 22.46
C2Do: CCN-51 +0mg L™! 43.33 433 238.15 43.30 70.00 241.30 -3.15 0.99 -1.31
C;D;: CCN-51 + 100 mg L™ 56.67 566 311.30 56.60 74.18 258.78 52.52 1.20 20.30
CzD2: CCN-51 + 500 mg L™ 80.00 800 440.00 80.00 85.34 293.34 146.66 1.50 50.00
C2Ds: CCN-51 + 1000 mg L™ 66.67 666 366.30 66.60 93.00 287.60 78.70 1.27 27.36
Currency: United State Dollar

Cocoa seedling cost: 0.55

Variable cost: $0.10

Fixed cost $ 128.00/1000 plants

Chitosan cost $9.20

Seedling cost $0.07
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produces better results, agreeing with (Pefia et al.,
2014), who maintain that the selection of a dose in a
certain crop in specific phenological stages that
presents the best response, helps to obtain better results,
which are reflected both in the development and in the
productivity of the crops. Regarding this, (Reyes-Pérez
et al., 2020), reported similar results for the Floradade
and Amalia tomato varieties, showing that the ideal
dose under cover is 2 g L, so that by increasing the
dose to 3000 mg L™, it generates a negative effect on
the growth of seedlings in the nursery stage.

The parameters of the number of roots, length of the
main root, as well as the dry biomass of both the aerial
and root parts, showed higher averages in clone CCN-
51, it being possible to speculate that this genetic
material, possibly in the initial stage of the crop
presents greater development, allowing to allude that
the INIAP-EETP-801 clone, when it passes to open
field conditions, presents a greater development, with
taller plants (Garate-Navarro et al., 2017). Regarding
this, (Vasquez-Zamora et al., 2022) maintain that in
the San Martin area from Peru, an important region for
the commercial production of cocoa, the highest yields
of the yield variables and a high incidence of fungal
diseases in the pods were obtained after indole-3-
butyric acid (IBA) treatment in mini-tunnel conditions.

Regarding the doses of chitosan, a significant effect
could be identified when applying the dose of 500 mg
L%, so that, after 120 days of study, it produced 36.15
and 33.50% more leaves in the clones CCN-51 and
INIP-EETP-801, with respect to their respective
controls, correspondingly. On the other hand, it
significantly increased the number of roots, as well as
their length in both clones, and despite the fact that the
dose was increased to 1000 mg L%, it was observed that
it produces a negative effect on the seedlings. which
may be due to the fact that phytotoxicity is produced,
since due to the early age of the seedlings they do not
support high doses of inputs. This becomes more
important when analyzing the fresh and dry biomass of
both the aerial part and the root zone, which was
boosted with the dose of 500 mg L%, setting the
guidelines for a similar effect to foliar emission and
root development. This corroborates what is
maintained by (Pefia et al., 2014) who observed that in
most cases, the application of chitosan had a positive
effect on the length. These authors showed that, with
concentrations of 100, 1000, and 2500 mg L™, values
higher than the control were reached, however, when
using 10 000 mg L"* there was an inhibitory effect on
growth, perhaps because these levels are negative for
certain events. Finally, Pefia et al. (2014) showed that,
in general, it was found that chitosan applications
influenced the growth variables in tomato seedlings.
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The response was modulated by the concentrations of
chitosan. polymer, although the results also varied with
when the determinations were made.

In gas exchange parameters, there were observed low
values of stomatal, transpiration, and photosynthesis
conductance. This results indicates that a low CO;
assimilation rate per water loosed through transpiration
was performed. Almeida et al. (2022) reported low
photosynthesis rates. It is important to remark that gas
exchange parameters were recorded on a specific
period of time and, thus, those parameters are not
directly correlated with growth parameters. It has been
widely reported that cocoa is a shady species that
grows in understory environments of tropical forests
with high rainfall and reduced light availability
(Reyes-Perez et al., 2022). As reported by (Reyes-
Perez et al., 2022), the values of A, gi, and E observed
in this study are lower than those reported in National
cocoa clones in San Agustin, in Pichilingue, and TCS
and CCN 51 evaluated in Antioquia, Colombia,
respectively (Tezara et al., 2020; Gonzélez-Ceballos et
al., 2021).

Finally, the economic analysis showed the effect
generated by the increase in the dose in obtaining
profitability when producing 1000 cocoa plants. The
economic benefit was derived from the survival of
seedlings, so that the dose of 500 mg L, by allowing
more live seedlings to be obtained, helps to obtain a
greater profit, which agrees with (Solis-Bonilla et al.,
2022), who maintains that the application dose of
biostimulant products plays a determining role for the
survival of seedlings, and therefore for the generation
of profitability, since a dose that allows obtaining a
greater number of seedlings will contribute to a greater
economic benefit.

CONCLUSIONS

The treatment of chitosan based formulation at 500 mg
L%, is an effective treatment in order to improve the
survival percentage, the stem diameter, the number of
leaves, the number and length of roots, the biomass,
the gas exchange, and the economic profitability of the
CCN-51 and INIAP-EETP-801 cocoa plant varieties at
120 days after starting the trial during vegetative
propagation. The cocoa clone CCN-51 showed plants
that exhibited greater development of both the aerial
part and the root part of the cocoa seedlings than
INIAP-EETP-801 coca clones, and it also showed an
increase in stem diameter, foliar emission, number and
length of roots.

Funding and Acknowledgments. To the State
Technical University of Quevedo, for the support



Tropical and Subtropical Agroecosystems 26 (2023): #098

granted through the Competitive Fund for Scientific
and Technological Research (FOCICYT) 7th Call,
through the project PFOC7-15-2020 "Methodology for
the propagation of cocoa cuttings through the use of
broad-spectrum biostimulants”.

Compliance with ethical standards. Not applicable.

Data availability. All data is presented in the
presented the present paper.

Conflict of interests. The authors declare that they
have no competing interests.

Author  contribution  statement (CRediT).
Conceptualization, J.J.R-P. and T.R-G. Methodology,
W.T. Software, V.H.R-Ch. Validation, L.T.LI-R.
Formal analysis, L.G.H-M. Investigation, J.J.R-P. and
L.T.LI-R. Resources, J.J.R-P. and T.R-G. Writing-
original draft, T.R-G. Writing-review & editing,
V.H.R-Ch. and W.T. Supervision, J.J.R-P. and T.R-G.
Project administration, L.T.LI-R. Funding acquisition,
J.J.R-P. and T.R-G. All co-authors reviewed the final
version and approved the manuscript before
submission.

REFERENCES

Almeida, N.M., de Almeida, A.A.F., Santos, N. de A.,
do Nascimento, J.L., de Carvalho-Neto, C.H.,
Priminho-Pirovani, C., Ahnert, D. and
Baligar, V.C., 2022. Scion-rootstock
interaction and tolerance to cadmium toxicity
in juvenile Theobroma cacao plants. Scientia
Horticulturae, 300, pp. 111086.
https://doi.org/111086.
10.1016/j.scienta.2022.111086

Bartlett, M.S., 1937. Properties of sufficiency and
statistical tests. Proceedings of the Royal
Society of London. Series A-Mathematical
and Physical Sciences, 160(901), pp. 268-
282. https://doi.org/10.1098/rspa.1937.0109

Chakraborty, M., Hasanuzzaman, M., Rahman, M.,
Khan, M. A. R., Bhowmik, P., Mahmud, N.
U., Tanver, M. and Islam, T., 2020.
Mechanism of plant growth promotion and
disease suppression by chitosan biopolymer.
Agriculture, 10(12), pp. 624.
https://doi.org/10.3390/agriculture10120624

Chouhan, D. and Mandal, P., 2021. Applications of

chitosan and chitosan based metallic
nanoparticles in agrosciences-A review.
International  Journal  of  Biological

11

Reyes-Pérez et al., 2023

Macromolecules, 166, pp. 1554-15609.
https://doi.org/10.1016/j.ijbiomac.2020.11.0
35

Drobek, M., Frac, M. and Cybulska, J., 2019. Plant
biostimulants: Importance of the quality and
yield of horticultural crops and the
improvement of plant tolerance to abiotic
stress—A review. Agronomy, 9(6), pp. 335.
https://doi.org/10.3390/agronomy9060335

Garate-Navarro, M.A., do Bomfim-Costa, L.C. and da
Costa-Silva, D., 2017. Pro-embrionary
somatic structure of three cacao genotypes
(Theobroma cacao L.) using staminodes.
International Annals of Science, 2(1), pp. 28-
32. https://doi.org/10.21467/ias.2.1.28-32

Garcia, C., Marelli, J.P. Motamayor, J.C. and Villela,
C., 2018. Somatic Embryogenesis in
Theobroma cacao L. Methods in Molecular
Biology, 1815, pp. 227-245.
https://doi.org/10.1007/978-1-4939-8594-

4 _15/COVER

Gonzalez-Ceballos, D.C., Mejia-Londono, H.A.
Ramirez-Jiménez, J.A.  Monsalve-Garcia,
D.A. Hernandez-Arredondo, J.D. and
Coérdoba-Gaona, O. de J., 2021. Intercambio
gaseoso de nuevos clones de Cacao
establecidos en un sistema agroforestal en
Antioquia, Colombia. Revista Fitotecnia
Mexicana, 44(4), pp. 635.
https://doi.org/10.35196/rfm.2021.4.635

Gonzalez-Estrada, R.R., Blancas-Benitez, F.J.,
Hernandez-Béjar, F.J., Rivas-Garcia, T.,
Moreno-Hernandez, C., Aguirre-Glitron, L.,
Ramos-Bell, S. and Gutierrez-Martinez, P.,
2023. Chitosan: Postharvest Ecofriendly
Nanotechnology, Control of Decay, and
Quality in Tropical and Subtropical Fruits. In:
U. Shanker, C.M. Hussain and M. Rani, eds.
Handbook of Green and Sustainable
Nanotechnology: Fundamentals,
Developments and Applications. Cham:
Springer International Publishing. pp. 73-90.
https://doi.org/10.1007/978-3-031-16101-

8 24

Hernandez, C.E. and Granados, L., 2021. Quality
differentiation of cocoa beans: implications
for geographical indications. Journal of the
Science Food and Agriculture, 101(10), pp.
3993-4002.
https://doi.org/10.1002/jsfa.11077



https://doi.org/111086.%2010.1016/J.SCIENTA.2022.111086
https://doi.org/111086.%2010.1016/J.SCIENTA.2022.111086
https://doi.org/10.1098/rspa.1937.0109
https://doi.org/10.3390/agriculture10120624
https://doi.org/10.1016/j.ijbiomac.2020.11.035
https://doi.org/10.1016/j.ijbiomac.2020.11.035
https://doi.org/10.3390/agronomy9060335
https://doi.org/10.21467/ias.2.1.28-32
https://doi.org/10.1007/978-1-4939-8594-4_15/COVER
https://doi.org/10.1007/978-1-4939-8594-4_15/COVER
https://doi.org/10.35196/rfm.2021.4.635
https://doi.org/10.1007/978-3-031-16101-8_24
https://doi.org/10.1007/978-3-031-16101-8_24
https://doi.org/10.1002/jsfa.11077

Tropical and Subtropical Agroecosystems 26 (2023): #098

Hidangmayum, A., Dwivedi, P., Katiyar, D. and
Hemantaranjan, A., 2019. Application of
chitosan on plant responses with special
reference to abiotic stress. Physiology and
Molecular Biology of Plants, 25, pp. 313-326.
https://doi.org/10.1007/s12298-018-0633-1

INAMHI (Instituto Nacional de Metereologia e
Hidrologia), 2021. Anuario meteoroldgico del
Canton Mocache: Estacion Experimental

Tropical Pichilingue. pp. 12.

Jogaiah, S., Satapute, P., De Britto, S., Konappa, N.
and Udayashankar, A.C., 2020. Exogenous
priming of chitosan induces upregulation of
phytohormones and resistance against
cucumber powdery mildew disease is
correlated with localized biosynthesis of
defense enzymes. International Journal of
Biological Macromolecules, 162, pp. 1825-
1838.
https://doi.org/10.1016/j.ijbiomac.2020.08.1
24

Junior, E.E.E., Gusua, C.R., Tchapda, T.D. and Andre,
O.N.P., 2017. Vegetative propagation of
selected clones of cocoa (Theobroma cacao
L.) by stem cuttings. Journal of Horticulture
and Forestry, 9(9), pp. 80-90.
https://doi.org/10.5897/jhf2017.0502

Kou, S.G., Peters, L.M. and Mucalo, M.R., 2021.
Chitosan: A review of sources and
preparation methods. International Journal of
Biological Macromolecules, 169, pp. 85-94.
https://doi.org/10.1016/j.ijbiomac.2020.12.0
05

Laliberté, B. and End, M., 2015. Supplying New Cocoa
Planting Material to Farmers: A Review of
Propagation Methodologies. Rome, Italy:
Bioversity International.

Leiva-Rojas, E.I., Gutiérrez-Brito, E.E., Pardo-Macea,
C.J. and Ramirez-Pisco, R., 2019. Vegetative
and reproductive behavior of cocoa
(Theobroma cacao L.) due to pruning. Revista
Fitotecnia Mexicana, 42(2): pp. 137-146.
https://doi.org/10.35196/rfm.2019.2.137-146

Le6n-Bravo, V. and Jaramillo-Villacrés, M., 2021.
Sustainability of Chocolate Production in
Ecuador: Drivers, Barriers, and Local Factors.
Latin American Business Review, 22(4), pp.
323-357.

12

Reyes-Pérez et al., 2023

https://doi.org/10.1080/10978526.2021.1920
837

Massey, F.J., 1951. The Kolmogorov-Smirnov Test for
Goodness of Fit. Journal of the American
Statistical Association, 46(253), pp. 68-78.
https://doi.org/10.1080/01621459.1951.1050
0769

Nair, K.P., 2021. Cocoa (Theobroma cacao L.). Tree
Crops: Harvesting Cash from the Word’s
Important Cash Crops, 2021, pp. 153-213.
https://doi.org/10.1007/978-3-030-62140-
75

Paul, M.T.T., Cécile, A.E., Pierre, O.E. and Thaddée,
B., 2017. Effects of chitosan and snail shell
powder on cocoa (Theobroma cacao L.)
growth and resistance against black pod
disease caused by Phytophthora megakarya.
African Journal of Plant Science, 11(8), pp.
331-340.
https://doi.org/10.5897/ajps2016.1487

Pefia, D.G., Costales, D. and Falcén, A.B., 2014.
Influencia de un polimero de quitosana en el
crecimiento y la actividad de enzimas
defensivas en tomate (Solanum lycopersicum
L.). Cultivos Tropicales, 35(1), pp. 35-42.

Predan, G.M.I.,, Lazir, D.A. and Lungu, L1., 2019.
Cocoa Industry—From Plant Cultivation to
Cocoa Drinks Production. Caffeinated Cocoa
Based Beverages. In: A.M. Grumezescu and
A.M. Holban, eds. The Science of Beverages.
Woodhead Publishing: Elsevier. pp. 489-507.
https://doi.org/10.1016/B978-0-12-815864-
7.00015-5

Reyes-Pérez, J.J., Llerena-Ramos, L.T., Ramos-
Remache, R.A., Ramirez-Arrebato, M.A,,
Falcon-Rodriguez, A.B., Pincay-Ganchozo,
R.A. and Rivas-Garcia, T., 2021. Efecto del
quitosano en la propagacién vegetativa de
cacao (Theobroma cacao L.) por esquejes.
Terra Latinoamericana, 39, pp. 1-9.
https://doi.org/10.28940/terra.v39i0.1008

Reyes-Perez, J. J., Llerena-Ramos, L. T., Reinel-Chila,
V.H., Torres-Rodriguez, J.A., Farouk, S.,
Hernandez-Montiel, L.G. and Tezara, W.,
2022. Effect of Pectimorf on the rooting
ability, and morpho-physiological trials of
national cocoa (Theobroma cacao L.) under
different substrates. Notulae Botanicae Horti
Agrobotanici Cluj-Napoca, 50(3), pp. 12847-


https://doi.org/10.1007/s12298-018-0633-1
https://doi.org/10.1016/j.ijbiomac.2020.08.124
https://doi.org/10.1016/j.ijbiomac.2020.08.124
https://doi.org/10.5897/jhf2017.0502
https://doi.org/10.1016/j.ijbiomac.2020.12.005
https://doi.org/10.1016/j.ijbiomac.2020.12.005
https://doi.org/10.35196/rfm.2019.2.137-146
https://doi.org/10.1080/10978526.2021.1920837
https://doi.org/10.1080/10978526.2021.1920837
https://doi.org/10.1080/01621459.1951.10500769
https://doi.org/10.1080/01621459.1951.10500769
https://doi.org/10.1007/978-3-030-62140-7_5
https://doi.org/10.1007/978-3-030-62140-7_5
https://doi.org/10.5897/ajps2016.1487
https://doi.org/10.1016/B978-0-12-815864-7.00015-5
https://doi.org/10.1016/B978-0-12-815864-7.00015-5
https://doi.org/10.28940/terra.v39i0.1008

Tropical and Subtropical Agroecosystems 26 (2023): #098

12847.
https://doi.org/10.15835/nbha50312847

Reyes Pérez, J.J., Rivero-Herrada, M., Garcia-

Bustamante, E.L., Beltran-Morales, F.A., and
Ruiz-Espinoza, F.H., 2020. Aplicacion de
quitosano  incrementa la  emergencia,
crecimiento y rendimiento del cultivo de
tomate (Solanum lycopersicum L.) en
condiciones de invernadero. Biotecnia, 22(3),
Pp. 156-163.
https://doi.org/10.18633/biotecnia.v22i3.133
8

Rivas-Garcia, T., Gonzalez-Gémez, L.G., Boicet-

Fabré, T., Jiménez-Arteaga, M.C., Falcon-
Rodriguez, A.B. and Terrero-Soler, J.C.,
2021. Agronomic response of two tomato
varieties (Solanum lycopersicum L.) to the
application of the biostimulant whit chitosan.
Terra Latinoamericana, 39, pp. 1-9.
https://doi.org/10.28940/terra.v39i0.796

Shahrajabian, M.H., Chaski, C., Polyzos, N.,

Tzortzakis, N. and Petropoulos, S.A., 2021.
Sustainable agriculture systems in vegetable
production using chitin and chitosan as plant
biostimulants. Biomolecules, 11(6), pp. 819.
https://doi.org/10.3390/biom11060819

Solis Bonilla, J.L., Vanderlei Lopes, U., Zamarripa

Colmenero, A., Martinez Valencia, B.B.,

13

Reyes-Pérez et al., 2023

Avendafio Arrazate, C.H., Chia Wong, J.A.
and Peres Gramacho, K., 2022. Path analyses
define criteria that allow to reduce costs in a
breeding population of cacao (Theobroma
cacao L.). Tree Genetics & Genomes, 18(3),
pp. 25. https://doi.org/10.1007/s11295-022-
01554-x/tables/8

Tezara-Fernandez, W.A., Valencia-Caicedo, E.E.,

Reynel-Chila, V.H., Bolafios-Ortega, M.J.
and Blanco-Flores, H.A., 2020. Actividad
fotosintética y su relacién con el rendimiento
de diez clones de cacao nacional. Revista
Espamciencia, 11(2): pp. 19-27.
https://doi.org/10.51260/revista_espamcienci
a.v11i1.202

Vésquez-Zamora, L.M., Rengifo-Del Aguila, S.,

Guerrero-Abad, J.C., Vallejos-Torres, G.,
Iman-Correa, S.A. Torres Flores, E., Mesén-
Sequeira, F. and Corazon-Guivin, M.A,,
2022. Propagation of Theobroma cacao by
Rooted Cuttings in Mini-Tunnels. Advances
in Agriculture, 2022, pp. 1-8.
https://doi.org/10.1155/2022/1196381

Wainaina, P., Minang, P.A., Duguma, L. and Muthee,

K., 2021. A review of the trade-offs across
different cocoa production systems in Ghana.
Sustainability, 13(19), pp. 10945.
https://doi.org/10.3390/SU131910945



https://doi.org/10.15835/nbha50312847
https://doi.org/10.18633/biotecnia.v22i3.1338
https://doi.org/10.18633/biotecnia.v22i3.1338
https://doi.org/10.28940/terra.v39i0.796
https://doi.org/10.3390/biom11060819
https://doi.org/10.1007/s11295-022-01554-x/tables/8
https://doi.org/10.1007/s11295-022-01554-x/tables/8
https://doi.org/10.51260/revista_espamciencia.v11i1.202
https://doi.org/10.51260/revista_espamciencia.v11i1.202
https://doi.org/10.1155/2022/1196381
https://doi.org/10.3390/SU131910945

