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Indicator framework for large-scale cacao (Theobroma cacao L.) in vitro 
plant production planning and controlling
Ana María Henao Ramírez1*, David Hernando Palacio Hajduk1, Diana Maria Cano Martínez1, Aura Inés Urrea Trujillo2

Abstract: Somatic embryogenesis (SE) is considered the most suitable and integrated biotechnology for the large-scale 
production of clonal cacao plants compared to conventional methods. Hence, the scale-up of relevant technologies must 
be interfaced with effective and efficient management of productive processes at an industrial scale like biofactories. 
Production facilities like biofactories serve to transform plant resources into products like plantlets. This technology 
constitutes an essential innovative variant since it allows obtaining high multiplication coefficients in short periods. Currently, 
there is no reference to carrying out adequate planning of the entire production process; for this reason, it is not used for the 
maximum production capacity of the facilities, and there is a high level of uncertainty. With the aid of production planning 
and controlling (PPC) systems, inputs can be planned to achieve a determined output of products. Therefore, this work 
proposes a production planning and controlling (PPC) system for SE cacao plantlet multiplication through the pilot large-
scale. This paper presents input and output information considering the leading indicators of the production process, like 
materials, labor, quality, and performance. Emphasis is placed on technical details on the production process of 100.000 
plantlets in batches from the CCN51 genotype. Through the model analysis, challenges and requirements for PPC system 
have been defined as a basis for future works and will have successfully managed the production process.
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Introduction
The production program's central nervous system, pro-

duction planning and control (PPC) oversee making sure 
that all materials and components of the assembly are avai-
lable at the appropriate times, locations, and in the proper 
quantities to allow operations to proceed following the pre-
determined schedules while incurring the least amount of 
costs1. However, in the construction of the production sys-
tem is essential to understand the production system. PPC 
collaborates with procurement, manufacturing, and program 
management to create strategies to meet client needs. Pro-
duction planning is dynamic by nature and always remains 
in flux since plans may need to be modified in response to 
situation2.

Input-output models are usually used to simplify natural 
systems3. The models can be used to answer a research 
question and explore how the system behaves in particular 
circumstances4. There are no broad principles for creating 
an input-output system5. Günther and Velten (2014)4 outli-
ned the four general phases that must be followed to descri-
be and analyze the behavior of a system:

(1)   System analysis;
(2)   Modeling;
(3)   Simulation;
(4)   Validation.
System analysis's first step involves gathering all the 

data needed to explain the system's behavior under con-
sideration. In step two, a model is created, for example, 

analytically, numerically, or probabilistically based on the 
data that was gathered in step one. The model describes 
the relationship between the system's input and output in-
formation. The model is converted into a simulation in step 
three. The initial experiments are conducted to display the 
simple design based on the data gathered in step one. The 
simulation results are validated in step four to address the 
research issues in a natural system.

In step one of system analysis is essential the selec-
tion of indicators. An indicator monitors an issue or condition 
and demonstrates a desired outcome. Hands are varied and 
depend on the type of systems they watch, with different le-
vels of complexity6. A system's status 3zcan be described 
via indicators. Choosing the appropriate indicators requires 
a scientific and technical understanding of how the system 
functions and what data are needed7.

An indicator does not mean the same as an indication 
or goal; an arrow is generally quantifiable by aggregating 
different and multiple data. The resulting information is syn-
thesized and used to measure goal achievement. Indicators 
should be based on criteria and present some characteris-
tics, such as specific, measurable, understandable, rele-
vant, realistic, reliable, etc.8.

In the Input-output model for conventional PPC sys-
tems, production facilities transform raw materials into pro-
ducts, typically producing a predetermined output in quantity 
and quality at the lowest possible cost9. For this transfor-
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mation process, PPC systems serve two primary purposes. 
First, with the help of PPC systems, labor, costs, and raw 
material input are planned to produce specific items. Se-
cond, PPC systems manage orders through product deli-
very. The data bill of materials (BOM) and manufacturing 
plans are required for both functions10. A BOM is a formal 
list of raw materials that specifies the components needed 
to make a particular product. Work plans outline the proce-
dures that must be taken to generate a specific product. The 
description includes details on the requirements for works-
tations, the interval between two subsequent processes, the 
production times, which are broken down into waiting time, 
setup time, processing time, and clearing time, as well as 
the raw materials that must be used11.

In plant production through ES, we must solve the re-
search question aimed at identifying the anticipated real 
cost of production in the biofactory facilities. The first step 
is to develop a system analysis, which uses the input and 
output model and describes the behavior of the system's 
production from a PCC perspective in a biofactory. A search 
for biofactory indicators is carried out, where an overview of 
relevant indicators for choosing appropriate indicators for 
PPC processes in plant biotechnology is not presented. To 
fill this gap, this paper presents information for current PPC 
systems in plant production by SE. An input-output model 
has been created, and PPC systems have been defined as 
a platform for further research and study through the analy-
sis of plant biotechnology requirements and challenges.

Materials and methods 
In the analysis system, each part of the ES cacao plant 

production at the biofactory was detailed. The required input 
and output information to describe the behavior of the con-
sidered procedure was collected with the direction of staff 
belonging to the biofactory of Universidad de Antioquia and 
researchers with significant experience in ES cacao produc-
tion12–17. Production plans and data bill of materials (BOM) 
for 100.000 batch plant production were realized according 
to Gronau, (2014)10 (Supplemental 1 and 2). From BOM 
and production plan following Joung et al. (2013)8 concep-
tual proposals have selected the indicators based on the 
following criteria and characteristics:

(1)   Specific: An indicator should be detailed and trans-
parent as possible, precisely formulated to measure only 
the desired output;

(2)   Measurable: Clearly and concretely, the indicator 
defines the measurement type, allowing data collection to 
be consistent and comparable. It can be easily measured 
by quantitative or qualitative means;

(3)   Understandable: An indicator should be easily in-
terpreted, and one should know exactly what the output of 
an indicator demonstrates to act accordingly to the needs;

(4)   Relevant and realistic: An indicator must be appro-
priate, fitting the measuring purpose and underlying the 
pointed issue, directly related to meaningful and purpose-
ful aspects, and realistic considering that the needed data 
to calculate the indicators should be collected only through 
available resources, not being the collection too tricky or too 
expensive.

(5)   Reliable: It must give an accurate picture of what is 
measured, which does not mean the same as being precise, 
but instead that it contains trusted and accurate information.

(6)   Timely manner: The data collection, calculation, 

and evaluation must be done promptly, providing a structure 
that allows meaningful progress monitoring. In other words, 
it should be perfectly stated the desired frequency for calcu-
lating the indicator to track the outcome results better;

(7)   Long-term-oriented: It must ensure their future use 
and reflect the development and adoption of organizational, 
process or product changes.

Results and discussion
It is the result of more than ten years of research, de-

velopment of knowledge and experience in the production 
of elite plants from biotechnological techniques to improve 
the agro-industrial output similar to other biotechnologies in 
South America18. Different production stages were identified 
in the analysis system of the SE cacao plant production. 
SE as a productive approach is a complex process invol-
ving other biological mechanisms in each one of its stages: 
initiation, multiplication, maturation, and germination, as re-
ported by Egertsdotter et al. (2019)19. The initiation stage 
includes the introduction to in vitro conditions (laboratory) 
and the induction phase. In the introduction phase, the plant 
material from the donor or parental plants is taken from field 
conditions to the laboratory for a disinfection process and 
obtaining sterile material. In the induction phase, the plant 
material in controlled conditions is required a culture me-
dium that promotes cellular differentiation and the formation 
of embryogenic cells20. Once the embryogenic potential is 
induced, indirectly pro, embryonic masses (PEM) are for-
med21. At this point, the SE allows unlimited multiplication 
of the original plant material22. Cacao SE could be deve-
loped directly on previously somatic embryos in a process 
called secondary or recurrent somatic embryogenesis pro-
ducing more embryos in multiplication stage15. The chan-
ge of culture conditions in embryogenic tissues allows the 
somatic embryo development through the maturation and 
germination stages23–25. In the conversion phase, the em-
bryo transitions to a plantlet with the extension of the first 
leaves, elongating the stem and forming primary and se-
condary roots. Then, the plantlets continue developing until 
they form at least -14 leaves, a stem, and roots with a length 
greater than 3-10 cm. Subsequently, the obtained plantlets 
can be transferred to ex vitro conditions for hardening or ac-
climatization. The seedlings adapt to the new environmental 
needs in the greenhouse with a specific substrate, lighting, 
and adequate irrigation. Later, seedlings are transferred to a 
new substrate, and when they reach sufficient growth, they 
are taken to the nursery for their subsequent transfer to the 
field (Figure 3-1.). The productive approach is like another 
successful process of plant in vitro propagation like Al-Aizari 
et al. (2020)2; Dhiman et al. (2021)2;  Sriskanda et al. (2021) 
2;  Vyas et al. (2021)2.

Different informational elements on controls are con-
sidered for the productive process of cacao plantlets. 
This allows measuring the degree of objective attainment 
desired to be achieved in each stage of the process. The 
following has been taken into account when creating indi-
cators in each stage: (1) Plant production requires a close 
relationship between the stages of SE and labor operations; 
(2) Labour operations must be executed in an inviolable se-
quential manner from the initiation stage to acclimation (3) 
The type of tissue obtained at the end of a phase of the 
initial material for the subsequent phase; (4) Labour opera-
tions are entirely manual and are the basis for calculating 
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the work (amount of plant material by the vessel being pro-
cessed by workday per person).

Based on BOM (Supplemental 1) and production plan 
description (Supplemental 2) for each stage: initiation, de-
velopment, maturation, germination, and acclimation of ES 
cacao plant production and the needed requirements to 
create useful input-output model, figure 3-2 shows an over-
view of a basic model for PPC systems. The indicators for 
PPC systems for ES plant production were categorized into 
five groups: materials, costs, labor, quality, and performan-
ce (Figure 3-3), similar to Chen, (2016)30.

Materials
The total materials used to produce and package the 

plantlets are detailed in BOM (Supplemental 1). This inclu-
des raw materials and items required for manufacturing but 
is not part of the finished product. The group of indicators 
materials considers the predictable material consumption 
from production, in particular, the materials needed to pre-
pare culture media and the consumables used in the pro-
cess operation such as chemical products, gelling agents, 
culture vessels, glassware, culture tools, laboratory tools 
and other various items that are necessary for the process31.  

Labour
The group of labour indicators considers the produc-

tion facility's workers' predictable work schedules. The total 
number of workers in production determines how many peo-

ple are employed. For Colombia, a potential working time 
per month of 166 hours was obtained (Supplemental 2). 
Labour was defined in two ways, direct and indirect labor, 
indirect labour there are considered functions in the laminar 
flow chamber in all production stages like disinfection of ex-
plants, disinfection of tools and containers, bowl protection 
removal, vessels opening, cutting of the explants, culture 
medium replacement, selection of keys with embryos, cut 
to separate the embryos, selection by the size of embryos, 
material discard, closing of the reseeded container, contai-
ner labeling, fill tracking lists, etc. In indirect labor, some 
people perform operational and technical functions and 
work individually in the purchase of reagents, preparation 
of transport boxes for plant material from the field, repacka-
ging reagents, storage, weighing of reagents, preparation 
of culture medium, autoclaving of culture media and ma-
terials, dispensing of culture media, washing of glassware 
and tools, etc.

Following Cervelli and Senaratna (1995)32 supervisory 
positions must also be considered, including those in char-
ge of supervising direct work. For example, a supervisor 
must calculate the number of vessels and culture media 
required daily and weekly and manage chemical products, 
media stock, equipment, and the maintenance of the res-
pective laboratory stations for working. They ensure all ex-
plants start producing on schedule, in the correct quantities, 
and without contamination. Besides, they are responsible 
for maintaining productivity and, most importantly, mana-

Indicator framework for large-scale cacao (Theobroma cacao L.) in vitro plant production planning and controlling

Figure 1. Flow chart of 
the plantlets production 
stages via somatic em-
bryogenesis for different 
cacao genotypes.

Figure 2. Input-output model for somatic embryogenesis (SE) cacao plant production planning and controlling (PPC) 
system.
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ging the group of direct workers and deciding whether crop 
production must be continued, harvested, or discarded at 
their discretion.

The strategy implemented to monitor the work carried 
out by an operator is using productivity norms or standards 
(W), which are obtained from the average time it takes for 
the personnel to carry out a particular activity. The staff is 
expected to develop a volume of processes at each time. 
The following table presents an abstract of the action and 
the unit of measure (Supplemental 2).

Cost
The group of indicators costs reflects the actual and an-

ticipated expenses of production. The total economic value 
is the sum of material of culture medium materials, direct 
and indirect labor of employees including wages, benefits, 
indirect cost of manufacturing like transportation and labora-
tory tools and operation expenses. Operation expenses are 
cash payments for facilities, energy, services purchased, 
depreciation of construction, installations, and equipment 
(refrigerator, oven, autoclave, scale, pH meter, magne-
tic stirrer, stereomicroscope, water distillation unit, lighted 
shelves, timers, air conditioning, orbital shakers, etc.) and 
administration33. Payments for the services received include 
those to independent contractors, staffing firms, and other 
service providers (e.g., maintaining a machine). Employee 
salary, employee taxes, levies, unemployment funds, and 
total benefits, including pensions, insurance, health, and 
safety, make up the entire payroll34.

Quality
Quality indicators are tangible and quantifiable measu-

rement instruments that evaluate the quality of each pro-
cess's stages, considering both input and output factors. 
The ideal morphological characteristics of flower buds, pri-
mary embryogenic callus, globular embryos, repetitive so-

matic embryos and plantlets are specified for each stage. In 
addition, indicators such as microbial contamination, necro-
sis and abnormality are also specified (Table 3-1).

Performance
Performance indicators allow qualitatively and quanti-

tatively demonstrating progress in each stage expressed 
as percentages defined following the productive biofac-
tory-scale works35,36 and practical experience (Table 3-2). 
Three leading indicators were defined: disinfection, biologi-
cal response and multiplication coefficients.

Percentages of disinfection: The production process 
requires a high level of safety, which can be jeopardized 
by involving contaminated material, contamination of the 
culture medium, or contamination caused by poor washing 
of containers. Contamination processes are too risky since 
they can lead to the complete loss of a production batch.

Percentage of biological response: It is estimated that 
only a portion of the plant material introduced in the process 
generates a callus, which develops embryos, and these 
develop into seedlings without malformations. According to 
quality indicators (Table 3-1).

Multiplication coefficients: In the multiplication stages 
of the production process, there are three phases in which 
several embryos are obtained from one callus and previous 
sources. This process is strategic since it exponentially in-
creases the formation of embryos that become seedlings.

For each stage defined, percentages of disinfection, 
survival, microbial contamination, callogenesis, callus-for-
ming embryos, primary globular somatic embryos, primary 
cotyledonary somatic embryos, callus with recurrent em-
bryogenesis, different types and amounts of existing ab-
normalities, cotyledonary embryos with secondary roots, 
photosynthetically active cotyledonary embryos, typically 
developed in vitro plantlets, normally produced ex vitro 
plantlets, etc. (Table 3-2).

Figure 3. The indicator 
categorization structu-
re contains five main 
groups: materials, costs, 
labor, quality, and perfor-
mance for ES plant PPC 
system.
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Table 1. Quality indicators for producing cacao plantlets in a biofactory (initiation, multiplication, maturation, germination, 
and acclimation stages).

Indicator framework for large-scale cacao (Theobroma cacao L.) in vitro plant production planning and controlling
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Figure 3-2 also shows the information stream produc-
tion Task/Order/Time and the indications. It is feasible to 
normalize the indicators using this information. The input 
indicators for "Expenses" and "Materials" can be expres-
sed as time, production tasks, material consumption, or 
costs per production order37. The normalized indicator can 
be used to improve production efficiency by, among other 
things, benchmarking procedures, comparing equal produc-
tion orders, and monitoring production38. The set of product 
indicators also reflects the output of the production process. 
The outcome of products generated in production using 
input materials is the weight or volume of such products.

In this sense, the Task/Order/Time refers to the efficien-
cy of the production process; it is the flower ratio that enters 
the process concerning the seedlings that leave it. In the 
efficiency of the production process, it is sought to reduce 
the number of explants such as cacao flowers that enter the 
production process and that the number of plants that leave 
it is more significant.

Conclusions
PPC plays an essential role in modern production en-

terprises. Current production management systems consi-
der resources such as material, labor and production ca-
pacity and their respective costs but sometimes neglect the 
quality and performance for cost savings. The PPC system 
has been identified, and analytical modeling of the opera-
tion of the productive propagation was carried out through 
ES plant cacao production, in which the primary and support 
activities were identified, with the respective consumption, 
until the final product was obtained. With the data from the 
model, the simulation was carried out, in which the indica-
tors considered of greater relevance are monitored, which 
tells us about the production process. This work constitutes 
the first step toward approximating costs closer to reality.
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