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Public-private partnerships (PPPs) are globally recognized for their potential to
accelerate genetic improvement and delivery of new high-yielding seed varieties
in developing countries. However, despite the strong advocacy for PPPs in crop
improvement, there is little empirical evidence about their performance, capacities,
and contribution to the development of seed industries and the promotion of competi-
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commercial and market-oriented perspective along all steps of the plant breeding and
dissemination process.

Section 1: Introduction

Many developing countries like India, Brazil and Mexico have relied mainly on crop
variety innovations developed by public sector National Agricultural Research Sys-
tems (NARS) to drive productivity growth in agriculture. Crop variety innovations from
NARS have also underpinned the development of the commercial seed sector in
these countries, especially in the initial phases of agricultural development. Develop-
ing country NARS, working in collaboration with International Agricultural Research
Centres (IARCs) of the Consultative Group on International Agricultural Research
(CGIAR) system, are acknowledged to have made exceptional contributions to plant
breeding. Such collaboration led to the development of the semi-dwarf, high-yielding
wheat and rice varieties that transformed agriculture during the “Green Revolution”

in many developing nations, substantially increased food production, and largely
contributed to improving global food security [1,2]. The factors driving the success of
the public sector in the development and dissemination of crop varieties in the 1960s
and 1970s were, to a large extent, the strong interest of governments and donors in
investing in agricultural research, and the free exchange of plant genetic resources in
the CGIAR that facilitated collaborations between national and international research
systems.

While NARS remained dominant in plant breeding in developing countries till the
1990s, and provided the main links with the international plant breeding research
system, the effectiveness and sustainability of the public-sector led innovation system
have been called into question by several related developments. These include:

1) the declining trends in public investment in agricultural research in developing
countries since the 1990s [3,4];

2) the declining efficacy of NARS in the dissemination of crop varieties, reflected in
the limited uptake and adoption of new improved seeds [4];

3) growing private sector competition in plant breeding, generated mainly by the
expansion of multinational companies but also by the increasing breeding capacity
of domestic firms [5,6].

4) the enforcement of intellectual property rights (IPRs) in developed nations since
the 1960s and their extension to developing countries in the 1990s [1,2], restrict-
ing free germplasm exchange and plant breeders’ capacities to build on protected
innovations [7,8];

5) the emergence of biodiversity legislation that recognized national “sovereignty
over biological resources”, which further exacerbated the limitations imposed
by IPRs for germplasm access and exchange in the international plant breeding
research system [2,9].

PLOS One | https://doi.org/10.1371/journal.pone.0328872 August 6, 2025

2/26



https://datastudio.google.com/reporting/5b7206ba-e190-48fe-9696-73523bfccf58/page/itBWB
https://datastudio.google.com/reporting/5b7206ba-e190-48fe-9696-73523bfccf58/page/itBWB
https://datastudio.google.com/reporting/5b7206ba-e190-48fe-9696-73523bfccf58/page/itBWB
https://data.cimmyt.org/dataset.xhtml?persistentId=hdl:11529/10549157
https://data.cimmyt.org/dataset.xhtml?persistentId=hdl:11529/10549157
https://data.cimmyt.org/dataset.xhtml?persistentId=hdl:11529/10549157
https://data.cimmyt.org/dataset.xhtml?persistentId=hdl:11529/10549158
https://data.cimmyt.org/dataset.xhtml?persistentId=hdl:11529/10549158

PLO\Sﬁ\\.- One

In this context, public-private partnerships (PPPs) emerged as an alternative to promote seed sector development
[10,11], accelerate variety development [12,13], and their delivery at scale to smallholder farmers in developing countries
[14,15]. PPPs are collaborations between public and private entities in which partners share costs, risks, and resources in
pursuit of a common goal. Such collaborations can range from bilateral cooperation between governments and a private
company to multi-partner and multi-sector alliances and research consortia, including governments, private compa-
nies, foundations, development organizations, and NGOs [16—18]. PPPs in plant breeding leverage the public sector’s
upstream breeding capacities with private sector strengths for seed production, distribution and marketing. Public sector
NARS and CGIAR centres provide strength in crop improvement, access to diverse germplasm collections and evaluation
networks. The private sector contributes expertise in modern breeding technologies, research skills, tools, marketing and
seed delivery systems [12,15,18].

For over the last three decades, the CGIAR has established PPPs with a wide range of actors, especially for the devel-
opment and dissemination of high-yielding, stress-tolerant, and biofortified seed varieties (S1 Appendix). For example,
the International Maize and Wheat Improvement Centre (CIMMYT), the Kenyan Agricultural Research Institute (KARI),
and the Syngenta Foundation launched the Insect-Resistant Maize for Africa (IRMA) initiative in 1999 and worked for
over fifteen years to develop and deliver stem borer-resistant maize varieties [19]. Similar initiatives such as the Drought
Tolerant Maize for Africa (DTMA) [20], the Stress Tolerant Maize for Africa (STMA) [21], and the Affordable, Accessi-
ble Asian Drought Tolerant Maize Project (AAA-DT Maize) [22] developed from 2005 to 2020 more than two hundred
drought-tolerant and insect-resistant maize cultivars adapted to smallholder farming in Africa and Asia. Along with the
CGIAR, development agencies such as the United States Agency for International Development (USAID); foundations,
e.g., the African Agricultural Technology Foundation (AATF), the Syngenta, Bill and Melinda, Rockefeller, and Howard G.
Buffett Foundations; as well as national and multinational companies (Bayer, BASF, Corteva Agriscience, Syngenta) have
been involved in PPPs since the early 1990s. The USAID, the AATF, the Syngenta, and Bill and Melinda Gates Founda-
tions have advocated PPPs since the late 1990s/early-2000s, mostly in Africa, Asia and Latin America [15,23,24].

Within PPPs arrangements in the CGIAR, public breeding programmes typically provide free-of-charge access to elite
breeding materials to domestic small and medium enterprises (SMEs), and in return, SMEs multiply and market CGIAR
or NARS crop varieties [25]. These arrangements aim to assign a larger role to domestic companies in seed sector
development and encourage emerging plant breeding capacity in the private sector. In many developing countries where
smallholder farmers are the main buyers of seeds, innovations developed and delivered by PPPs provide an alternative
to varieties offered by multinational companies that usually enjoy substantial price premiums and may be unaffordable to
low-income farmers.

Objectives and outline

For many years, PPPs in seed sector development have attracted and continue to attract investments from developed
and developing country governments, CGIAR institutions and donor agencies [15,23,24]. A general common assump-

tion when implementing PPPs is that they can produce and distribute high-quality and affordable seeds at large scale to
low-income farmers in remote markets. However, several questions remain to systematically evaluate the role of PPPs
and their contribution to large scale dissemination of crop varieties and seed sector development. For example, can SMEs
successfully incorporate new seed innovations developed through PPPs into their product portfolios and into the market?
Can PPPs accelerate variety development, variety turnover and dissemination at scale of new hybrids? Can PPPs contrib-
ute to the development of vigorous local seed industries, capture market shares from global market leaders and promote
sufficient competition in the seed industry? and, Can PPPs deliver on broader development goals related to achieve crop
productivity increases, seed systems development and smallholder crop production which underpin large public sector
investments? To the best of our knowledge, there are no empirical evaluations of seed sector PPPs that address the
above questions.
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This paper examines the performance of MasAgro maize, a PPP in Mexico involving CIMMYT, the main public breed-
ing NARS, the Mexican government, and over seventy SMEs during 2011-2019. It specifically addresses the following
research questions:

1. What was the contribution of the MasAgro maize PPP to the development of new hybrid maize varieties in the Mexican
maize seed industry over the period 2011-2019?

2. How did MasAgro maize hybrids compare in terms of yield with hybrids of private companies and the public sector?
3. What was the impact of MasAgro maize on the variety portfolios of participating SMEs and on the maize seed market?

The paper aims to build evidence of the contribution that PPPs can make to seed sector development in developing
countries, and derive lessons from the MasAgro maize experience to inform the design and implementation of future
PPPs in other developing countries where the private sector plays (or can potentially play) a key role in maize seed mul-
tiplication and delivery. The analysis is structured as follows. In the next section, we present our conceptual framework;
section 3 presents our data sources and methods; section 4 provides the background of maize production and the maize
seed industry in Mexico; section 5 presents the results and section 6 discusses the implications of the findings for the
design of PPPs and the development of seed industries through PPPs. Section 7 is the conclusion.

Section 2: PPPs in plant breeding and maize seed systems

In formal maize seed systems, breeders use germplasm collections stored in gene banks to generate pedigree popula-
tions and elite inbred lines for further use by NARS (CGIAR-NARS route) and private companies (private route) for the
development of advanced lines and hybrids [1,26]. In the CGIAR-NARS route (Fig 1A), NARS are recipients of CGIAR

A
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Fig 1. Crop germplasm improvement, evaluation, and delivery through A) the CGIAR-NARS route; B) the private route; and C) public-private
partnerships that incorporate a commercial and market perspective along the maize seed value chain. Source: Authors, based on [27-29].

https://doi.org/10.1371/journal.pone.0328872.9001
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germplasm for further development and evaluation. NARS are then the main technology and foundation seed providers
to private seed companies, which in turn are seed multipliers. NARS and private companies mainly work separately, with
private seed firms mostly acting as receivers of technology, knowledge and information. In low-and-middle-income coun-
tries, few private seed companies have the capacities to invest in breeding research. Seed companies with plant breeding
capacity will usually skip the CGIAR-NARS route, making their own germplasm improvement and variety evaluation by
directly accessing genetic resources from the CGIAR or other national/international sources (Fig 1B).

However, the capacity for innovation in individual domestic seed firms may be limited. In public-private partnerships
(Fig 1C) public sector entities provide a broad range of elite breeding materials to domestic seed companies to stimulate
their collective plant breeding capacity, while exploiting the strengths of private sector firms to commercialize varieties
in emerging and competitive markets. NARS then, no longer remain the main technology provider, but continue their
engagement in breeding and variety evaluation, while private companies are expected to develop their breeding capaci-
ties and generate their own varieties.

PPPs’ plant breeding and seed delivery systems may vary by country, crops and programme, but they generally involve
three main core components (Fig 1):

1. Genetic improvement: through the plant breeding component, PPPs provide direct and continuous access to elite
breeding materials and/or finished varieties to domestic private companies and public partners, thus relaxing germ-
plasm restrictions imposed by IPR and facilitating germplasm transfer. An important incentive for seed companies to
participate in PPPs is their ability to access CGIAR/NARS improved germplasm. SMEs may similarly be able to use
elite cultivars from CGIAR/NARS in their own breeding programmes for the development of follow-on innovations,
for which they may seek intellectual property protection. Participating domestic firms also benefit from their ability to
refresh their variety portfolios, yielding higher margins and economic returns.

2. Variety development and release: PPPs take advantage of the public and private sector infrastructure to extensively
evaluate new potential varieties in multilocation testing networks (MTNs). MTNs in PPPs allow partners to identify
materials widely and/or locally adapted to production conditions and potential markets before the selection of best-bet
hybrids for commercial cultivation. MTNs are expensive and difficult to conduct and small breeding programmes in
developing countries are often unable to establish them at a sufficient scale to provide reliable yield information [27].
Therefore, their use provides SMEs essential information about varieties’ performance that is otherwise inaccessible.
One key aspect of PPPs is the development of seed production technology and their transfer to partner companies.
Some PPPs also register their variety innovations to facilitate hybrids uptake by SMEs.

3. Variety delivery: PPPs foster the integration of dynamic public breeding programmes and private seed delivery systems,
making it possible to continuously deploy new varieties extracted from germplasm collections, stimulate varietal replacement
and increase crop yields. Often, public partners provide foundation seed to private companies to accelerate commercial seed
production, and in some cases, they engage in varieties’ promotion and dissemination. The variety delivery component is
fundamental for achieving the impact of plant breeding research in the international agricultural research system.

The MasAgro maize consortium

MasAgro maize was one of the four components of the Sustainable Modernization of Traditional Agriculture (MasAgro)
project, implemented in Mexico by the government of Mexico and CIMMYT between 2011 and 2019. The specific objec-
tives of MasAgro maize were: 1) to develop a strong and diverse national maize seed sector able to produce and deliver
improved maize seeds to an additional 1.5 to 3.0 million ha in rainfed zones, 2) increase maize yields in that area from 2.2
to 3.7 t/ha by promoting the use of improved seeds, and 3) increase national rainfed maize production from about 5.0 to 9
million t [30].
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The key features of the MasAgro maize consortium included:

1. Development of advanced inbred lines, crosses and final promotional hybrids for direct allocation to private national
companies on a non-exclusive and royalty-free basis.

2. Evaluation of advanced germplasm materials and selection of best-bet pre-release hybrids in a multilocation testing
network.

3. Variety registration, foundation seed provision, training, and hybrid seed production technology transfer by CIMMYT to
seed firms to speed up hybrid uptake.

4. Segmentation and targeting, marketing support in product portfolios design, and easing branding restrictions for facili-
tating scaled-up marketing.

Table 1 summarizes the main changes implemented by MasAgro maize along the maize seed value chain. The table
outlines the key issues faced at each stage, how these issues were addressed and the outputs or anticipated impacts.

Section 3: Data and methods

Despite the large number of PPPs for seed sector development established since the early 1990s, there have been no
empirical evaluations that assess their performance. Here, we assess MasAgro maize based on a set of indicators that
capture the PPP’s performance in variety development, SMEs varieties’ uptake and variety turnover, and MasAgro maize
effect on the maize seed market. Our selection of indicators and methodological approach are discussed below.

Variety development

Firstly, we classified varieties into five categories based on the entity responsible for their development or the proprietary
holder. These categories are 1) MasAgro (hybrids developed by CIMMYT and made available to SMEs through MasAgro),
2) Private MasAgro (hybrids developed by consortium companies using MasAgro lineage), 3) Public (hybrids developed
by public NARS), 4) Private national (hybrids developed by national companies using proprietary germplasm), and 5)
Multinational (hybrids developed by multinational companies). Then, we used variety releases and variety performance
to assess MasAgro maize efficiency in genetic improvement. The number of varieties released and their performance
indicate the efficiency of a plant breeding programme, and a seed system’s capacity to deliver new cultivars, and enhance
agricultural productivity [31,32].

To analyze the trend in variety releases we used the following data sources:

The MasAgro seed evaluation network [33]: every year, MasAgro maize established a seed evaluation network to
evaluate all materials developed by CIMMYT breeders, and assess their performance vis-a-vis public and private mate-
rials under development or readily available in the market. Therefore, this dataset contains observations of new hybrids
developed by MasAgro maize as well as the yield performance of MasAgro, public, private national, and multinational
cultivars evaluated in 2011-2019.

The MasAgro seed marketing survey [34]: this survey was administered from 2013 to 2019 to MasAgro project affil-
iated SMEs to monitor their seed sales, the uptake of new MasAgro hybrids, and the number of private MasAgro hybrids
developed by affiliated firms. The number of companies that responded to the seed marketing survey each year was:
2013 (n=29), 2014 (n=24), 2015 (n=39), 2016 (n=42), 2017 (n=42), 2018 (n=52), 2019 (n=61).

The National Seed Varieties Catalogue (CNVV) [35]: the CNVV is the official varietal releases database of the Mexi-
can government. It contains the number of varieties developed and released by NARS, private national and multinational
companies, and registered for production and commercialization in the National Seed Inspection and Certification Agency
(SNICS).
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Table 1. Changes in the maize seed sector in Mexico with the implementation of MasAgro.

Value chain | Before 2010 Problem/limitation During MasAgro Outputs/anticipated impacts
component
R&D CIMMYT developed intermediate Public germplasm was available to | CIMMYT developed advanced | Direct and wider access of ger-
materials for further use by NARS, | local seed companies only through | inbred lines and final hybrids mplasm by national companies.
especially INIFAP, and private NARS. for direct use by national seed | Enhanced breeding capacities.
companies in the creation of final companies. Potential competition between
hybrids. Double Haploids (DH) and CIMMYT and NARS in maize
molecular marker technologies | breeding.
used and transferred to seed Potential disincentive to private
companies. companies for investing in their
own R&D pipeline.
Testing and | Testing of public and private Seed companies did not participate| Public and private hybrids jointly| Higher information exchange
evaluation | materials developed by NARS and | in testing and selection of public tested by CIMMYT, NARS about product performance.
seed firms was performed sepa- hybrids, having limited knowl- and private companies in a Broader scale evaluation of
rately. Public NARS cultivars were | edge of product adaptation and multilocation testing network seed varieties.
provided to seed companies for performance. and selected for commercial Products well suited and
commercial production. production. adapted to local conditions and
target markets.
Registra- Inbred lines and finished varieties | CIMMYT did not protect breeders’ | New products developed in Faster adoption of new hybrids
tion and described and registered for plant | rights in its seed innovations. MasAgro registered and pro- by seed companies.
certification | breeder’s rights by NARS. CIMMYT| Lengthy and expensive variety tected for plant breeders’ rights | Registration and certification
did not describe and register its description process for seed firms | by CIMMYT. process for seed firms eased
seed varieties. using public germplasm. Companies could seek IPRs and accelerated.
over MasAgro follow-on
innovations.
Founda- Foundation seed was produced by | Foundation seed shortages were | Foundation seed produced by | CIMMYT complements NARS’
tion seed NARS and provided to seed com- | a major limitation. Firms could not | CIMMYT for provision to seed | foundation seed provision.
production | panies for hybrid production and access breeders’ seed. companies at no cost. NARS Access to breeders’ seed for
commercialization. continued to produce and sell it | enhanced long-term private
to seed firms. breeding capacities.
Seed Seed production technology was Poor and heterogeneous seed Seed production technology Enhanced production capaci-
production | available to seed companies from | quality. of new hybrids developed and | ties of small and medium seed
NARS. transferred by CIMMYT to seed | companies.
companies. Seed quality improved.
Marketing Seed companies were required to | Heterogeneous quality and risk of | Freedom for naming and brand- | Higher incentives for brand,
and sales sell public varieties under the name | marketing the same hybrid. ing new CIMMYT-germplasm product & market development,

given by the breeding institution.

Lack of incentives for brand, prod-

uct & market development.

based hybrids.

and product differentiation.

Source: Authors

https://doi.org/10.1371/journal.pone.0328872.t001

Variety performance was assessed comparing grain yield (GY) of MasAgro, Public, Private national and Multina-
tional hybrids using data from [33]. The original database contained N =897 observations. These data were previously
processed and analyzed by CIMMYT’s Subtropical, Tropical and Highlands maize breeding programmes as described
by [36]. However, we used a sub-dataset (n=341) containing GY of the top two white and two yellow hybrids evalu-
ated in each mega-environment in 2011-2019. We only selected the two best hybrids for each category, colour and
mega-environment, given that only the top one or two commercial multinational checks were used in the MasAgro seed
trials network each year. The number of private MasAgro hybrids and open-pollinated varieties (OPVs) in the MasAgro
multilocation trials was too little to be included in the analysis. OPVs were also excluded to compare only hybrids. There-
fore, we compared GY across all years (2011-2019), for each colour and mega-environment using OLS regression.

The linear regression model used was:

GY; = By + B1ORI; + 3,ORI; * MEGA; + COL; + 35 Year; + ¢;
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Where the dependent variable (GY)) is the grain yield response (t/ha) of the ith hybrid; ORI; captures the origin of the
ith hybrid (MasAgro, private national, multinational, public; being the latter the baseline); MEGA; and COL; capture
the mega-environment (subtropic, tropic, and highlands; being the latter the baseline) and colour (white or yellow; being
the latter the baseline) for the ith hybrid respectively. ORI; x MEGA, « COL; is an interaction term of the three variables, to
capture the combined effects. Year; is the evaluation year of the ith hybrid; and ¢; captures the random error assumed to
be normally distributed.

In addition to the regression estimations, we used the interaction term to compute the marginal effects of the interaction
between origin, environment, and colour on the grain yield response, and report the results as a matrix of statistical differ-
ences between effects. The analysis was made using Stata 17.

Varieties’ uptake and variety turnover

We measured varieties uptake and variety turnover among a sample (n=31) of MasAgro SMEs. Varieties uptake and
variety turnover denotes SMEs innovation capacity and ability to integrate and exploit external knowledge and resources
(e.g., improved germplasm, new varieties) into their operations. The greater is this capacity, the greater are the expected
outcomes in product innovation, e.g., developing and launching new products, incorporating new hybrids into product port-
folios, and expanding seed sales [25]. The uptake of new varieties from breeding organizations by SMEs translates into
higher number of commercial varieties available for farmers. In turn, a rapid rate of varietal turnover defines the rate at
which companies replace old cultivars with new ones [27], and it is associated with faster variety replacement at farmers’
fields [37] and a competitive seed sector [27].

Drawing upon research on SMEs performance from the management literature, we assessed varieties uptake and
variety turnover among our sample of SMEs. We did so using the following indicators: 1) New-to-firm and new-to-market
varieties introduced by SMEs into their product portfolios [38,39]; 2) Sales of new MasAgro hybrids relative to other cat-
egories and the total firm’s sales; 3) The number of follow-on products developed using MasAgro lineage [39,40]; and 4)
Product portfolio turnover for the period 2011-2019 [38]. The data were obtained from four different sources. The first was
[34]. The second is a cross-sectional survey [41] applied by CIMMYT to thirty-nine MasAgro seed companies in 2015, to
collect information of all seed varieties sold by affiliated businesses. This survey contains, inter alia, variety-wise informa-
tion of 2014 seed sales, seed origin, product type, seed colour and first year of product introduction to the market. These
datasets were combined into a database of thirty-eight companies having at least six to seven years of variety-wise sales
information. To these thirty-eight firms, a new survey (the product portfolio survey) was distributed in 2020 to cover exist-
ing information gaps, specially the 2011-2012 seed sales, company size (seed sales and number of employees) and each
product’s first year of introduction to the market. Out of all firms contacted, seven did not respond, leaving us a sample of
31 companies with information on seed sales at the variety level [42]. All surveys were handled via e-mail by the MasAgro
maize direction in the CIMMYT Global Maize Program. By answering the survey, seed companies agreed to participate in
the study in line with a collaboration agreement with MasAgro maize. To protect the confidentiality of our sample compa-
nies, all personal and commercial information on private companies was made confidential.

Table 2 shows our final sample composition and relevant descriptive statistics. We classified sampled companies in
three groups based on 1) maize seed sales, as medium (= 1,000-5,000 t of seed sales), small (= 200—-1,000 t) and micro
enterprises (<200 t); 2) the number of employees, following the guidelines of the North American Industrial Classification
of Economic Activities (SCIAN) [43], and 3) breeding research capacities, i.e., whether the firm had an established breed-
ing research programme, reflected on its product’s portfolio by having own proprietary hybrids.

Micro enterprises comprised more than half of the seed firms sampled. Medium companies had almost twice as long
as small and micro seed businesses in the market. They employed four times more staff than small firms and ten times
more than micro seed enterprises. Medium seed companies accounted for the largest share of sales (54%), whereas
small businesses participated with 29% and micro with 17%. Based on the proportion of varieties by germplasm type, it
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Table 2. Overview of MasAgro sampled seed companies (n=31).

Company size | Firms | Mean years in operation | Mean number of employees | Mean seed sales | Maize varieties by germplasm type
(2011-2019) (%)
t % Private | Private with public® | Public®
Medium 5 26.2 82.6 5,954 54.2 41.1 21.2 37.7
Small 8 14.9 22.9 3,183 29.0 6.6 11.6 81.8
Micro 18 14.6 8.2 1,840 16.8 14.6 10.1 75.3
Total/average 31 16.5 24.5 10,977 |100.0 |20.8 14.3 64.9

Source: [34,41,42].
a0wn proprietary hybrids containing one or more inbred lines or improved populations from CIMMYT or NARS.
®Includes hybrids developed in CIMMYT for MasAgro.

https://doi.org/10.1371/journal.pone.0328872.t002

is evident that medium-sized companies had more proprietary hybrids, unlike small and micro seed firms that depended
largely on public materials to sustain their portfolios.

We estimate that MasAgro affiliated companies account for approximately 85-90% of the total market share captured
by national companies. Our sample represents about 62% of maize seed sales of all MasAgro affiliated businesses, and
nearly 60% of sales of national companies in the maize seed industry.

MasAgro maize effect on the maize seed market

The information on seed sales of our sample of MasAgro companies was complemented with seed production statistics
provided by the SNICS [44]. These data contained variety-wise information on national non-MasAgro and multinational
firms for the 2011-2015 and 2019 sales years. With these data, we compiled a final database [45] showing detailed seed
production and sales figures of the entire maize seed industry for our study period. These data have two limitations: 1) not
all national companies register their seed production with the SNICS, a drawback that was compensated by the inclusion
of variety-wise information on domestic companies available from MasAgro, and 2) variety-wise information on 2016,
2017 and part of 2018 sales year seasons for non-MasAgro companies was unavailable, and therefore, the market shares
for these years contains some estimations. Despite these limitations, we consider this data as a unique dataset, given the
difficulties of collecting variety-wise production and sales statistics from the private sector.

Finally, using data from [45], we estimated the market share of our different seed categories, and the degree of market
concentration in the maize seed industry. We calculated three concentration indexes: the Hirchman-Herfindahl Index (HHI),
Gini Coefficient (Gr), and Entropy Index (El). The HHI index is the sum of squared market shares of all firms in the market.
Squaring the market shares places greater weight on companies with large market shares, and neglects concentration from
multiple small firms which together may account for a large proportion of the market (i.e., market share inequality). The Gr
and the El complement the HHI by accounting for inequality of shares across all companies and the effect of small firms on
the market [46—48]. The values for the three indexes range from 0 to 1. Larger HHI and Gr values indicate greater concen-
tration, and lower values approaching to 0 indicate quasi-perfect competition. Markets with HHI > 0.25 and Gr > 0.5 are
considered highly concentrated. The El is inversely related to the HHI and GR indexes as low values indicate high industry
concentration [31,49]. The procedure to calculate each of these indexes can be found in [46—49].

Section 4: Study context
Maize production in Mexico

In Mexico, out of the total 7.4 million ha planted to maize, about 5.9 million ha (79%) is rainfed. The country produces 27.4
million t of maize annually [50] and is the world’s eighth-largest maize producer [51]. However, it depends substantially
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on imports (about 37%) to meet its national consumption needs [52]. In 2020, Mexico became the first worldwide maize
importer [53]. This deficit is partly explained by the predominant low crop yields, resulting from a predominantly rainfed
maize production system, and the poor adoption rates of improved seeds (40%) [50,54].

Maize yields range from an average of 2.4 t/ha in rainfed to 8.7 t/ha in irrigated areas [50]. However, grain yields vary
significantly among regions (Fig 2). Most farmers in the Northwest obtain yields above 10 t/ha because of the high rates of
improved seeds, fertilizers use, planting densities and irrigation. In the West and North-Centre, farmers harvest above 5.0
t/ha as improved seeds coverage is estimated at 82% and 72% respectively. In these regions, seed markets have been
well developed in response to the commercial irrigated and good potential rainfed areas which represent segments of high
value for seed companies, especially multinational. In contrast, in the states of the Southeast, Yucatan Peninsula and the
Highlands, yields are below 3.0 t/ha as maize is mostly grown in traditional rainfed systems associated with own con-
sumption, low-technology small-scale farming, with limited use of improved varieties and fertilizers. In these regions, there
are about 2.56 million ha where maize production and yields can be doubled with the use of improved seeds delivered by
PPPs.

The maize seed industry

Between 1930 and 1960, the government of Mexico created several state breeding research institutions which have
evolved into the current national agricultural research system (Fig 3). This process started with the creation of the Depart-
ment of Experimental Stations (DCE) and the establishment of the first formal breeding research programmes in 1933.
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Yield (t/ha): 5.3 v
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/
£
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Fig 2. Improved maize seeds coverage, maize rainfed area, maize production and yields by commercial maize seed region in Mexico. Source:
Authors, generated in ArcGIS using state boundaries from [55] and data from [50,54].

https://doi.org/10.1371/journal.pone.0328872.9002
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Fig 3. Timeline of the evolution of the Mexican maize seed industry, 1930-2020. Department of Experimental Stations (DCE), Office of Spe-

cial Studies (OEE), Institute of Agricultural Research (1I1A), National Maize Commission (CNM), Seed Department of the General Office of Agricul-

ture (DS-SAG), National Institute of Agricultural Research (INIA), National Seed Production Company (PRONASE), National System for Seeds
Inspection and Certification (SNICS), International Maize and Wheat Improvement Centre (CIMMYT), Mexican Seed Producers Association A.C.
(AMSAC), National Institute of Forestry, Agriculture and Livestock Research (INIFAP), North American Free Trade Agreement (NAFTA), Agreement

on Trade-Related Aspects of Intellectual Property Rights (TRIPs), International Union for the Protection of New Varieties of Plants (UPOV), National
System of Plant Genetic Resources for Food and Agriculture (SINAREFI), Cartagena Protocol on Biosafety to the Convention on Biological Diversity
(Cartagena Protocol on Biosafety), Sustainable Modernization of Traditional Agriculture (MasAgro), National Seed System (SINASEM), Canada-United
States-Mexico Agreement (CUSMA), Law of Production, Certification and Commercialization of Seeds (LFPCCS 1961, 1991 and 2007), Federal Law of
Plant Varieties (LFVV 1996 and 2020), Genetically Modified Crops and Biosafety Law (LBOGM). Source: Authors.

https://doi.org/10.1371/journal.pone.0328872.9003

Breeding intensified with the establishment of the Office of Special Studies (OEE) — currently CIMMYT — in 1943, and the
evolution of the Department of Experimental Stations (DCE) into the Institute of Agricultural Research (lI1A) — currently the
National Institute of Forestry, Agriculture and Livestock Research (INIFAP) — in 1946. As a result, the first improved variet-
ies were released in 1947, and self-sufficiency in corn, beans and wheat was achieved in 1959 [56].

The exceptional success of breeding research during the early years of the maize seed industry led the government to
enact the first seed law in 1961. This law restricted private sector participation in the maize seed industry. Seed companies
could not access public germplasm developed by NARS and could not carry out breeding research without permission from
the state. Seed imports and exports were controlled. There were also restrictions on seed marketing, and seed prices were
set up for the private sector while public seed from the parastatal seed company (PRONASE) was subsidized [57,58]. Despite
many restrictions imposed on the private sector, private companies — mainly multinational — have been actively engaged in the
maize seed industry since the 1960s [59] and have consistently captured a substantial share of the maize seed market since
the 1970s. Between 1970 and 1989, private companies maintained on average a 53% share of the maize seed market. After
liberalization of the seed industry in 1991, the private sector increased its share from 58% to 87% in 1996. The public sector
accounted for 13% of the maize seed market, mainly through the government-backed company PRONASE [58].

With liberalization of the maize seed industry the maize seed market in Mexico has also over time become highly
concentrated. Over the period 2011-2019, private companies marketed on average 90,963 t annually (4.55 million bags of
sixty-thousand seeds) of improved maize seed (Fig 4). In 2019, domestic companies had a share of 23%, while multina-
tionals captured over 75% of the maize seed market. One single firm (Bayer) concentrated 60% of total seed sales [45].

PLOS One | https:/doi.org/10.1371/journal.pone.0328872 August 6, 2025 11/26



https://doi.org/10.1371/journal.pone.0328872.g003

PLO\Sﬁ\\.- One

-3 3 6 B A 5 6 2 2

18 2 2

90~

80- 79 78

7o 74 76 12f 74 — 77 77
g 60- Company category
ﬁ 50 - Other national
% 40- MasAgro

Multinational

= 30+

20-

10-
0{72.3|
Sales (000 t)

2011 2012 2013 2014 2015 2016 2017 2018 2019
Year

Fig 4. Market shares of multinational and national seed companies in the Mexican maize seed industry, 2011-2019. Source: [45]. Seed sales of
multinational companies were adjusted using official seed imports and exports from [60].

https://doi.org/10.1371/journal.pone.0328872.9004

MasAgro maize can be seen as a response to the challenges faced in the maize seed industry and experienced in the
CGIAR-NARS model of variety development and dissemination, reflected in the limited uptake of improved varieties in
only 40% of the maize area in Mexico, notwithstanding the huge public investments in plant breeding made over several
decades.

Section 5: Results
Variety development

MasAgro maize developed a total of 226 maize hybrids and OPVs during 2011-2019 for allocation to private companies.
Varieties developed were predominantly three-way white hybrids for the tropics (39%), highlands (35%) and subtropics
(26%). OPVs accounted for a small proportion of varieties developed (Table 3). MasAgro maize similarly developed a greater
number of seed varieties than INIFAP and other NARS together in a significantly shorter period of time (Fig 5). During the
period 2011-2019, MasAgro and multinational companies were the main sources of maize seed varieties (Fig 6).

Table 3. MasAgro hybrid maize release records, 2011-2019.

Mega-environment Hybrids developed Cross-type

Single Triple OPVs

White Yellow White Yellow White Yellow
Subtropical 60 4 8 29 19 - -
Tropical 87 15 14 30 25 3 -
Highlands 79 9 6 27 24 12 1
Subtotal 28 28 86 68 15 1
Total 226 56 154 16
Source: [33].
https://doi.org/10.1371/journal.pone.0328872.t003
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Fig 5. Maize seed variety releases in Mexico, 1991-2019. Source: [33-35].
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Fig 6. Maize seed variety releases by CIMMYT for MasAgro, public NARS, national and multinational seed companies, 2011-2019. Source:

[33-395].

https://doi.org/10.1371/journal.pone.0328872.9006

Table 4 presents the results of the linear regression model estimating GY across all years (2011-2019), seed catego-
ries, colour and mega-environment. The estimated coefficients for both, MasAgro and multinational hybrids, are positive
and significant, indicating they had higher yields than public varieties. The estimated coefficients for Subtropics and White
are also positive and significant, showing a GY advantage in this mega-environment and white hybrids. The interac-
tion effect between origin and mega-environment, origin and colour, and origin, colour, and mega-environment shows a
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Table 4. GY regression coefficients, standard errors, and significance levels of MasAgro, multinational, private national and public hybrids

evaluated in the MasAgro seed evaluation networks in Mexico, 2011-2019.

Coefficient S.E.
Origin (baseline: Public)
MasAgro 0.809*** 0.288
Multinational 1.141* 0.493
Private national 0.639 0.495
Mega-environment (baseline: Highlands)
Subtropics 1.223%** 0.437
Tropics 0.270 0.455
Origin and mega-environment
MasAgro#Subtropics 0.142 0.492
MasAgro#Tropics -0.482 0.487
Multinational#Subtropic 0.638 0.658
Multinational#Tropic -0.929 0.641
Private national#Subtropic 0.452 0.621
Private national#Tropic -1.181* 0.642
Colour (baseline: Yellow)
White 1.058*** 0.342
Origin and colour
MasAgro#White -0.667 0.419
Multinational#White -1.123* 0.617
Private national#White -0.480 0.586
Mega-environment and colour
Subtropic#White -0.266 0.519
Tropic#White -0.705 0.538
Origin, colour, and mega-environment
MasAgro#Subtropic#White 0.067 0.637
MasAgro#Tropic#White 0.997 0.621
Multinational#Subtropic#White 0.256 0.789
Multinational#Tropic#White 1.345* 0.797
Private national#Subtropic#White 0.193 0.736
Private national#Tropic#White 1.037 0.768
Year
2012 -0.316 0.213
2013 0.143 0.218
2014 1.178*** 0.187
2015 0.642%** 0.198
2016 1.456%** 0.212
2017 1.187*** 0.213
2018 1.739%** 0.262
2019 0.960%** 0.222
Constant 5.045%%= 0.288
R-squared 0.704
F-test 45.91%**
Sample 341

Robust standard error *** p<0.01, ** p<0.05, * p<0.1. Source: [33].

https://doi.org/10.1371/journal.pone.0328872.t004
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significantly lower GY of private national hybrids compared to public varieties in the Tropics, a lower GY of multinational
white hybrids compared to their counterpart yellow hybrids, and a higher GY of multinational white hybrids over public
varieties in the Tropics. In general, all breeding programs showed a significant increase in GY since 2014.

Fig 7 illustrates the GY (t/ha) comparison of white and yellow MasAgro, multinational, private national and public
hybrids tested in the MasAgro seed evaluation network from 2011 to 2019. Mean GY results, GY differences, standard
errors, and p-values across categories were obtained by estimating the marginal effects of the mean and are shown in
S1 Table. Overall, subtropical hybrids showed the highest GY (average 8.34 t/ha white and 7.99 t/ha yellow) among all
mega-environments. In this mega-environment, multinational white and yellow hybrids maintained a yield advantage over
MasAgro of about 0.5 t/ha and 0.8 t/ha (p<0.05) respectively. Private national materials similarly showed higher yields
than MasAgro although differences between yellow hybrids were too small and not significant.

In the Highlands, private national white hybrids had the highest yield (7.03 t/ha) followed by MasAgro, multinational and
public hybrids, but no significant difference was observed. For yellow maize, multinational hybrids had the highest yield
(6.95 t/ha) but there was no significant difference with MasAgro and private national materials. Finally, white and yellow
MasAgro hybrids in the Tropics outperformed all other categories with an average GY of 7.09 t/ha and 6.41 t/ha respec-
tively. For both white and yellow hybrids, there was no significant difference between tropical MasAgro and multinational
hybrids.

The large number of hybrids developed by MasAgro represented an opportunity for domestic seed firms to modernize
their seed offering and expand their market shares. In the next section we examine the uptake and commercialization of

Public- 8 ®
Private national- &= —
Multinational - §= @
MasAgro- T &
Public- 8 . @
Private national- § 8 —
Multinational - &2 &
MasAgro- T &
Public- 8 &
Private national- §= ®
Multinational- 8= &
MasAgro- 3 @
Public- 8 4 &
Private national- § 3 ®
Multinational - £ & &
MasAgro- 3 &
Public- © &
Private national- -8 = ®
Multinational- 2= @
MasAgro- = &
Public 5 &
Private national- £ & ®
Multinational- 2@ -
MasAgro- = l | —— . . .
4 5 6 7 8 9 10

Grain yield (t/ha)

Fig 7. Average grain yield (t/ha) of MasAgro, multinational, private national and public hybrids evaluated in the Highlands, Subtropical and
Tropical MasAgro seed evaluation networks in 2011-2019. Source: [33].

https://doi.org/10.1371/journal.pone.0328872.9007
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MasAgro hybrids by our sample consortium companies (n=31), and the impact of the introduction of MasAgro hybrids on
the product portfolios and sales composition of these companies.

Varieties’ uptake and variety turnover

Product portfolios composition. In 2019, sampled companies sold more than double the number of seed varieties
they sold in 2011. Out of the total varieties, 121 (37%) were MasAgro and 22 (6.8%) were private MasAgro, i.e., hybrids
developed by affiliated companies using MasAgro lineage (Fig 8). Overall, seed sales of sampled companies also
increased almost threefold (Fig 9): by 2019, private national hybrids represented 43% of total sales, MasAgro and private
MasAgro hybrids represented 22% and 7.3% respectively, and the share of public varieties fell from 53% in 2011 to
27% in 2019. The same MasAgro hybrid may have been sold under different brand names/nomenclatures by different
companies. Similarly, the same public variety could have been sold by two companies under the same name. That said,
all the MasAgro varieties derived from 41 hybrids developed by CIMMYT for MasAgro; and Public varieties resulted from
44 varieties developed by INIFAP and 9 by other NARS.

S1-S6 Figs show the number of maize varieties and the percentage of seed sales by product type (hybrid or OPV),
mega-environment and company size. The number of hybrids in companies’ portfolios almost tripled while OPVs remained
stable (S1 Fig). Seed sales of OPVs decreased from 28% to 8%, in contrast to hybrids whose share expanded from 72%
to 92% (S2 Fig). The number of products by mega-environment more than doubled in all categories (S3 Fig), but sales
of subtropical hybrids still accounted for most of the total sales by 2019, suggesting companies did not move from their
traditional subtropical markets towards markets for tropical and highland varieties (S4 Fig).

Finally, medium-sized firms relied mostly on their own hybrids, with an average of 84% of seed sales over 2011-2019
coming from proprietary sources. Yet by 2019, they introduced up to 17 MasAgro hybrids, which represented 12% of their
seed sales (S5a and S6a Figs). Small and micro seed businesses, in contrast, remained heavily dependent on public breed-
ing research. Together, public and MasAgro materials represented around 76% of total products and sales for small compa-
nies over the study period. They introduced up to 45 MasAgro hybrids, which by 2019 accounted for 28% of their seed sales,
while their share of public varieties dropped from 84% to 40% (S5b and S6Eb Figs). As for micro seed businesses, sales of
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Fig 8. Product portfolio composition of maize varieties, 2011-2019 (n = 31). Source: [34,41,42].

https://doi.org/10.1371/journal.pone.0328872.9008
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Fig 9. Composition of maize seed sales by seed category, 2011-2019 (n = 31). Source: [34,41,42].
https://doi.org/10.1371/journal.pone.0328872.9009

public varieties declined from 73% in 2011 to 50% in 2019. These companies introduced 59 new hybrids from MasAgro
(almost half out of the total 121), which by 2019 accounted for 35% of their total sales (S5¢ and S6c¢ Figs).

Product portfolios turnover. During 2011-2019, a total of 532 seed varieties were sold. MasAgro and private national
hybrids represented on average 56% and 19% respectively of the products introduced in 2014-2019. On the other hand,
the products launched between 2011-2013 and earlier were mainly public and private national varieties (Fig 10).
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Fig 10. Product portfolio composition of maize varieties by germplasm source and year of introduction to the market, 2011-2019 (n = 31).
Source: [34,41,42].

https://doi.org/10.1371/journal.pone.0328872.9010
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Table 5. Product portfolio composition of maize varieties and composition of maize seed sales by varieties’ year of introduction to the market,
2011-2019 (n=31).

Variety age 2011 2012 2013 2014 2015 2016 2017 2018 2019
Products in portfolio
0-3 years 38 72 91 43 85 133 34 60 103
4-6 years 54 54 44 59 61 56 102 114 104
7-9 years 37 34 30 47 35 33 52 50 53
10-12 years 6 6 6 28 28 25 33 30 29
13-15 years 2 2 4 7 5 5 23 21 20
>15 years 7 6 8 10 14 15 18 17 13
Total 144 174 183 194 228 267 262 292 322
Percentage of sales
0-3 years 10.18 18.76 30.67 12.84 21.81 21.49 3.00 8.55 20.39
4-6 years 41.73 43.97 24.76 21.65 33.24 37.84 2417 27.54 25.00
7-9 years 27.97 18.02 12.30 29.55 13.35 15.73 35.06 26.73 22.67
10-12 years 4.79 1.19 2.81 11.43 11.19 9.37 13.71 15.63 13.33
13-15 years 6.22 5.20 6.63 1.60 1.74 1.05 9.68 8.86 10.12
>15 years 9.12 12.85 22.82 22.93 18.68 14.53 14.38 12.69 8.48
Total 100 100 100 100 100 100 100 100 100

Source: [34,41,42].

https://doi.org/10.1371/journal.pone.0328872.t005

The number of seed varieties in product portfolios and the percentage of sales by the age of varieties for 2011-2019
are shown in Table 5. The number of products in all age groups increased as a result of product portfolio expansion. On
average, varieties older than 9 years represented about 30% of the total varieties. In terms of seed sales, the share of
varieties aged over 9 years increased from 20% in 2011 to 32% in 2019, varieties aged 4-9 years decreased from -70% to
48%, and varieties launched in the last three years increased from 10% to 20%.

MasAgro maize effect on the maize seed market

Fig 11 shows market shares of MasAgro, private MasAgro, public, private national and multinational hybrids, and con-
centration indexes obtained from seed production and sales figures of the entire maize seed industry in Mexico for the
period 2011-2019. As of 2019, 48 affiliated companies commercialized 47 MasAgro and 32 private MasAgro hybrids. By
2019 these hybrids accounted for 5.6% of total maize seed sales. All other seed categories experienced a slight decline in
market shares between 2011 and 2019: public varieties dropped from 9.8% to 8.5%, private national from 11.3% to 9.2%
and multinational from 78.9% to 76.7%. Nevertheless, multinational hybrids consistently maintained their leadership in
the maize seed market, accounting for roughly 77% of total maize seed sales. Concentration in the maize seed industry
slightly declined from 2011 to 2019 as shown by market shares and the HHI, Gini and El concentration indexes, but the
maize market remained highly concentrated.

Section 6: Discussion

Our analysis shows that the direct transfer of elite breeding materials and finished maize hybrids directly by CIMMYT to
domestic companies was very successful in generating a large number of agronomically competitive commercial hybrids
between 2011 and 2019. Considering the figures of maize variety releases of the SNICS [35], the number of hybrids
brought to the market through MasAgro substantially outstripped the total of hybrids generated by multinational companies
during the last ten years, and was nearly double the number of varieties released by INIFAP in the last 30 years [see 61].
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Fig 11. Market shares of MasAgro, private MasAgro, public, private national and multinational hybrids, and concentration indexes in the Mexi-
can maize seed market, 2011-2019. Source: [45].

https://doi.org/10.1371/journal.pone.0328872.9g011

Across several years of multilocational variety trials, MasAgro hybrids out-yielded public, private national and private mul-
tinational white and yellow seed varieties in the Tropics and the Highlands. In the Subtropics, multinational and national
companies were established more than fifty years ago while CIMMYT subtropical breeding programme was discontinued
and re-started operations in 2010, which helps to explain the advantage of private varieties over MasAgro. Seed com-
panies responded positively by successfully incorporating new hybrids into their seed offer and the market and replacing
OPVs. The project was of special relevance for small (= 200—-1,000 t sales) and micro seed companies (<200 t), which in
2019 introduced 50% and 37% respectively of the total hybrids developed by MasAgro maize.

The commercialization of a large number of hybrids within a relatively short time shows that MasAgro maize was
successful in leveraging CIMMYT’s strength in plant breeding with the marketing agility of seed firms in the private sec-
tor. Specifically, the consortium provided seed companies with 1) a wider, direct, and continuous access to breeders’
seed and advanced germplasm generated by CIMMYT breeding programmes adapted to target specific environments
and local markets; 2) prompt and opportune access to quality foundation seed; 3) training and transfer of breeding and
seed production technology; and 4) support in product portfolios design as well as the ability to brand public CIMMYT
germplasm-based hybrids. These key elements were supported by a targeting and segmentation strategy to orient sales
towards areas with the lowest yield and greatest immediate potential impact to encourage rapid dissemination of new
hybrids. As observed from year-on-year increases in the number of private hybrids, the provision of inbred lines at no cost
or royalty-free to seed companies did not disincentivized R&D investment amongst domestic seed companies.

Despite the successful adoption of new MasAgro hybrids by seed companies, by 2019 a fifth of varieties in the consor-
tium firms’ product portfolios was over 9 years old, representing 32% of their seed sales. The retention of a substantial
share of older varieties may reflect the challenges that seed companies face in scaling up the production of seeds of new
cultivars, and in popularizing new seeds among farmers when yield and agronomic advantages over their current vari-
eties are only slight [62]. Where hybrid seeds are concerned, firms may also face a steep learning curve in switching to
the production of complex new hybrids. Assured and relatively stable markets for existing popular hybrids among farmers
may also reduce the incentives for seed firms to bring about rapid variety turnover [27] despite the yield and agronomic
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advantages of new hybrids over old ones. However, the experience of MasAgro maize shows that SMEs have the willing-
ness and capability for rapid introduction of new hybrids, when access to elite material and foundation seed is guaranteed
along with technical training for seed production and enabling seed policies, even in concentrated markets with fierce
competition from multinational companies.

MasAgro maize appears to have brought about a significant shift away from public varieties among participating firms
towards MasAgro hybrids. Although INIFAP and other public research institutions continued to develop improved seeds
at approximately the same pace as during the previous twenty years [35], variety sourcing from NARS dropped by more
than 40% (Fig 10). Besides, none of the public maize varieties released by NARS in the previous ten years appears to
have been taken up by the consortium companies. Also, the number of private varieties developed from MasAgro lineage
accounted for a small share of seed sales of consortium firms, reflecting the limited success of the PPP in stimulating
follow-on variety innovations.

This is a matter of concern for the development of the domestic seed sector in Mexico for two reasons. Firstly, because
micro and small seed companies do not have the capacity to develop their own proprietary hybrids, neither to produce
foundation seed for the production of certified seed of new varieties. This means that SMEs will continue to depend on
external sources of germplasm and hybrids, and may not be able to sustain their growth if interventions such as MasAgro
are no longer available. Experience in Africa shows that the private sector can produce and supply high-quality foundation
seed to SMEs. For example, the AATF founded QualiBasic (QBS) Seed Company to produce and supply foundation seed
for SMEs in Kenya, Zambia and South Africa since 2017 [63,64]. In Nigeria, Premier Seeds and Value Seeds produce
basic seed for maize hybrids. For other crops such as beans, soya beans, groundnut, cowpea and millet, MultiSeed Com-
pany (MUSECO) and Doun Ka Fa produce foundation seed in Malawi, and Mali respectively [65]. This shows the unex-
ploited potential within the private sector in Mexico to enhance foundation seed supply, and reduce SMEs dependency
on public external sources of germplasm in the absence of interventions such as MasAgro. Secondly, because except for
variety testing, the consortium largely worked independently of public institutions that historically led breeding research
in the maize seed industry. While this allowed CIMMYT to make a greater impact in a relatively short period of time, this
represents a risk for the sustainability of the national agricultural research system. Long-term sustainability of developing
countries’ national breeding research systems can only be achieved if NARS are an active partner in seed sector PPPs in
all stages of germplasm improvement, evaluation, and delivery.

MasAgro maize and the changes introduced to the maize seed industry made important contributions to reinvigorating
the growth of domestic seed companies. Over a longer period of time, our results corroborate the MasAgro consortium’s
role in reversing decades of stagnation of the national maize seed sector as suggested by [66] and [25]. Nevertheless,
multinational companies maintained their leadership, and seed sales in the maize seed market remained highly concen-
trated. For over decades [59], multinationals in Mexico have built a competitive advantage over SMEs, largely explained
by their strong financial, commercial and marketing capacities. In contrast, SMEs face several challenges to scaling up the
uptake of new hybrids, including the lack of or poor infrastructure for seed production, processing and conditioning; poor
infrastructure in remote markets that makes seed distribution difficult; and inappropriate or non-existent seed promotion
and marketing strategies [67—69].

Another contributing factor to the low market share of MasAgro hybrids may have been the lack of awareness of new
varieties and the low diffusion of hybrids in emerging rainfed markets. Affiliated companies did not expand their seed
sales in rainfed regions, and very likely directed most of their efforts to irrigated markets where production increased from
7.6 to 14.2 million t and yield from 4.4 to 8.8 t/ha compared to an increase from 9.9 to 12.9 million t and 1.6 to 2.5 t/ha in
rainfed zones [50]. This may reflect the limited capacities (or reluctance) of SMEs to move away from mature markets in
irrigated areas, and invest in emerging and potential rainfed maize seed markets. Also, domestic SMEs made little use of
the MasAgro hubs, the MasAgro programme’s infrastructure designed to disseminate new hybrids and other sustainable
farming practices. The basic principle of the hubs [70] was that all actors in the maize seed value chain could interact
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and create strategic networks and alliances facilitating long-lasting technology adoption processes. The hubs included a
research platform, where new technologies were tested and validated by scientists; farmer modules, where farmers and
technicians demonstrated the benefits of the new technology on on-farm comparative field trials; and extension areas,
where adopters extended the use of innovations beyond farmer modules into their own-managed plots.

The hubs were an opportunity to link MasAgro maize and SMEs research findings from on-station trials to farmers’
fields through, for example, the establishment of demonstration plots, field days and trade shows to showcase the benefits
of new hybrids, enable farmers to observe and learn about their performance and attributes, and facilitate the interaction
between seed producer SMEs and potential customers (input suppliers and farmers) [71]. Along with product demonstra-
tions, the distribution of free seed samples could have facilitated farmers to gain first-hand, direct experience with new
hybrids and accelerate dissemination [72,73]. Furthermore, the hubs could have been used as a platform to leverage
farmers, extension agents and input suppliers’ engagement in education and training, demonstrations, and marketing
campaigns to create awareness and seed demand. However, domestic SMEs did not take advantage of this infrastructure
for the implementation of seed promotion and market penetration strategies. The lack of integration between breeding and
seed delivery systems, especially with downstream actors such as extension agents, agro-dealers and farmers may have
limited the uptake of MasAgro hybrids.

Finally, one of the MasAgro maize objectives was to contribute to the development of a strong and diverse national
maize seed sector. It was expected that the provision of direct access to elite breeding material, finished varieties and
training in modern breeding technologies, would enable seed companies to develop their own breeding capacities. Affil-
iated companies developed thirty-two hybrids using MasAgro lineage, suggesting some degree of spillover from public
R&D to the private sector, but overall and for our study period, the follow-on plant breeding capacity of sampled firms
appears to have been limited.

The experience of MasAgro maize highlights the challenges that PPPs face in accelerating variety development and
delivery in the context of similar developing country seed systems. These constraints are, primarily:

a) The limited plant breeding capacity of SMEs and their restricted potential for developing follow-on innovation using elite
germplasm accessed from CGIAR centres or NARS. This may perpetuate SMEs dependency on external sources of
germplasm for renewing their product portfolios.

b) The inability of SMEs, even if they are part of a PPP, to significantly increase their market shares. Even though PPPs
can deliver competitive new varieties, and SMEs bring these cultivars to market, the dominant players may retain their
market shares in highly concentrated markets.

¢) The lack of market-led interventions in public breeding research, notwithstanding the recognition of marketing as an
essential component for seed systems development [58,74]. The key challenge for PPPs is to scale up new hybrids
in head-on competition with global market leaders in concentrated maize seed markets. This underlines the need
for PPPs to incorporate a commercial and market-oriented perspective that integrates dynamic public breeding pro-
grammes and efficient private seed delivery systems.

Section 7: Conclusion

The experience of MasAgro maize shows that PPPs working with the private domestic seed sector in developing
country contexts can be an effective instrument for accelerating dissemination of crop variety innovations developed
by international and national public sector research organizations. This is feasible if SMEs are supported on a sus-
tained basis with 1) continuous access to elite germplasm adapted to target specific environments and local markets,
2) extensive evaluation of new cultivars in multilocation testing networks and information exchange about varieties’
performance, 3) a sustained flow of new varieties moving from the breeding component to the seed delivery system
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through variety registration; 4) prompt and opportune access to quality foundation seed, 5) training and transfer of
breeding and seed production technology, and 5) marketing support in product portfolios design, segmentation and
targeting. PPPs in plat breeding should include these key elements. However, while PPPs working with private SMEs
have strong capacities for developing and commercializing competitive crop varieties, they face significant chal-
lenges in marketing these innovations in highly concentrated markets. The development of competitive, high-yielding
hybrids alone is insufficient to disrupt concentrated markets, capture market shares from global market leaders, and
promote sufficient competition in the seed industry. If PPPs are to succeed in their objective of advancing the devel-
opment of formal maize seed systems, and bringing affordable quality seed on a large scale to low-income farmers in
developing countries, there is an urgent need to incorporate a commercial and market-oriented perspective along all
steps of the plant breeding and dissemination process (Fig 1). In addition to these specific design features, govern-
ments and policymakers must provide an enabling institutional, marketing and regulatory policy environment. This
includes a review and reform of key seed policies to strengthen NARS’ breeding and foundation seed production
capacities; ensure NARS collaboration in all stages and components of seed sector PPPs; allow and encourage the
production of foundation seed by domestic private companies for its supply to smaller SMEs and other seed produc-
ers; accelerate variety release, registration and certification processes; and remove restrictions on branding publicly
bred varieties. PPPs may be part of a broader, long-term (e.g., 10—30 years) seed sector development strategy,
which ensures consistent funding and capacity creation to consolidate SMEs, promote competitive seed markets,
and increase crop productivity gains.
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