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The Genetic Innovation Initiative on Accelerated Breeding (ABI) of The Consultative 
Group on International Agricultural Research (CGIAR) has been supporting the 
costing of breeding operations for the CGIAR-National Agricultural Research 
and Extension Systems-Small to Medium Enterprises (CGIAR-NARES-SME’s) crop 
breeding networks. The aim is to help these breeding programs to accurately 
estimate operational costs, develop precise budgets, set appropriate service fees, 
and choose the best technologies for increased genetic gains. Breeding programs 
are being guided in using the University of Queensland’s open-source breeding 
costing tool (UQ-BPCT). This paper outlines the costing strategy and demonstrates 
the tool’s utility using data from national breeding programs in Uganda (NARO), 
Zambia (ZARI), and Zimbabwe (DR&SS). Results show that the percentage of 
budgets allocated to germplasm development ranged from 25% (DR&SS) to 52% 
(NARO), with conventional methods costing 7 to 47 times more than doubled 
haploids. Costs for trials varied, with ZARI spending 14% and DR&SS spending 
51%. In one breeding cycle, NARO released 5 hybrid varieties, ZARI 2, and DR&SS 
1. The programs can be optimized by implementing several strategies: adopting 
an Enterprise Breeding System, incorporating digital technologies for disease 
screening and phenotyping, network-based procurement of consumables, using 
modern breeding techniques like doubled haploids, genomic selection, and speed 
breeding to shorten cycles, and training personnel for more efficient resource use.
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1 Introduction

Maize is the second most cultivated crop after wheat and serves as a primary source of 
nourishment for human diets and animal feed globally. In sub-Saharan Africa (SSA), maize 
accounts for 40% of cereal production, and it provides at least 30% of the human calories (Nuss 
and Tanumihardjo, 2010; Ekpa et al., 2019). To meet the food demands of the increasing 
human population, which is expected to reach 9.7 billion by 2050, it is estimated that the global 
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maize productivity must be  increased by 67% (Ray et  al., 2013). 
Climate change presents a formidable challenge in crop production, 
manifesting into crop failures due to drought and floods, pest and 
disease epidemics which greatly undermine efforts to increase food 
security. Due to the adverse effects of climate change, maize 
production in SSA is predicted to decline by 10–20%, with a reduction 
in the land area where the crop is cultivated (Cairns et al., 2013). To 
mitigate further effects of climate change which may arise from 
human invasion of forests and wetland degradation to expand the land 
for maize farming, it is environmentally safer to adopt sustainable 
farming practices such as production of high yielding varieties 

(Godfray et al., 2010; Foley et al., 2011). Modernization of pipelines to 
facilitate cost-effective and rapid development and deployment of 
resilient, high-yielding crop varieties to withstand effects of climate 
change is a potential way to offset the production losses under 
increasing climate variability and ensure food security (Acevedo et al., 
2020; Cairns et al., 2021).

Modern maize breeding comprises multiple and resource-
intensive processes with the implementation stages (Figure 1), such as 
pre-breeding, inbred line development and testing, germplasm 
development and testing, varietal registration and release, and seed 
systems management (Bishaw and And Gastel, 2009; De Vries et al., 

FIGURE 1

A generic breeding schematic flow showing the key stages in the maize hybrid breeding pipeline. Inbred lines were developed using Pedigree, Single 
Seed Descent (SSD), and Doubled Haploid (DH). The number of entries, locations, and replications varied among programs.
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2023). Optimization of the maize breeding entails adopting cost-
effective strategies to increase genetic gains per unit cost in breeding 
programs and, hence, rapid development and release of superior 
varieties (Atlin et al., 2017; Cobb et al., 2019). A recent analysis of 
historical maize data has revealed significantly positive but relatively 
low genetic gains for maize grain yields in national breeding programs 
compared to similar efforts by International Maize and Wheat 
Improvement Center (CIMMYT) in Eastern and Southern African 
(ESA) (Asea et al., 2023; Ligeyo et al., 2024; Mazibuko et al., 2024; 
Mukaro et al., 2024). Modernizing the national ESA maize breeding 
programs can enhance cost-effectiveness in resource utilization 
toward increasing genetic gains in the development of resilient maize 
varieties for cultivation in emerging agro-ecologies (Cairns et  al., 
2013; Atlin et al., 2017; Ligeyo et al., 2024).

Plant breeding is the science and art of developing elite crops by 
creating and reassembling desirable heritable traits for specific 
products to meet market needs through a resource-intense 
development process over time (Li, 2020). The breeding costs could 
be  driven by the crop biology factors which determine how the 
operations are executed, e.g., the available germplasm, the life cycle of 
the plant, the type of pollination, the complexity of the traits being 
integrated into a specific genetic background or product profile, and 
the choice of the breeding method. Furthermore, breeding costs could 
depend on the available technology, facilities and equipment, skillset, 
existing regulatory frameworks, funding, collaborative partnerships 
and their roles, soil and climatic conditions, farmers participation, 
data management and analysis, and the intellectual property and 
licensing charges (Ceccarelli, 2009). It is crucial for program managers 
to plan and budget carefully to ensure the efficient allocation of 
resources and the achievement of breeding objectives.

The business-oriented strategy for the private breeding programs 
could serve as a benchmark for the national (public) breeding 
programs to be more sensitive to the costs of running each stage of a 
breeding pipeline (Lammerts Van Bueren et al., 2018; Cobb et al., 
2019). The private breeding programs are highly structured with 
specialized and well-resourced product design and germplasm 
development teams and have established strategic investment 
mechanisms (Cobb et al., 2019; Brzozowski et al., 2022). The maize 
breeding programs of national agricultural research and extension 
systems (NARES) of ESA countries are funded by governments, with 
additional bilateral and collaborative support from both public and 
private institutions. Compared to the private maize breeding 
programs, the national breeding programs have limited funding and 
personnel, high labor attrition rates and maybe working on multiple 
target product profiles. The emerging concerns of climate change, a 
need for self-sufficiency, limited budgets and political accountability 
have compelled public leaders to set systems and policies from variety 
development to marketing in responding to national challenges 
(Barthel et al., 2013). As it has been in the private sector, leaders in 
public sector are, therefore, demanding accountability for the costs of 
the resources used in public breeding operations (Barthel et al., 2013; 
Alford and Greve, 2017). These resource and operation challenges for 
the NARES are better addressed with clear understanding of operation 
costs to inform and implement methods, approaches and investments 
in tools and technologies for increased breeding efficiency, 
effectiveness and profitability.

Costing is a strategy which enables the public breeding programs 
to implement the recommended optimization measures, which would 

ensure that the limited resources are utilized to achieve maximum 
genetic gains at affordable costs (Mangione et al., 2006; Cobb et al., 
2019). Costing could enable the program leaders to set priorities 
which would increase the chances of being competitive across market 
segments and to maximize the gains per unit cost of investment 
(Cottet, 2021). Unfortunately, there has been a lack of information on 
standardized methods and approaches to determine what it costs to 
implement the activities of the different stages of a breeding pipeline. 
The University of Queensland Breeding Program Costing Tool 
(UQ-BPCT) is a publicly available standalone costing software which 
was developed recently by researchers at The Queensland Alliance for 
Agriculture and Food Innovation (QAAFI) of The University of 
Queensland in Australia.1 This free software has a standardized 
approach to cost-out breeding operations through financial models of 
breeding pipelines targeting specific target product profiles using a 
modular framework incorporating unit costs multiplied by 
experimental dimensions within defined breeding activities (Mace, 
2021). Prior to the development of the UQ-BPCT, breeders did not 
know of any standardized method for costing breeding stages (B. Das, 
personal comm.).

A lack of implementation of standardized, harmonized and 
systematic costing in breeding programs had led to breeding 
inefficiencies due to failure to identify high-cost areas and effectively 
allocate resources to cheaper breeding methodologies with higher 
gains. To address this concern, the Accelerated Breeding Initiative 
(ABI) of the Consultative Group on International Agricultural Research 
(CGIAR) has been supporting crop breeding programs within the 
CGIAR, National Agricultural Research and Extension Systems 
(NARES) and other Small to Medium Enterprises (SMEs) to cost out 
their operations using the UQ-BPCT. Besides, this pioneering effort 
that is being reported here, Excel-based worksheet methods for 
estimating the operational costs of the different stages of breeding 
programs have been documented (Wannemuehler et  al., 2019; 
Wannemuehler et  al., 2020; Atlin and Econopouly, 2022). Here, 
we describe the strategy used by the ABI and its crop breeding networks 
to standardize the costing of breeding programs and demonstrate how 
the strategy was applied in the costing of three maize program of 
Eastern and Southern Africa. It also provides recommendations for 
streamlining operations and attaining cost-effectiveness while 
enhancing genetic gains for the three costed maize breeding pipelines.

2 Materials and methods

2.1 Overview of the costing strategy

The costing implementation strategy and the potential 
transformation impacts on various stakeholders are summarized in 
Figure  2. Supporting the costing of breeding programs within the 
CGIAR-NARES-SMEs networks would enhance the following 
capabilities: (1) accuracy of determining the costs of running a particular 
activity, (2) ease of identification of the activities and items that make 
the largest contribution to the cost of breeding activity, (3) conducting 
“what if ” scenarios which allow for exploration of the consequences of 

1 https://aussorgm.org.au/downloads/breeding-costing-tool/
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changing elements, (4) evaluating the resource costs and its implications 
on the breeding activity or project (e.g., increasing numbers of trials, 
implementing partial replication, etc.), (5) estimation of costs of fees for 
service activities, and (6) building of accurate breeding program 
budgets. It is anticipated that these capabilities will eventually enhance 
management planning and accuracy in reporting the cost implications 
of the breeding programs. The CGIAR-NARES-SMEs crop breeding 
networks exist within the mandate countries in Eastern and Southern 
Africa, West and Central Africa, Central and West Asia and North 
Africa, South Asia, Southeast Asia and the Pacific, and Latin America 
and the Caribbean (LAC) regions (McIntire and Dobermann, 2023).

2.1.1 Engaging the programs for costing of their 
breeding pipelines

To initiate the costing support, a communication on the need for 
the costing of the pipelines originates from the crop breeding leads, 
and this is followed by planning for a joint inception meeting with the 
ABI team. The program to be costed provides an overview of the 
breeding metrics for the operational pipelines of the individual crops. 
The implementing staff of the breeding program is identified, and the 
timelines for costing are agreed upon. The implementing staff, which 
generally is a breeder, a research manager or a research associate, will 
work with the ABI team to capture the items and labor data into a 
standard Excel template, upload the data into the UQ-BPCT, conduct 
the costing within the UQ-BPCT, and write the costing report.

The three national maize programs reported here were part of the 
many others that were supported to cost their breeding pipelines. The 

target market segments and the priority traits for the product profiles of 
the three programs are described in Tables 1, 2. For similarity in crop 
cycle lengths and other similar aspects of the agro-ecologies which could 
influence the breeding operations, the report focuses on the costing of 
the intermediate product profiles which span the mid-altitudes target 
product environment of Eastern (Uganda) and Southern (Zambia and 
Zimbabwe) African countries (Table 1). The reported maize programs 
have mainly relied on conventional breeding methods and are now 
integrating modern methods such as marker assisted and genomic 
selection breeding, and double haploid technology for germplasm 
development. These NARES programs work in close collaborations and 
share resources with CGIAR centers such as CIMMYT and IITA. The 
programs have also transitioned from trait-based breeding into product 
profile-based breeding approaches. This strategy allows organizations to 
develop varieties that are well-aligned with the needs of consumers, 
farmers and processors within the target market segments. The medium 
maturity maize accounts for the highest percentage of the market share 
in Uganda (38%), Zambia (69%) and Zimbabwe (31%) (Table 1).

2.1.2 Key considerations in costing of breeding 
operations

2.1.2.1 Availability and policy for sharing breeding 
operations data

Cost accuracy depends on the availability and quality of the 
required data from the supportive sections within the institution. 
Institutions with modern, easy-to-query databases can be  more 

FIGURE 2

Schematic flow of breeding program assessment and implementation of the improvement plan, i.e. costing of the breeding program using the 
University of Queensland Breeding Costing Tool (UQ-BPCT) within the crop breeding network.
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efficient in providing the required information. At the same time, 
proper records could make it easier to cost a program. Furthermore, 
different institutions have varying regulations for public data privacy. 
Some institutions may need help approving personal information such 
as wages and salaries released into the public domain, which affects 
the capture of the data on labor rates. However, the extent to which 
this may be a bottleneck in labor costing is minimal because most 
institutions may provide data for casuals and other junior staff, 
contributing to the highest percentage cost in breeding operations. To 
overcome the challenge of disclosing some sensitive information, the 
salaries for senior personnel can be taken as fixed costs and hence 
reducing the interference with the operational costing process. 
However, the institution should consider this fixed salary cost when 
building a budget.

2.1.2.2 Personnel for implementation of breeding costing
Collecting the breeding operations data from the different 

breeding support units requires patience, particularly when seeking 
approvals and filtering the required information from large 
institutional datasets. Thus, the program should dedicate breeding 
staff who would be  willing to learn and implement the 
costing process.

2.1.2.3 Structure of the breeding program
The costing process is based on determining the costs of breeding 

operations for a specific target product profile whose specific traits 

would replace those of an obsolete variety (Williamson and Leonelli, 
2023). A breeding pipeline refers to the stages for the processes of 
development, testing and release of a crop variety (Mace, 2021). The 
stages of each pipeline (e.g., New starts, F1 crosses, F2, … Advanced 
Varietal Trial) constitute the components of the pipeline (Figure 1). To 
compare the costs of operations within the activities of each stage of a 
breeding pipeline, each pipeline should be costed as a separate project. 
The activities of each stage represent a combination of tasks performed 
to accomplish a given stage’s goals within a given period, e.g., 
hybridization (Figure 1).

2.1.2.4 Trial locations and outsourcing of breeding 
support services

The cost of implementing the breeding operations is affected by 
factors relating to the operational sites. Conducting trials away from 
the coordination center is unavoidable because of the multilocational 
phenotyping, which must be implemented to assess the stability of the 
traits of interest across multiple locations. For accuracy in costing the 
travel expenses, there is a need to provide information about the 
locations where the activities would be implemented, the program 
personnel to be  involved, days of visit, travel frequency, the fuel 
consumption rate of the vehicle and the accommodation details. In 
the case of a program which outsources phenotyping and genotyping 
support, the costs of affected stages are influenced by the fees charged 
by partners. Outsourced phenotyping of row crops such as maize may 
attract a cost per row charged by the partners, shipping costs, and 

TABLE 1 The targeted market segments for the maize breeding programs in Uganda, Zambia, and Zimbabwe.

Country Institute Year of 
establishment

Varieties 
released 
by 2024

Market segment Area 
(ha)

% 
Market 
Share

Uganda NARO 1950 105 Early-maturity white hybrids 644,114 35

Intermediate-maturity white hybrids 687,847 38

Late-maturity white hybrids 434,500 24

Highland white maize hybrids 29,062 2

Biofortification - Provitamin A (orange/yellow) 20,000 1

Zambia ZARI 1964 69 Extra early maturity white hybrids 32,400 2

Early-maturity white hybrids 324,000 20

Intermediate-maturity white hybrids 1,134,000 69

Late-maturity white hybrids 129,600 8

Intermediate-late maturity biofortified (Provitamin A/Zinc/Iron) 

hybrids

26,000 2

Zimbabwe DR&SS 1909 31 Ultra early-very early maturity white hybrids 291,145 15

Early-maturity white hybrids 582,290 31

Intermediate-maturity white hybrids 582,291 31

Intermediate-maturity yellow hybrids 194,097 10

Late-maturity white hybrids 155,278 8

Late-maturity yellow hybrids 38,819 2

Early-to-intermediate maturity biofortified (Pro-vitamin A) hybrids 20,928 1

Early-to-intermediate maturity biofortified (Quality Protein Maize) 

hybrids

29,115 2

Early-to-intermediate maturity biofortified (Zinc) hybrids 9,705 1

Sources: CGIAR Market Intelligence Platform (https://glomip.cgiar.org/) and CGIAR Breeding Portal (https://cgiar-breeding-prd.azurewebsites.net/bpdc/my-page).
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permits from the regulatory authorities. Similarly, genotyping services 
will attract a cost per 96 or 484-well plate of samples for a specific 
number of genotypes and the associated shipping costs. This 
information is valuable and must be provided by the program which 
is to be costed.

2.1.2.5 The biology of the crop vs. the breeding 
operations calendar

The costing of operations is based on the duration within a year 
for which the activities of a given stage occur. For the mid-altitude 
zone of ESA, two maize crop cycles are expected in a year. The cost 
implementers must understand the crop’s biology and the start/end 
times for the operations in different components of each pipeline. The 
financial calendar of the breeding program is important because it 
determines how the fixed costs are shared across the components. For 
example, for a biannual crop, the fixed costs for paying the salaries of 
the permanent staff would be covered in the two seasons of the year. 
During this period, the permanent workers of the program are paid 
to work on two subsequent stages, and part of the costs are shared and 
placed into each stage, e.g., F1 and F2 advancements.

2.1.3 The costing platform
Costing was implemented using the free software called The 

University of Queensland Breeding Program Costing Tool 
(UQ-BPCT) (see text footnote 1). The tool has features that calculate 
the cost of running a crop breeding activity or an entire breeding 

pipeline, using the prices, costs, and salaries from a single season or 
year. The CGIAR Genetic Innovations program leaders endorsed the 
costing tool for use across its crop breeding networks. The data used 
for the costing had been captured using a customized Microsoft 
Excel template.

2.1.4 Overview of data capture and calculation of 
unit costs

The data capture step is critical and involves liaising with the 
procurement, human resources, and other administrative personnel 
to gather the basic information for the costing process. The systematic 
operations of a breeding program are described in a breeding scheme 
(Figure 1), which is a diagram illustrating the germplasm and key 
technologies applied in the development and evaluation stages of the 
breeding process of a given variety. Formalized breeding schemes are 
a key component of breeding program design and a gateway to 
conducting plant breeding as a quantitative process (Covarrubias-
Pazaran et  al., 2022). A breeding scheme is required in costing 
because it provides the metrics for the stages (components), the 
number of genotypes, and the activities for the stages of each pipeline 
(Covarrubias-Pazaran et  al., 2022). Additionally, the breeding 
program provides breeding metrics that align with the design of 
experiments to implement the activities of the stages within the 
breeding scheme [e.g., the number of locations, genotypes (entries), 
replications, and the number of rows or plants per genotype within a 
replication for each activity] (Figure 1 and Supplementary Tables 1–3).

There are two broad categories of costs in breeding operations, i.e., 
the operational and fixed costs. Operational costs include items and 
labor procured for the regular implementation of the tasks of an 
activity and spent fully in a season (e.g., fertilizer, envelopes, etc.). The 
items and labor to be applied in any activity depend on the goals of 
the breeding stage, as defined in the breeding scheme (Figure 1). Fixed 
costs are equipment or labor costs incurred whether the breeding 
program has an active project and can be used or recycled for more 
than one season (e.g., machinery, vehicles, furniture, etc.). Fixed labor 
includes the costs of paying salaries for permanent and pensionable 
workers. Fixed costs do not vary by activity of a given stage and are 
assumed to be shared across the breeding stages.

Upon capturing the data labor, the Excel worksheet calculates unit 
costs for each item, labor, and fixed costs. Unit costs are the monetary 
estimates for labor and items (or consumables) labor and items (or 
consumables) expenses for the smallest experiment units (experiment 
dimension) within the breeding operations. A demonstration of how 
to compute the unit costs with examples from maize breeding 
operations is provided in Supplementary Table 4.

2.1.5 Use of unit costs in the calculation of the 
costs of activities within the breeding stages

A detailed description of how the UQ-BPCT operates is publicly 
available online at: https://excellenceinbreeding.org/video/webinar-
costing-breeding-programs. Briefly, the activity unit costs of the item 
and labor were combined and were then assigned the name of an 
activity, e.g., hybridization. After that, each activity unit cost for items 
was multiplied by the appropriate consumption quantities. On the 
other hand, the labor activity unit costs are multiplied by the duration 
of work or the output parameter relative to the experiment dimension 
to arrive at the final task costs in a season. The sum of item and labor 
costs constituted the seasonal operational activity cost for each stage. 

TABLE 2 Description of the mid-altitude agroecological zones and the 
priority traits for the maize varieties bred for the zone in Eastern and 
Southern Africa.

Priority trait Uganda  
(EA-EAPP11)

Zambia & 
Zimbabwe  

(SA-SAPP11)

Kernel color White White

Milling quality Flour for local meals Flour for local meals

Target grain yield 

(t ha−1)

High grain yield High grain yielding

Other agronomic traits Short to medium stature 

and resistant to lodging

Short to medium stature 

and resistant to lodging

Maturity duration (days) 120–140 115–125

FAO maturity category2 500–600 500–600

Elevation range (masl)3 700–1,400 700–1,500

Biotic stresses Resistant to Gray leaf 

spot, Maize streak virus, 

Turcicum Leaf Blight, 

and Fusarium ear rots.

Resistant to Common rust, 

Maize lethal necrosis, gray 

leaf spot, Maize streak 

virus, Turcicum Leaf 

Blight, Fall armyworm, 

and Fusarium ear rots.

Abiotic stresses Good nutrient use 

efficiency and drought-

tolerant

Good nutrient use 

efficiency, tolerant to heat 

and drought.

EA, Eastern Africa; SA, Southern Africa. 1Maize target product profile name as defined by 
the crop network, where EAPP1 - Intermediate Maturity Eastern Africa Product Profile and 
SAPP1 - Intermediate Maturity Southern Africa Product Profile, respectively. 2Maturity 
category based on the Food and Agriculture Organization of the United Nations. 3Elevation-
based zones where maize is cultivated (Dry and Wet Lowlands, 0–1000; Dry mid-altitude, 
700–1400; Wet mid-altitude, 1100–1500; Dry and wet transitional, 1100–2000; Highlands 
1700–2500 masl) (Mbithi and Huylenbroeck, 2000; Cairns et al., 2013; Djalovic et al., 2024).
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The fixed costs were assigned to a separate activity and posted once at 
each breeding stage.

Each activity was analyzed to ensure that the total costs reflected 
the actual seasonal expenditures. The costing tool allows the user to 
review the costs by sorting in the activity costs window. This step fixes 
any issues arising from the unit costs calculation or the quantities 
assigned to the experiment dimensions. Furthermore, the costs of the 
components can be compared using preferred methods, such as the 
bar charts within the UQ-BPCT. The final costing results were 
exported to an Excel worksheet and were used for downstream 
analyses. The percentages of the costs for the activities of different 
stages were computed relative to the stage categories or the overall 
pipeline cost. For each of the activities, the cost per row was computed 
while considering the breeding metrics provided earlier by the 
breeding programs. The relationships between the cost per row, the 
number of entries, number of rows and the distance traveled (from the 
coordination center) to the nurseries or trial sites were determined 
using linear regression models which were implemented in JMP Pro 
Ver. 18 (SAS Institute Inc., Cary, NC, USA, 1989–2023).

3 Results

3.1 The operational costs for the three 
national medium maturity maize TPPs in ESA

The three national maize programs are implementing breeding 
activities for multiple target product profiles. Here, we  report the 
findings for the operational costs of the medium (or intermediate) 
maturity maize for the mid-altitude zones for Uganda, Zambia and 
Zimbabwe (Table 2). The fixed costs were highly variable and may not 
have reflected the immediate program running costs and were not 
included in the current report. The results of the costing provide insights 
into the costs of implementing the activities, and the potential 
optimization strategies in the respective breeding pipelines. Because the 
product profile names are similar, we use the names of the programs 
(DR&SS for Zimbawe National Research Institution, NARO for Uganda 
National Research Institution and ZARI for Zambia National Research 
Institution) for ease of reporting in the rest of the sections.

All the costed programs had breeding pipelines comprising costs 
for germplasm development and product testing, nursery and seed 
production, and national performance and trait confirmation trials 
and registration stages. Although the three programs were adopting 
doubled haploid (DH) in inbred line development, the conventional 
inbred line development methods dominated the process with single 
seed descent method (SSD) in NARO and the pedigree method in 
ZARI and DR&SS. Except for ZARI, which had F7, the other two 
programs had inbred line development stages running from new starts 
to F6 (Figure 2). DR&SS had the most extensive germplasm testing 
stages with observational varietal trials and varietal demonstration 
stages, which were not cost-reported by ZARI and NARO (Figure 3). 
On the other hand, ZARI lacked IYT.

On the implementation of the activities of the project, it was 
observed that the main nursery operations for germplasm crossing, 
selfing for advancement or seed increase were conducted at the 
coordination research stations (Golden Valley for ZARI and 
Namulonge for NARO), but for DR&SS which had nurseries in 
Harare, Muzarabani or Chisumbanje. For germplasm testing stages, 

ZARI had four main locations, NARO had eight, and DR&SS had 
eight locations with different environments. The three programs 
conducted conventional on-farm testing of their germplasm before 
entering them into multilocational national performance trials, trait 
validation, and release.

The operational cost for the NARO breeding pipeline was 
US$85,660, which constituted the cost of germplasm development (52%) 
and product testing (43%). The rest of the costs went to the isolation 
block, seed increase, and varietal release costs. Within the germplasm 
development cost, SSD inbred line development method constituted 57% 
and on average costs $733.20 per elite line. The doubled haploid line 
development was allocated 43% of the germplasm development cost and 
on average costed $15.49 per inbred line. The program had five hybrids 
evaluated under on-farm trials and would eventually release the five per 
breeding cycle (Table  3 and Supplementary Table  1). The cost for 
evaluating the Distinctness, Uniformity and Stability (DUS) for traits and 
varietal registration was $235 per variety (Table 3). The stages with the 
highest operational costs per row were the new starts and preliminary 
yield trials (Figures  3, 4). Overall, the highest costs for on-station 
nurseries included the labor for pollination, harvesting and seed 
handling, and the purchase of pollination bags (Table 4). The costs of 
labor for crop guarding and collection of data for plant architecture traits, 
flowering time and disease scores were high in both on-station and 
off-station trials. Travel, per-diem and accommodation costs were high 
for off-station trials (Table 4).

The operational cost for the ZARI breeding pipeline was US$29500, 
which constituted the germplasm development (51%), product testing 
(14%), the national performance trial, DUS and registration of two 
varieties (32%) and the rest went to seed increase and testcrossing 
(Table 4). The pedigree line development method constituted 57% of the 
germplasm development budget and had a cost output of $114.77 per 
elite line. The doubled haploid constituted 43% of the germplasm 
development budget and had a cost output of $17.32 per inbred line. 
The program took six hybrids for on-farm trials, and they managed to 
register and release two (Table 3 and Supplementary Table 2). The cost 
of conducting NPT, DUS and registration of each variety was $4,756 
(Table 3). The highest operational costs per 5-m row were observed in 
OFT and F1 (Figures 3, 4). The highest cost for on-station nurseries was 
in the labor for pollination and harvesting and the purchase of storage 
envelopes. Labor for staff overtime and purchasing planting pegs were 
high costs in on-station trials. Collection of the flowering time data was 
high for both on-station and off-station trials. Labor for the scientist 
trial design and analysis and travel, per-diem, and accommodation costs 
were high in off-station trials (Table 4).

The operational cost for the DR&SS breeding pipeline was 
US$48,902, with about one-quarter of it going to germplasm 
development, while product testing took about slightly above half the 
budget. Seed increase and test-crossing nurseries took about 19.5% 
of the pipeline cost (Table 3). Conducting NPT, DUS, and varietal 
registration costs US$350 per variety (Table 3). The pedigree inbred 
line development method took 82% of the germplasm development 
budget cost and had a cost output of US$199.60 per elite line, while 
doubled haploid took the rest (18%) of the cost and had a cost output 
of US$17.50 per inbred line. The stages with the highest cost per 5-m 
row were F1 and F5, and these activities were conducted away from 
the main research coordination center (off-station). The costs of 
purchasing plant tags were high for on-station nurseries only. The 
off-station nurseries have high costs, per-diem and accommodation, 
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as with the off-station trials (Table 4). Similarly, the cost of purchasing 
pollination bags and labor for collection of flowering time data was 
high for both on-station and off-station nurseries (Table 4). The labor 
for trial analysis and the costs of purchase of plant pegs were high in 
on-station trials (Table 4).

A significant negative correlation was observed between the cost 
per row and the number of rows across breeding stages (ρ = −0.26, 
p = 0.026; Figure 5). However, the relationship between the number of 
entries for nurseries or trials was marginal (ρ = 0.23, p = 0.055; 
Figure  5). Furthermore, analysis of the relationships between the 
distance from the maize research coordination center to the location 
where a trial or nursery was conducted and the cost per row revealed a 
positive correlation in germplasm development and testing stages 
(Figure 6). Besides their pipeline operations, all programs implemented 
third-party trials for private companies and CGIAR partners at different 
locations and scales. Compared to the costs for germplasm testing in 
their medium maturity projects, NARO and ZARI had about twice as 
much for third-party trials, while the DR&SS third-party budget was 
16% of their program germplasm testing (Table 3). To implement the 
third-party trials, the programs would agree with the partners to charge 
a fee based on the number of rows evaluated. Based on the analyses 
using the data for germplasm development, the minimum cost of 
implementing the activities was $9.35 per 5-m row, and the minimum 
for the germplasm evaluation was $5.73 per row (the y-intercept of the 
regression line). Furthermore, conducting a trial away from the 
coordination center increased the cost by $1 for every 130 km (Figure 6).

4 Discussion

The product profile-based breeding strategy focuses on developing 
superior varieties to replace older ones that still dominate a particular 
market (Williamson and Leonelli, 2023). Hybrid maize breeding uses 
genetically diverse parents with good combining abilities to develop 
varieties with superior traits relative to their parents (Duvick, 1997b). 

The genetically diverse parents are developed through SSD, pedigree 
inbred line development or the DH technology and assigned to 
heterotic groups based on their combining abilities (Menkir et al., 
2004; Fan et al., 2009). Hybrids are derived from a cross between 
inbred lines of distinct heterotic groups, which show the maximum 
expression of the trait of interest (e.g., grain yield), and the 
performance of the resultant hybrid is confirmed by crossing with a 
tester (Duvick, 1997a). Selections are made on inbred lines for their 
suitability for male or female parent traits and on hybrid performance 
from crosses with tester inbred lines (Singh et al., 2021). Thus, maize 
breeding programs aiming at hybrid development must allocate 
resources to simultaneously improve populations from different 
heterotic groups for line and tester development to attain superior 
hybrid varieties (Goldman, 1997; Lee and Tollenaar, 2007).

The three breeding programs adopted the product profile-based 
breeding method and had varying levels of adoption for the DH 
technology in line development. The product profile breeding strategy 
enables the programs to utilize resources to integrate and select the 
traits preferred by the target market (farmers, consumers or 
processors) (Matova et  al., 2023). The transition from targeting a 
specific individual trait to the overall desirable traits of a variety or the 
product profile signals a major step in the modernization of maize 
breeding. It is also likely to lead to a rapid varietal release for the target 
market segments in ESA. The rapid development of new varieties to 
replace the old and obsolete ones is a strategy for enhancing resilience 
against climate change-related emerging threats to crop production 
(Chivasa et  al., 2022). The transition toward modern breeding 
methods was also evidenced by allocating 18–43% germplasm 
development funds in DH line development. The adoption of DH is 
another milestone most African maize breeding programs have in the 
past, which relied on conventional breeding methods due to a lack of 
resources for the modernization of pipeline operations (Bada-Apraku, 
2017). With the observed output cost difference where DH was 7–47 
times cheaper than the pedigree inbred line development method, the 
programs can invest in the latter for high throughput inbred line 

FIGURE 3

Operational cost of 5-meter rows across the germplasm development breeding stages (components) within three intermediate maturity product 
profiles of eastern and southern African national maize breeding programs.
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development if the germplasm has a high haploid induction rate 
(Andorf et al., 2019; Chaikam et al., 2019; Kaur et al., 2023).

The resources allocated for a maize breeding pipeline will translate 
into elite inbred lines, hybrids, or synthetic varieties. Here, the NARO 
program had an operational cost almost twice that of DR$SS and 
nearly three times that of ZARI. NARO released five hybrids, DR&SS 
released one, and ZARI released two hybrid varieties. If the number 
of released hybrids were the only output per breeding cycle, then each 
variety released for the medium maturity product profile of NARO 
would be valued at $17,132, the DR&SS variety would be valued at 

$48,902 while that of ZARI would be $14,750. However, it should 
be noted that the inbred lines developed by each program are major 
outputs for supporting future breeding efforts. NARO led in 
developing inbred lines 1,285, followed by ZARI with 450 and DR&SS 
with 175 inbred lines derived from the combined methods. The 
programs must prioritize how to apply the resources, depending on 
the available germplasm diversity and funding, to meet the product 
profile and the institution’s immediate and long-term goals. A narrow 
gene pool of the maize germplasm could lead to wastage of resources 
in germplasm development and evaluation while ending up with very 

TABLE 3 Description and operational costs (US$) maize Mid-altitude Eastern and Southern Africa intermediate product profile breeding pipeline.

Operational cots Uganda  
(EA-NARO)

Zambia  
(SA-ZARI)

Zimbabwe  
(SA-DR&SS)

Crop network target product profile name EAPP1 SAPP1 SAPP1

Germplasm development (US$) 45,021 (52) 15,101 (51) 12,171 (24.9)

Germplasm evaluation (US$) 36,884 (43) 3,994 (14) 26,840 (54.9)

Cost of seed increase and hybrid making nursery (US$) 2,578 (3) 892 (3) 9,541 (19.5)

Doubled haploid technology for germplasm development (%) 43 43 18

NPT, DUS and Registration per variety (US$) 235 4,756 350

Elite inbred lines developed by seed single-descent method 35 – –

Elite inbred lines developed by pedigree method 75 50

Elite inbred lines developed by doubled haploid technology 1,250 375 125

Number of varieties released per cycle 5 2 1

NARES breeding pipeline total cost (US$) 85,660 29,500 48,902

Cost of third-party trials (US$) 79,402 7,214 4,344

NARES + Third party total cost 165,062 36,714 53,246

EA, Eastern Africa; SA, Southern Africa; NARO, National Agricultural Research Organization; ZARI, Zambia Agricultural Research Institute; DR&SS, Department of Research and Specialist 
Services; SAPP1, Intermediate Maturity Southern Africa Product Profile; EAPP1, Intermediate Maturity Eastern Africa Product Profile, Third-party trials (CIMMYT/IITA/Universities/Private 
seed companies). The Numbers in brackets are the percentages of the operational costs out of the pipeline operational cost.

FIGURE 4

Costs of 5-meter rows across the germplasm evaluation stages (components) within three intermediate maturity product profiles of eastern and 
southern African national maize breeding programs.
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TABLE 4 A list of the three most expensive items and labor within the breeding programs of Eastern and Southern Africa.

Program pipeline description

National Agricultural Research 
Organization (NARO), Uganda

Zambia Agricultural Research 
Institute (ZARI)

Department of Research and Specialist 
Services (DR&SS), Zimbabwe

Off-station 

nurseries

Per-diems

 • NA  • NA Traveling fuel and car hire

Pollination bags

On-station 

nurseries

 • Pollination  • Pollination  • Pollination bags

 • Pollination bags  • Harvesting nurseries  • Storage envelopes

 • Harvesting of ears and seed handling  • Storage envelopes  • Plant tags

On-station 

trials

 • Data collection (plant architecture, flowering 

time and disease scoring)

 • Cost of planting pegs  • Data collection for flowering time

 • Crop guarding  • Overtime cost  • Scientist time for trial analysis

 • Seed envelopes  • Data collection of flowering time  • Plot pegs

Off-station 

trials

 • Collection of flowering time and disease 

scores data

 • Labor cost for flowering data collection  • Per-diems

 • Cost of travel and per-diem  • Per-diems and staff travel  • Travel

 • Cost of crop guarding  • Scientist time for trial preparation and 

analysis

 • Flowering traits data collection

Potential 

cost 

reduction 

approaches

 • Purchase in large quantities of pollination 

bags through an international partner

 • Increased adoption of DH in line 

development

 • Increase entries off-station

 • Explore efficient ear harvesting and handling 

methods, e.g., the use of automated 

mini-shellers

 • Ziplock or hermetic storage could replace 

paper envelopes

 • Metallic tags can be replaced with plastics

 • Established a centralized disease-

screening nursery

 • Identification of mega-environments for 

strategic phenotyping of highly 

heritable traits

 • Paper envelopes can be replaced with hermetic or 

Ziplock bags

 • Establish digital data collection methods  • Adoption of digital phenotyping

 • Use of isolation crossing blocks for 

hybrid making

 • Digital data collection could reduce the cost of labor

 • Engage local security on the safety of 

nurseries and trials

 • Adoption of an Enterprise Breeding 

System (EBS) for data collection, 

Management and analysis

 • Sparse testing and recruitment of resident research 

assistants

few varieties that meet the market preferences (Govindaraj et  al., 
2015). There is a need for the programs to conduct pre-breeding 
analysis (genotyping and phenotypic characterization) to ensure that 
the characteristics of the target product profiles are reflected within 
the diverse germplasm collections available for the current and future 
breeding needs (Govindaraj et al., 2015; Aci et al., 2018).

Adopting robust and cost-effective experimental designs is a 
key strategy in ensuring that the components of the breeding 
schemes are properly implemented to enhance genetic gains. The 
design of experiments is usually led by the breeder and with the 
support of a biometrician. Additionally, publicly available resources, 
such as the Enterprise Breeding System (EBS), can help in planning, 
designing, data management and analysis for better operations of 
resource-constrained breeding programs (Dipta et al., 2023). Here, 
programs reported high costs for trial design and analysis by 
scientists, and this problem could be resolved if the program adopts 
EBS and other similar available resources to bring down the cost. 
Adopting EBS would enable the breeding team to establish standard 
operating procedures to enhance the optimum utilization of 

resources. While working on the design of experiments, there is a 
need to develop preconceived breeding metrices to guide the 
program on the potential costs of implementing the design. The 
findings of the current analysis showed a significant negative 
correlation between the number of 5-m rows and the cost per row 
and a strong association between the distance traveled from the 
coordination center to the location where a nursery or a trial is 
located are a useful guide as to where to implement what volume of 
activity in a nursery or a trial. More rows reduce the cost per row 
because some costs are spread equally over the rows, e.g., logistical 
costs. There should be a clear thought about the cost implications 
of the mating design (or crosses), how many entries, and the 
number of trial sites, replications, and rows amenable for a given 
activity at each stage. The design should consider that having many 
entries in a trial reduces the replication ability. Yet, replication is 
essential in reducing the effects of the genotype and environment 
interactions (GxE) and, hence, phenotyping accuracy (Cullis et al., 
2020). While the statistical power is enhanced by replication in a 
site, the number of sites should be a good representation of the 
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targeted evaluation conditions to give reliable phenotypes for the 
traits of interest (Cullis et al., 2020).

Relatively high costs of travel, per-diem and accommodation 
when trials and nurseries were conducted off-station. Conducting 
nurseries away from the main research station brings huge costs due 
to travel and logistics. This is unless the implementors are in the same 
location as the nurseries. However, the trials can be located off-station 
because of the importance of evaluating the candidate varieties in 
multiple environments where they would eventually be deployed 
(Chimonyo et al., 2014). Multilocational trials enable the breeding 
programs to select traits based on performance under diverse 
environments, and this information is useful in identifying the most 
stable and putative resilient genotypes across the environments 
(Kulkarni et  al., 2022; Badu-Apraku et  al., 2023). While 

multilocational trials are unavoidable, breeding programs could 
establish strategies to reduce the costs associated with implementing 
them. A short-term solution would be to hire and train local research 
assistants or use resident agricultural research officers to collect data. 
However, a more strategic approach would be to create and use mega-
environments, which are identified using geospatial analysis and 
envirotyping techniques (Menkir et al., 2000; Yue et al., 2022). To 
enhance throughput phenotyping while avoiding non-representative 
environments, programs can use locations with good multi-year 
genotypic correlations for the traits of interest (Badu-Apraku et al., 
2017; Yue et  al., 2022). High throughput phenotyping methods, 
which involve sparse testing to distribute the favorable alleles of the 
tested genotypes across environments, could enhance cost-
effectiveness in germplasm evaluation (Atanda et al., 2022). Where 

FIGURE 5

Relationship between the cost of breeding operations per 5-meter row and the number of entries (A) or rows (B) across the stages in a breeding 
pipeline for eastern and southern African national maize programs.

FIGURE 6

Relationship between the operational cost of a 5-m row and the distance from the coordination center. (A) Germplasm Development and 
(B) Germplasm testing stages.
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feasible, data collection using digital technologies such as drones and 
satellite imaging reduces the cost of travel and hence reduces the 
labor and logistical costs for off-station germplasm evaluation (Dipta 
et al., 2023; Gano et al., 2024).

The costs of phenotyping for plant architecture-related traits, 
flowering time, and disease severity/incidence scores were relatively 
high across the breeding programs. Phenotyping is a resource-
intensive task which a breeding program cannot prevent. The plant 
phenotype can generally be grouped into qualitative or quantitative 
data, with the former being highly heritable and easy to analyze, while 
the latter is complex and highly influenced by the GxE interactions 
(Balduzzi et al., 2017). For example, the flowering time or days to 
maturity would be similar within agroecology, and it is expected to 
increase by 4 days for every 100 m increase in altitude (Xue-jun et al., 
2013). On the other hand, the incidence and/or severity of maize 
diseases may be affected by multiple factors such as the existence of 
favorable environmental conditions, time (growth stage of the crop) 
of infection, previous disease history, and maize genetics (Munkvold 
and White, 2016). Breeding programs can strategically plan where 
each data type must be collected. Due to the complex nature, the 
quantitative traits data should be  collected across representative 
environments, while the highly heritable traits data can be collected 
in a few environments. Adopting such a strategy would significantly 
bring down the labor costs for phenotyping. Additionally, breeding 
programs can adopt digital data collection methods while reducing 
the efforts in traditional phenotyping, which involves human visual 
assessments or measurements, is time-consuming, requires extensive 
training to enhance accuracy and may limit the ability to capture large 
datasets for large populations (Xiao et al., 2022). A precaution should 
be taken that the adoption of a new technology requires some initial 
capital investment and may require qualified personnel to calibrate the 
equipment (Hershberger et al., 2022).

The labor for hand pollination was relatively high in the nurseries. 
This labor is essential when making initial crosses (new starts), 
generation advance through selfing or backcrossing, generation of 
pure inbred lines or during test crossing (MacRobert et al., 2014). The 
conventional methods of implementing any of these activities may 
involve using special bags or envelopes to pool the pollen from the 
tassel for targeted pollination and to protect the silks from unwanted 
pollen. In some cases, detasseling may be done to prevent unwanted 
pollen formation in female plants. Establishing isolation crossing 
blocks is another way to overcome the potential of pollen admixture 
and unwanted gene influx events (MacRobert et al., 2014). Another 
most recent approach is the utilization of non-pollen-producing 
inbred lines as female parents—a strategy named Seed Production 
Technology for Africa and whose implementation in ESA is 
spearheaded by the CGIAR partners (Voss et al., 2023). Whichever 
approaches, there is a cost implication, and the breeding program 
must establish a strategy to reduce the costs of purchasing the bags, 
envelopes or even the time consumed by the pollination operation. 
Suppose the pollination task is being implemented by skilled 
personnel (e.g., skilled casuals or temporary staff, as is common in 
most programs). In that case, there is a need to ensure that they are 
well-trained to achieve optimal outputs. Additionally, the breeding 
program may outsource the operation to an experienced company at 
an affordable fee, and this may bring down the labor without a need 
to incur costs on the training of the casual or temporary staff. The high 
costs of purchasing some consumables for pollination could 

be reduced by buying in bulk through regional international partners 
such as CIMMYT or IITA.

The three costed programs implemented third-party trials for the 
medium maturity product profile at different scales. Conducting trials 
for the partners is a service that is likely to strengthen the relationships 
within the regional crop networks and generate income for the service 
provider. The established network partnerships would be valuable in 
optimizing the operations for the NARES breeding pipelines through 
access to germplasm, modern tools and innovations (Krishna et al., 
2023). Based on the costing analysis presented here, the cost of 
running the activities of each stage was determined. Overall, the 
minimum operational cost for the nurseries was $9.35 per row. In 
contrast, the cost for running trials was found to be $5.73 per row, and 
the cost would increase by $1 for every 130 km of travel from the 
coordination center to a trial location. This information is valuable 
and can enhance accurate communication with partner third-party 
programs on the cost of implementing certain breeding stages’ 
activities. The cost of breeding programs provides reliable figures for 
use in budgets and tracking of expenditures. These figures are useful 
for communicating with the administrators overseeing the 
implementation of programs’ budgets within an institution. With 
accurate information, the institution can get a good reputation for 
reliability and accountability, which eases resource mobilization, 
finance planning, reporting, and management (Edun, 2000). Accuracy 
and accountability in financial reporting could also boost donors’ or 
directors’ trust and increase the chances of getting financial support 
for the projects in the institution (Edun, 2000).

5 Conclusions and recommendations

Plant breeding should be  considered an enterprise with clear 
production pipelines that yield superior varieties to those already in 
contemporary farming systems. The resources applied in each stage of 
the variety production pipeline must be  accounted for through a 
standardized costing procedure acceptable to those funding the 
breeding efforts. Furthermore, the time taken to release a variety could 
be adjusted by adopting cost-effective breeding methods. Farmers and 
consumers want the best varieties in the market at any given time. The 
breeding programs have no excuse for being overwhelmed by the effects 
of climate change, which can render the old varieties inferior. Still, they 
must seek ways of enhancing cost-effectiveness in enhancing genetic 
gains. Hence, costing using the UQ-BPCT enables administrators, 
donors, and governments to make data-driven decisions, optimize 
resources efficiently, and drive agricultural development.

Analysis of the costs across the breeding stages of the three African 
maize breeding pipelines shows significant variations in the operational 
costs of the stages and even for the entire pipelines. One interesting 
finding is that all the pipelines have adopted the doubled haploid 
technology to enhance the rapid development of elite lines. Deployment 
of DH means that the programs will take fewer years to develop hybrids 
and synthetic varieties than conventional methods. Any approaches 
toward modernization of the breeding methods have humongous 
contributions to the availability of superior varieties for the African 
populations. Thus, more efforts should involve creating awareness 
about cost-effective methods for running breeding programs. Through 
this analysis, some key high costs were identified. While some may 
have a direct solution by substitution of items or training of personnel, 
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some must need further support from the local authorities (e.g., cost of 
guarding against thefts or destruction by wildlife).

To enhance genetic gain per dollar invested, programs should 
adopt strategies that reduce costs while increasing the number of 
cycles in a year (Pandey and Rajatasereekul, 1999). Some cost 
reduction strategies were mentioned in the discussion section, and 
additional program-specific recommendations are in Table  3. 
Furthermore, the programs could adopt cost-effective operations 
measures such as genotyping using the appropriate quality check 
molecular markers (to confirm the parentage or successful 
introgression of the target genomic region after a cross) in early 
breeding stages to increase chances of working with the true genotype, 
and hence reducing the subsequent costs of phenotyping and 
selection. Incorporation of marker-assisted selection and adoption of 
DH may be  a way to reduce the time required for inbred line 
development, which significantly reduces the total cost of varietal 
release (Xu et al., 2017; Chaikam et al., 2019). The costs of genotyping 
may be less than the subsequent downstream phenotyping costs when 
working with populations where some crosses were unsuccessful. If 
feasible, genomic selection could be adopted to fast-track germplasm 
improvement, which can be very effective if combined with speed 
breeding (Watson et al., 2018; Kabade et al., 2024). Furthermore, rapid 
germplasm evaluation techniques such as sparse testing enhance the 
development of resilient genotypes by maximizing the test 
environments for the alleles within the tested panel and hence 
shortening the cycles for the process of identifying and releasing new 
varieties (Chaikam et al., 2019; Cobb et al., 2019; Atanda et al., 2022; 
Swami et al., 2023). These technologies are likely to speed up the 
development and release of varieties while bringing down the costs of 
conducting activities (Wanga et al., 2021).

Farmers are the ultimate beneficiaries of the breeding programs 
by acquiring improved varieties. Costing could enhance farmers’ 
acquisition rate of improved crop varieties by providing a guiding 
platform for which the breeding programs can fast-track the genetic 
gains and the associated costs. With rapid breeding, more improved 
seed varieties become available and affordable to small-scale farmers, 
and this becomes a motivation for farmers’ engagement in agribusiness 
(Awotide et al., 2016). The motivated farmers would be more engaged 
in expanding crop production, and this would translate into increased 
food security, better incomes and livelihoods for the growers and 
consumers (Awotide et al., 2016; Ng’Endo et al., 2022; Offornedo 
et al., 2022).
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