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ABSTRACT

Resistance genes are a major tool for managing crop diseases. The
networks of crop breeders who exchange resistance genes and deploy them
in varieties help to determine the global landscape of resistance and
epidemics, an important system for maintaining food security. These
networks function as a complex adaptive system, with associated
strengths and vulnerabilities, and implications for policies to support
resistance gene deployment strategies. Extensions of epidemic network
analysis can be used to evaluate the multilayer agricultural networks
that support and influence crop breeding networks. Here, we evaluate the
general structure of crop breeding networks for cassava, potato, rice, and

wheat. All four are clustered due to phytosanitary and intellectual property
regulations, and linked through CGIAR hubs. Cassava networks primarily
include public breeding groups, whereas others are more mixed. These
systems must adapt to global change in climate and land use, the emergence
of new diseases, and disruptive breeding technologies. Research priorities
to support policy include how best to maintain both diversity and redundancy
in the roles played by individual crop breeding groups (public versus private
and global versus local), and how best to manage connectivity to optimize
resistance gene deployment while avoiding risks to the useful life of resistance
genes.

Epidemiological network analysis offers an important perspec-
tive in plant pathology, and is becoming a standard tool for under-
standing the spread of disease (Moslonka-Lefebvre et al. 2011;
Shaw and Pautasso 2014). Epidemic network analysis provides
insights into not only disease spread between individual pairs of
locations but also the cumulative effects of connections between
locations that influence regional processes and determine whether
regional disease management is successful. Multilayer networks
can be used to integrate understanding of system components such
as how the spread of information influences the spread of disease
(Buddenhagen et al. 2017; Garrett 2012; Hernandez Nopsa et al.
2015). Another multilayer network that drives epidemics and the
potential for their successful management is the movement of disease
and pest resistance genes through the components of global and
regional crop breeding networks.

This article addresses the global crop breeding network, the global
set of crop breeder groups, and the links formed between them by the
movement of genes in crop germplasm, which is a major factor in
determining the global distribution of crop genotypes and phenotypes
(Fig. 1). Although gene networks within individual organisms are a
growing research focus, the global crop breeding network has re-
ceived limited analysis from a systems standpoint, despite its key role
in food security during global change (Fowler and Hodgkin 2004).
resistance genes offer one of the most sustainable approaches to
management of diseases and arthropod pests (Boyd et al. 2013;
Byerlee and Dubin 2009), although resistance genes have variable
lifespans, some lasting only a few seasons while others remain
effective for decades (McDonald and Linde 2002). In some cases, the
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deployment of resistance genes can be coordinated in an effectively
structured crop breeding network to decrease the likelihood that
pathogen or pest populations evolve to overcome resistance. When
new germplasm is introduced into a region, it may bring desir-
able traits (increased yield, drought resistance, or vigor) but may
inadvertently introduce susceptibility to endemic pathogens (or even
introduce new pathogens), resulting in new disease outbreaks.
Alternatives to host plant resistance for disease and pest management
often have economic or environmental costs: use of foliar and seed-
applied pesticides may affect nontarget species, and cultural practices
such as increased tillage may increase soil erosion. These alternatives
may also be too expensive, especially for smallholder farmers in
developing countries. Host plant resistance, on the other hand,
generally has little additional cost beyond the cost of seed.
Several components of global change pose new challenges for the
development of effective crop varieties (Fig. 1). With climate change,
the geographic distribution of high-risk regions for diseases and pests
will shift; there will be higher uncertainty about risk, influencing
decision-making; and higher levels of risk than previously observed
may occur (Bebberetal. 2013; Chapman etal. 2012; Garrettetal.
2013; Pautasso et al. 2012). With increasing global trade and trans-
portation, pathogen and pest invasions will accelerate. Both land use
change and climate change are likely to decrease in situ conservation
of crop wild relatives that are a source of new resistance genes
(Dempewolf et al. 2014; Jarvis et al. 2008). Crop breeding itself is
undergoing dramatic changes. Gene editing technologies and socie-
tal responses to them will have major impacts on crop breeding in
the near future. The steady privatization of crop breeding sys-
tems (Marden and Godfrey 2012) has important and little-studied
implications for the deployment of resistance genes, and how seed
and information are shared in the crop breeding network. Although
public breeding groups have often had clear incentives to share
resistance genes with other breeding groups, private breeding groups
may have different profiles of incentives for and against sharing
germplasm. Private breeding groups may also be commercially
aligned with groups that develop pesticides and, in some cases,
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overall profits to acommercial entity may be higher from investments
inresearch and development (R&D) for pesticides than for resistance
genes. A lack of resistance may also incentivize farmers to buy seed
more frequently to avoid the buildup of seedborne disease, providing
another potential conflict of interest. As a higher proportion of crop
breeders become private crop breeders, there also may be fewer crop
breeders with the professional responsibility to provide a public
critique of global crop breeding systems. Conversely, private crop
breeding groups may be prepared to invest more in the development
and deployment of resistance genes, and generally have access to
larger financial resources because they can utilize capital markets if
they can demonstrate expected profitability.

The science of complex adaptive systems (CAS) conceptualizes
systems of agents (for example, crop breeders) who can act inde-
pendently, and whose actions in aggregate produce system out-
comes (Levin 1998; Miller and Page 2007). This article draws on
theory related to CAS and the implications of such a structure for
resilience strategies. The objectives of this article are to (i) develop a
framework for evaluating crop breeding networks for the spread and
deployment of resistance genes, and the resulting effects on global
crop epidemics; (ii) evaluate a representation of the global crop
breeding networks for four major food crops: cassava, potato, rice,
and wheat; and (iii) draw on theory about system resilience to
inform regional and global policies and identify research priorities
for improving the deployment of resistance genes.

Resistance genes in crop breeding networks as a CAS.
CAS are systems that have a set of defining traits (Fig. 1) such as
hierarchies, nonlinearity, diverse identities of system agents who
make choices based on their own “models” about their perceived
environment, and components that can be aggregated to function
differently in response to environmental stimuli (Holland 1995;
Levin 1998). This set of traits may allow systems to adapt as a whole
to perform aggregate functions better. However, if the incentives
and decision-making models that drive agents’ choices do not
function well (McRoberts et al. 2011), the system as a whole may
not function well, either. Conceptualizing systems as CAS can facilitate
analysis of system traits that are more difficult to understand from
a reductionist approach (Meadows and Wright 2008; Puettmann
et al. 2013).

Crop breeding networks, especially considered in terms of the
multilayer networks associated with them (Fig. 1), have all the traits
associated with CAS. Individual crop breeding groups decide what
resistance genes they will exchange with other breeding groups, and
what resistance genes they will include in varieties they release. In

Certain genes and certain

Diversity Linked networks and landscapes through which
resistance genes move

some cases, key genes will be well studied and defined, potentially
with markers available for marker-assisted selection (MAS). In
other cases, unknown and uncharacterized resistance genes may
be exchanged and deployed, often by chance, as breeders pursue
the development of high-yielding cultivars. An aggregate outcome
of individual decisions about exchange of genes is the global
geographic distribution of deployed major resistance genes and
quantitative trait loci (QTLs), and the degree to which the genes
function effectively to reduce disease and support crop productivity.
In addition to crop breeders, the crop breeding system includes
other actors in a number of linked networks (Fig. 1). Actors involved
in in situ and ex situ conservation of crop wild relatives, land races,
and crop germplasm make decisions about which genes are conserved,
and provide source material for prebreeding programs. These
choices are influenced by international policies, such as the Interna-
tional Treaty on Plant Genetic Resources for Food and Agriculture
(Esquinas-Alcazar 2005). Actors in prebreeding programs decide
which resistance genes will be included in novel genetic material
available as elite breeding lines to breeding programs. Actors in
breeding programs decide which genes to include in the development
of commercial varieties, including which combinations of (known or
unknown) genes to deploy. These decisions are generally driven by
market demand for certain types of resistance, and by policies that may
influence which genes are available for deployment. Agents in seed
systems decide which varieties to make available in sufficient numbers
for planting, and how much care to take in avoiding the risk of pathogen
and pest spread with seed. Farmers decide which of these varieties to
grow and how to manage diseases and pests (McRoberts et al. 2011;
Mills et al. 2011). The influence of these decisions on epidemics is
driven by the resulting networks of pest and disease movement (Jeger
et al. 2007; Shaw and Pautasso 2014). Feedback based on informa-
tion about the most important recent epidemics and outbreaks then
influence crop breeders’ decisions about priorities for incorporat-
ing resistance (Garrett 2012). The connectivity of resistance gene
deployment in the landscape helps to determine how severe a given
disease is regionally and globally, and the likelihood of pathogen
or pest evolution to overcome resistance, where useful patterns of
resistance deployment may provide large-scale benefits in breaking
the connectivity of landscapes (Margosian et al. 2009) comparable to
smaller-scale benefits from within-field cultivar mixtures (Mundt
2002; Skelsey et al. 2005). Any trait, such as drought tolerance, would
have a system of feedback based on whether farmers perceived the
varieties incorporating the trait to be good choices. Epidemics have
the additional feature that the good or bad disease management of
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Fig. 1. System of resistance gene deployment, including (left) characteristics of the system that make it a complex adaptive system and (right) shocks and stressors
to which the system must adapt. ITPGRFA = International Treaty on Plant Genetic Resources for Food and Agriculture, and GMOs = genetically modified

organisms.
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neighbors will influence how well a farmer’s own management
choices play out. Each actor tends to make decisions to optimize their
portion of the system.

The crop breeding network as a whole helps to determine what
epidemics occur and how severe they are, epidemics provide
feedback for decision-making by crop breeders, and the system as a
whole responds to a set of challenging pulse and press stressors
and shocks (Fig. 1). The multilayer network includes a range of
connected components that are self-organized to a great extent, in
which agents have different incentives depending on organizational
structure (e.g., public versus private and local versus global). The
structure of networks within a given layer, such as the crop breeding
network layer, indicates some strengths and vulnerabilities of that layer
and, thus, of the other layers linked to it (Fig. 2). The layered networks
adapt to new scenarios such as emerging diseases and climate change,
and there are many uncertainties about the success of the systems and
of different candidate strategies for gene deployment regulation. As
breeding programs rely more on genomic selection and prediction of
phenotype based on genotype and less on breeder’s visual selection
across a broad range of testing locations, this may result in loss of
resistance that would have been selected for naturally in early screening
phases (Heffner et al. 2009). In addition to the movement of genetic
material, the associated movement of information about crop phenotypes
and information about the progress of epidemics or infestations are key
system components (Deans et al. 2015; Garrett 2012).

MATERIALS AND METHODS

Modeling crop breeding networks. We evaluated the struc-
ture of global crop breeding networks for four major food crops:
cassava, potato, rice, and wheat. We used expert elicitation (Thomas-
Sharma et al. 2017) to estimate the network structures, beginning
with the number of crop breeding groups that fall in each type of
regional or international category, public or private, using a survey
instrument designed for this purpose (Supplementary File S1).
Following the general structure of an exponential random graph
model (ERGM) (Robins etal. 2007), we estimated the probability of a
directed link between any two categories of crop breeding groups
over the last 5 years. Expert elicitation provides a useful alternative
source of information when empirical data are not available, although
it is subject to sources of bias and variability (Thomas-Sharma et al.
2017), such as differences in how experts might “lump” or “split”
crop breeding groups when defining network nodes. In addition to
the expertise in our group, we collected expert estimates about the
structure of these global crop breeding networks from personnel in
our respective institutions with direct experience with each crop
species. These expert estimates can be interpreted as representing the
actual networks in a probabilistic sense, such that the network
representations illustrate the general structure of global crop breeding
networks. We focus on current forms of genetic material exchange
over the last 5 years with the understanding that historical movement

of genes was primarily from crop and pathogen centers of origin
(Thormann et al. 2015). The general numbers of crop breeding groups
are represented by continent, and the probability of links (represent-
ing the flow of genetic material) between crop breeding groups are
also represented. Individual nodes represent general types of crop
breeding groups. Links among smaller crop breeding groups were
generated randomly, according to the ERGM-like model developed
through expert elicitation. These values were used to generate adjacency
matrices plotted using the igraph package (Csardi and Nepusz 2006) in
the R programming environment (R Core Team 2017).

In a more detailed analysis of the central star motif in the potato
breeding network, we analyzed data from the International Potato
Center (CIP) open-source Biomart database, which includes all breeding
lines ordered from and distributed by CIP from 1979 through 2014.
Distributions from CIP from 2010 to 2014 were analyzed and aggregated
by receiving nation, maintaining the anonymity of individual institutions.

RESULTS

Lessons from four crop breeding systems. To illustrate the
challenges that crop breeding networks must respond to, and the general
nature of current networks, we summarized the resulting structure of
four crop breeding networks central to global food security (Fig. 3) and
current challenges that these crop breeding networks must address. An
interactive model interface illustrates the outcomes when genes enter the
network at different nodes (http://www.garrettlab.com/res-genes-crop-
breeding-nets/). Standard metrics for describing networks can be applied
to understand the structures and their implications (Table 1).

Network structures. Each of the crops presented here (potato,
cassava, rice, and wheat) have large international breeding programs
housed within the public-sector nonprofit international agricultural
research centers (IARCs) that make up CGIAR. These centers have
worked to develop modern varieties for low-income countries since
the mid-20th century and continue to serve as major source nodes
for new germplasm in crop breeding networks (Anderson et al.
1988; Evenson and Gollin 2003). For cassava (Fig. 3), there are two
IARC:s, the International Institute of Tropical Agriculture (IITA)
and the International Center for Tropical Agriculture (CIAT), that
are hub nodes providing national breeding programs in Africa,
Asia, and South America with germplasm for selection and
breeding purposes (Fig. 3). Similarly, public sector potato improve-
ment programs (PIP) were initiated in many low-income countries
in the mid- to late 20th century. CIP has been the primary hub node
for distribution of resistance genes to these national programs, and
provides breeding material to many breeding programs across the
globe, as requested (Figs. 3 and 4). CIP breeders have mined native
Andean potato genetic resources and have channeled genetic resources
from other breeding programs. National PIP sometimes breed varieties
but often only select from those distributed by CIP. Thus, CIP and
national PIP can be seen as the primary decision makers about genes to
be deployed for potato in these countries. Germplasm exchange for
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Fig. 2. Three scenarios for potential crop breeding network structures in a continent, illustrating costs and benefits. A, In this scenario, the crop breeding network is
structured by a central international public breeding group. Many node pairs are linked but only due to the international public group hub. The international public
group is the sole hub node (with high degree) and the sole bridge node (with high betweenness). B, In this scenario, in addition to the international public breeding
group, there are multiple links within the continent. Again, many node pairs are linked, but now this connectivity is less dependent on the international public node.
There is higher clustering. There are additional minor hub and bridge nodes, leading to a shorter average path length. C, In this scenario, there is no central hub for
the network, and it is split into multiple components without the clear star motif of scenarios A and B. Strong privatization of specific crops has the potential to
create such a scenario. (Light nodes are regional groups, dark nodes are international groups, round nodes are public, and square nodes are private.)
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these crops has generally been one-way, with bidirectional information
exchange assumed but often not fully realized (Figs. 3 and 4).
Cassava is unique in this analysis because there are currently very
few private-sector breeding organizations. In contrast, potato, wheat,
and rice are influenced by both local and multinational private
breeding programs, and this influence varies regionally. For potato,
there are many private breeding programs in high-income countries,
but there is less influence of the private sector in low-income countries.
Interestingly, in the case of rice, disease resistance has historically
influenced the global rice breeding network structure. Major resis-
tance genes for bacterial blight (BB) and rice blast (RB), caused by
Xanthomonas oryzae pv. oryzae and Magnaporthe oryzae, respectively,
have been introgressed into elite backgrounds by the public sector and
these high-yielding varieties have been made publically available
(Zhang 2007). This model has disincentivized multinational private
companies from entering the rice seed business. However, the

global rice breeding network may encounter a dramatic shift in
coming years due to the introduction of hybrid rice technology. There
are currently three CGIAR groups that work in rice breeding: the
International Rice Research Institute (IRRI), the Africa Rice Center
(AfricaRice), and CIAT, each with unique regional influence. The
wheat breeding network is dominated by two large, international public
organizations—the International Center for Wheat and Maize Improve-
ment in Mexico (CIMMYT) and the International Center for Agricultural
Research in the Dry Areas (ICARDA)—as well as several private
multinational companies that each have large germplasm pools (Fig. 3).
Some countries also have extensive national breeding programs with
germplasm that is shared globally, such as the United States Department
of Agriculture Germplasm Resources Information Network (GRIN).
Each crop breeding network exhibits high modularity (Fig. 3;
Table 2), indicating that there is an inherent community structure.
Each network has a higher likelihood of links occurring within

Cassava Potato
)
°®
) [ ]
[ % ] - 5]
@ o0 ) (<] -
. . .
X))
e
® \s » )
a
o ® °
o )
o
o] o)
p o)
o o O
° o
o
Rice
e lols’ @ Public o
M Private P o

International o
o
Africa o °¥

Europe N ° . .
2 North America " - C
N South America B = #’
L e
o o
o -
R ? a °
=~ v N g
.% .'. 8 ] ..
it
o I.:E’.‘
% *

Fig. 3. Schematics of crop breeding networks for the movement of resistance genes. Each node represents a crop prebreeding or breeding group and links represent potential
dispersal of resistance genes between groups. In the cassava network, there are few private breeders, and a limited number of breeders overall. In the potato network, both public and
private potato breeders exist in high-income countries but, in low- and middle-low income countries, there are primarily public breeding programs and few, if any, private potato
breeders. This is because formal seed systems either do not exist or provide seed to a very small number of farmers (Thomas-Sharma et al. 2016); thus, there is no mechanism for
private breeders to make profits. In the rice network, resistance genes for bacterial blight and blast have been combined in high-yielding backgrounds by the public sector and made
available to anyone who wants them. Private breeding companies have limited investment in rice because there has not been an attractive business model for seed sales. However,
over the last 10 to 15 years, companies have dramatically increased their investments in hybrid rice seed businesses. With an increase in their interests in hybrid rice, with its proven
business model, companies (multinationals and smaller companies) are taking these resources and incorporating the resistance into their hybrids. If hybrids come to dominate the
market, then resistance genes will move very quickly. However, uptake of hybrids currently is slow because of limitations on grain quality and seed costs. Uptake of resistance genes
in inbred rice varieties is very slow, because the uptake of these varieties from the public sector can be extremely slow (e.g., it can take 25 years for a well-appreciated variety to
spread to its maximum geographic distribution). Until recently, global wheat breeding was dominated by publicly funded programs. Legal protections such as Plant Variety
Protection (PVP) and plant patents have encouraged investments by numerous large agricultural companies. Newer technologies such as hybrid wheat, genomic selection, and
transgenics offer companies many opportunities to increase market share and profit margins. One result of the pursuit of competitive advantages is a decrease in free exchange of
information and genetic resources by both public and private wheat breeding programs. Discovery, prebreeding, and dissemination of disease resistance gene resources in wheat
remain primarily the domain of publicly funded institutions such as government research agencies, universities, and international agricultural research centers.
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continents than between continents, often due to phytosanitary and
biodiversity laws, which serve as regulatory checkpoints. In some
cases in the past, germplasm has moved across national borders
between recipient countries to a greater extent (for example, when
regional potato networks existed in the 1990s) but difficulty in
meeting phytosanitary requirements has minimized this movement.
In high-income countries, intellectual property laws may serve as
major limiters to gene exchange while institutional limitations can
reduce gene exchange in low-income countries. These limitations

may be circumvented at the farm level to some extent by local farmer-
to-farmer exchange of seed, allowing some additional access to
germplasm, but such exchange would be strongly dependent on
distance between agents and other social factors.

Epidemic impacts on network structure. The crop breeding
network structures also reflect important restrictions on germplasm
movement that have been implemented to limit the risk of movement
of pests and pathogens among countries and regions (Fig. 3). In the
case of cassava, key yield-limiting diseases include cassava mosaic

TABLE 1. Network descriptors applied to global crop breeding networks for cassava, potato, rice, and wheat

Descriptor

Interpretation

Results for crop breeding networks

Node degree (distribution)

Node closeness

Node betweenness

Node neighbor traits

Diameter and average path length

Cliques and k-cores

Clustering

Node degree is the number of links associated with a node.
In-degree and out-degree can be considered separately.

Closeness reflects how many links must be traveled through
to reach other nodes. Directed closeness would indicate
how many steps a node is from other gene sources.

Betweenness indicates a node’s role as a bridge between
network regions.

Traits of neighboring nodes are another important factor,
where proximity to nodes with high degree or
betweenness can be beneficial for access to resistance
genes.

The diameter of a network is the length of the longest path
between any two nodes in the network. All else being
equal, longer paths indicate lower likelihood that genes
will move through the complete path.

Cliques are groups of nodes, all of which are linked to each
other. K-cores are groups where nodes have at least & links
within the group. These groups are more likely to deploy
the same resistance genes.

Similarly, clustering is a measure of group structure, often
based on the probability that two nodes linked to a third

CGIAR centers have high out-degree, and often high in-
degree, as well. Private groups generally have higher in-
degree than out-degree. Some nodes only have links from
CGIAR centers.

Most nodes are close to CGIAR centers. Most nodes are
farther from most nodes in other continents, where
pathways may not exist.

CGIAR centers clearly have high betweenness, as do some
regional nodes. Private groups generally have low
betweenness.

Nodes can access resources through CGIAR centers, but
links to regional hubs can also be important for ensuring
access to resistance genes.

Existing path lengths across regions are relatively short but
there are no paths between some pairs of breeding groups.
Within a region, longer paths may exist for wheat and rice
in Asia.

Clique and k-core structure is strongly determined
geographically. This likely results in increased risk of
evolution to virulence within a region but may protect
other regions with different gene deployment.

Geographic structure drives clustering similarly across all
four crops, where rice and wheat have particularly large

node are also linked to each other.
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Fig. 4. Network graph representing genetic material distributed by the International Potato Center (CIP) from 2010 to 2014. Data were obtained from the CIP
Biomart database and include all institutions and nations that requested and received accessions from CIP during this time. Transactions were aggregated by nation
and world region. The white center node represents CIP, the originating institution. Transactions were grouped by seven world regions (Europe, Africa, Central
America, North America, Asia, South America, Oceania, and Europe) and links between CIP and these regions were weighted by the total number of transactions
to nations in the given region during that time, where line thickness is proportional to number of transactions. Note that these regional nodes (Africa, Europe, and
so on) do not represent central institutions that distribute material that is received from CIP but are merely included to illustrate regional groupings. Links from
regional nodes to nations illustrate transactions from CIP to individual nations, weighted by total number of transactions. Although germplasm was received by an
institution within a nation, it is not known what the downstream use of this material was. For example, it could be used for breeding, selection, observation, or
genetic analysis. All institutions (public and private) were pooled within countries.
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disease (CMD) and cassava brown streak disease (CBSD), vectored
by a white fly (Bemisia tabaci) (Legg et al. 2014). These diseases
are endemic to Africa, with some occurrence in India; however,
there is a new report of CMD in Cambodia, representing spread
to a node in a new region, where current germplasm is known
to be highly susceptible (Wang et al. 2015). In this example,
germplasm networks will need to adapt to deploy resistance to
newly affected areas. In Africa, the biology of the viruses and the
vector is more complex than in Southeast Asia, with multiple
viruses and strains. The intentional deployment of CMD-resistant
cassava from West Africa to East Africa may also have inadvertently
contributed to increased occurrence of the second virus complex
causing CBSD. Changes in vector populations were also a key driver
for changing viral disease patterns in East Africa, including the role
of superabundant B. fabaci populations (Legg et al. 2011). The
development of host plant resistance to CMD in Africa is important
but also a potential source of vulnerability. Recent genomic analyses
appear to show that the genetic basis of resistance to CMD is more
narrow than initially suspected. The major source of resistance appears
to be durable; however, the idea of durability is also controversial in this
system due to cases that may represent the breakdown of resistance. For
pests of cassava, there are important examples of both genetic resistance
and biological control methods. The use of these methods has been
strongly affected by networks of researchers linked with donors who
support research, in addition to farmer decision-making about
technology adoption. In the absence of private breeding programs,
donor decision-making about long-term and short-term strategies
and about responses to system stresses will strongly influence the
cassava system.

In potato, two major cases where resistance genes have been highly
influential are the management of potato late blight (caused by
Phytophthora infestans) and several potato viruses. Potato viruses can
accumulate over successive cycles of vegetative reproduction and cause
yield decline, a condition referred to as seed degeneration (Thomas-
Sharma et al. 2016). To date, at least 20 resistance genes for resistance to
P. infestans have been cloned (Rodewald and Trognitz 2013) and, after

futile efforts to use these singly, they are now being stacked to try to
attain more durable resistance (Haesaert et al. 2015). To monitor
pathogen evolution to these genes, a novel host plant differential set has
been developed (Zhu et al. 2015). Virus resistance genes have not been
cloned but have been identified for Potato virus Y, Potato virus X (Kopp
etal. 2015), and Potato leaf roll virus (Mihovilovich et al. 2014). These
genes confer extreme or hypersensitive resistance, and are widely used
in low-income countries where seed systems are underdeveloped.
The rice breeding network is also highly affected by R gene de-
ployment. RB and BB continue to pose constant threats to rice yields.
At least 25 RB and 39 BB resistance genes have been molecularly
characterized, and most of them control race-specific resistance
activated by specific pathogen avirulence (Avr) genes (Leung et al.
2015). The availability of molecular markers tightly linked or specific
to resistance genes has significantly advanced the utilization of
RB and BB resistance genes for breeding resistant rice varieties via
MAS (Ashkani et al. 2015; Rao et al. 2014). Regional pathogen
surveillance has been implemented to determine pathogen race
composition using R-gene-based differential lines and diagnosis
based on pathogen Avr genes. This type of surveillance is vital for
efficient resistance gene flow within the breeding network as well as
regional cultivar deployment (Dossa et al. 2015; Selisana et al. 2017).
Three international CGIAR centers—IRRI, CIAT, and AfricaRice—
along with National Agricultural Research and Extension Services
partners, have collaborated to characterize pathogen population
diversity for the strategic deployment of these resistance genes. Some
broad-spectrum resistance genes are frequently identified as effective
in specific rice-growing regions (e.g., the Pi2 and Pi9 genes for RB in
Asia, Africa, and Latin America) which, in turn, may unwittingly
narrow the diversity of the resistance gene pool for rice breeding
programs. Due to the arms-race nature of R—Avr interactions, utili-
zation of a limited number of R genes could drive the emergence of
the same virulent pathogen races worldwide. To lower the risk of
failure of race-specific R genes, QTLs have been mapped and provide a
very effective alternative form of host resistance. It has been shown
that pyramiding four QTLs can provide a level of resistance similar to

TABLE 2. Principles for supporting system resilience, adapted from Biggs et al. (2012), and potential application to global crop breeding networks?*

Principles®

Principles applied to global crop breeding networks

1. Diversity and redundancy

The benefits of deploying stacks of resistance genes that act independently, or strategic deployment of a range of

resistance genes in mixtures, are well known. Mechanisms that result in different pools of resistance genes being
deployed for different purposes may help to create useful forms of functional diversity for genes. A global crop

2. Management of connectivity

3. Management of feedback

4. Fostering understanding of CAS;
encouraging learning and
experimentation®

5. Broadening participation

6. Promoting polycentric governance
systems

breeding system with a critical mass of crop breeders who represent a range of incentive structures and crop breeding
strategies may provide a form of insurance and make the system more likely to successfully adapt to the challenges of
global change. For some systems such as maize, crop breeding is highly privatized. For other systems, such as most
tropical fruit crops, the very small number of crop breeders represents a system vulnerability.

At the same time that the spread of resistance genes provides benefits for global resistance deployment, the
spread of pathogens with crop germplasm or crops postharvest (Hernandez Nopsa et al. 2015) is one obvious
risk of connectivity among regions. Another potential risk of resistance gene dispersal is an increased
probability of deployment in ways that decrease the useful life of genes. Information flows among crop
breeders will generally enhance decision-making and system success.

Immediate feedback for crop breeders includes the hectarage over which their new varieties are grown. Follow-
on feedback in crop breeding networks includes disease and pest responses to resistance gene deployment and
resulting profitability responses. Currently, potential regime shifts (Scheffer et al. 2012) for some crops may
occur due to increased use of hybrids or herbicide-resistant varieties, with rapid feedback to privatize crop
breeding systems. The resulting shift in incentives has the potential to push the system beyond a threshold,
such that deployment and dispersal of resistance genes would slow as pesticide sales become more profitable.

Understanding global crop breeding networks as systems may enhance the ability of planners and policy makers
to strengthen the systems and prioritize resource investment. Conceptualizing crop breeding systems as part of broader
systems providing ecosystem services may be useful, along with a longer-term perspective on gene stewardship
that does not discount the future so strongly (Cheatham et al. 2009; Levin et al. 2012; Messier et al. 2014).

Active participation of a wider range of stakeholders could help to insure that the deployment of resistance genes
meets the needs of farmers and of society more broadly. Effective information flows from farmers to crop
breeders could also improve system responses to new stressors.

Having multiple “governing authorities” at multiple scales may improve crop breeding networks through
effective regulation in combination with market forces. Challenges include matching the scale of governance to
the scale of potential problems, and making effective group decisions to handle trade-offs among the goals of
different stakeholders (Biggs et al. 2012).

2 Some principles may apply to both the resistance genes themselves and the agents who disperse and deploy them.

b Adapted from Biggs et al. (2012).
¢ CAS = complex adaptive systems.
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that provided by R genes for controlling RB (Fukuoka et al. 2015). Two
QTLs (pi21 and Pb1) have been included in the RB resistance breeding
program at AfricaRice, promoting the diversity of the resistance gene
pool for durable resistance in rice (Bimpong et al. 2014).

In the case of wheat breeding, rusts have been an ongoing focus,
with dramatic new system stressors in recent years (Beddow et al.
2015; Helfer 2014; Hulbert and Pumphrey 2014). Stem rust may
offer the best example of the complexities of global deployment of
resistance gene resources in wheat. In the 20th century, stem rust
was largely brought under control through programs to eradicate the
alternate host, barberry, and through the use of genetic resistance.
One of the most important R genes was Sr37 (McIntosh et al. 1995),
which was durable for many decades and was arguably the most
widely exploited and most valuable R gene in wheat. Unfortunately,
this gene was typically deployed singly or with other Sr genes that
were already defeated, and little thought was given to conscious
stewardship of S¥31 or to implementing strategies to replace it when
needed. In 1999, a new race of stem rust, Ug99, was discovered in
Uganda attacking wheat lines with Sr317. The new race was found to
be highly virulent on Sr31 as well as most known stem rust R genes,
leaving most global wheat varieties vulnerable (Singh et al. 2015). Led
by Nobel Laureate Norman Borlaug, a new global rust initiative was
founded with the goal of mobilizing new genetic resistance resources to
fight Ug99. Known R genes Sr24 and Sr36 were identified as being
effective against Ug99, and work began on incorporating those genes
into new cultivars. However, each of those genes was soon overcome
by new variants of the Ug99 lineage in East Africa, most likely because
they were already deployed individually in local wheat varieties. Short-
term disease control has generally been favored over long-term utility of
valuable genetic resistance resources. The global wheat germplasm
exchange network has been very useful and effective (Byerlee and Dubin
2009). Theoretically, combinations of disease resistance genes are much
more durable than single genes. However, this is only true if deployment
of the same resistance genes singly can be prevented. Preventing single
deployment can be achieved through either legal means such as
patents or through community cooperation in a gene stewardship
plan. An alternative approach has been to identify, accumulate, and
share partial or quantitative resistance genes, which individually
have small effects but are thought to be less prone to defeat by
pathogens (Singh et al. 2015).

Increased privatization of plant breeding. In the early 20th
century, public institutions such as universities were the primary
institutions tasked with breeding modern crop varieties. Since the
introduction of hybrid technologies in the 1920s, and particularly
since the development of biotech traits in the 1970s, there has been
an increased shift in crop breeding R&D efforts from the public to
the private sector. This shift has been catalyzed largely by interna-
tional changes in intellectual property (IP) laws introducing stronger
utility patent protections on genetic materials, along with decreased
regulation around international germplasm movement, facilitating
the growth of private enterprises in this sector (Frey 1996; Heisey
et al. 2001; Luby et al. 2015; Morris et al. 2006). For many high-
volume crops in industrialized markets, private companies have all
but replaced the role of the public sector in finished variety release
and distribution (Heisey et al. 2001; Luby et al. 2015). Furthermore,
there has been a recent, rapid consolidation of the seed and trait
industry within the private sector, resulting in larger, consolidated
germplasm and IP pools (Galushko et al. 2012; Howard 2015). The
involvement of the private sector in plant breeding is highly crop-
and region-specific, with a focus on high production crops with high
acreage (corn, soybean, and cotton, for example). The entrance of
private companies provides a large influx of R&D and market com-
petition into these cropping systems, with the potential to accelerate
genetic gain (Pray and Fuglie 2015).

The genetic material of any breeder, institution, or nation is a
highly valuable asset. When sharing genetic material within the pub-
lic sector or with the private sector, public breeders must consider IP
laws, material transfer agreements, and licensing costs which may, in
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some cases, prove prohibitive and lead to “crises” for material
exchange. Open-source breeding movements have attempted to address
these limitations (Laursen 2017), but it is unclear whether these efforts
can have a major effect on crop breeding networks. A survey conducted
by Galushko et al. (2012) observed a decrease in the likelihood of
exchanging material in a crop system that is highly privatized, such as
canola, when compared with another which is highly public, such as
wheat. Private breeding research programs are influenced by the needs
of the market for plant disease resistance. In general, research priorities
around disease and pest resistance will mirror current grower demands
in high-profit regions. The acquisition of novel disease resistance traits
from the public domain is, in many cases, a good return on investment
for private crop breeders. Resistance genes in the private sector for
which there is high demand, such as Bt resistance to insect pests, can
reshape crop breeding networks. Of course, resistance genes and traits
may flow not only to and from the public and private sector but also
among private sector companies.

Evaluating and interpreting the structure of networks. The
topology and other features of these crop breeding networks suggest
that they have certain strengths and weaknesses. For example, one trait of
public breeding groups (Fig. 3) is the tendency toward modularity, or
clustering, where modules often occur within continents because the
number of links within continents is higher than the number of links
among continents. This inherent community structure is likely a result of
complex phytosanitary and regulatory restrictions, as well as the difficulty
of adapting varieties to new regions with differing environments, market
classes, or maturity groups. Modularity may make the networks more
resilient to problems such as the spread of pests through germplasm (Ash
and Newth 2007), where the problem might at least be stopped before
the pest leaves a module. These networks feature key public institu-
tions in the CGIAR system as hubs for dispersal of resistance genes
(Galluzzi et al. 2016; Renkow and Byerlee 2010), along with some
large national programs (Smale and Day-Rubenstein 2002). Alterna-
tives to conventional crop breeding networks, such as organic crop
breeding networks and networks for the exchange of traditional
varieties (Pautasso et al. 2013), may also increase the overall resilience
of R gene deployment if they deploy different types of resistance genes.
Modularity can also be a weakness because individual decision makers
in various nodes can prevent larger strategic initiatives from being im-
plemented and also limit exchange of varieties, priorities, and knowl-
edge, especially in cases where nontraditional actors and networks are
particularly important.

A primary question when evaluating crop breeding networks is
whether their structure results in resistance genes being developed
and deployed for the optimal benefit to food security. The topology
of crop breeding networks helps to determine whether this will be
the case. For example, if there is a shift in directionality, such that
the major international crop breeding groups change from being
public groups with high out-degree (a high number of links leading
outward from a node) to being private groups with high in-degree (a
high number of links leading into a node), this may provide different
challenges for optimal deployment of resistance genes (Fig. 5). For
example, it may not be profitable to develop resistant varieties
adapted to the needs of resource-poor farmers. However, funding of
private groups is not limited by availability of public funds and
donor money and, if expected profitability can be demonstrated,
more new varieties may be produced. Alston et al. (2009) indicate
that, for agricultural research in general, much development
benefiting resource-poor farmers has been a positive externality for
research targeting wealthier farmers, who constitute larger markets
in wealthy countries. Analyses similar to epidemic network analysis
can also provide perspective on the likely success of crop breeding
networks. One key aspect is the length of the lag between observed
emergence of new pathogen types in the field and network response to
provide an elite cultivar with appropriate resistance. Epidemiology
and risk assessment can contribute to shortening this lag time through
regional and global monitoring, and predictions of the breakdown of
resistance genes and of invasions of new pathogens, to provide more



efficient feedback about epidemics to inform the priorities of crop
breeders. Monitoring of virulence in the field has already proven
useful for the efficient deployment of resistance genes in the rice
breeding network. Understanding the structure of epidemic networks
and how they change over time can guide efficient monitoring
(Sanatkar et al. 2015; Sutrave et al. 2012).

The representation of the crop breeding networks depicted here
allows conclusions about the general structure of the networks (Fig.
3) and subsequent implications for the deployment of resistance.
More detailed analysis of specific crop networks will allow addi-
tional conclusions about whether the network structure is advan-
tageous for particular regions and purposes. For example, from the
standpoint of a particular region, how well does the network func-
tion to provide needed resistance genes, in enough variety to
provide more durable resistance? This can be evaluated, in part, by
considering network features such as the node degree distribution
(the frequency with which each potential node degree occurs)
(Table 1). If a network is “scale-free” (Shaw and Pautasso 2014),
there are nodes of high degree that help to maintain distribution through
the network. CGIAR breeding groups have high out-degree but may
have their capacity constrained by monetary resources, whereas private
breeding groups may instead have high in-degree and low out-degree
but access to more monetary resources. If a network is a “small world”
network (Shaw and Pautasso 2014), there are links that cross different
components of the network, keeping the number of steps between any
two nodes low. Cut-point analysis can identify nodes which, if removed,
would substantially reduce the network coherence; in the current
network, removal of CGIAR breeding groups would have a large effect
to reduce coherence.

A key question is how readily new viable public and private
breeding groups can arise to replace ones that might be lost from the
system, and how readily new links between breeding groups can
form to compensate for lost groups. The vulnerability of the
ICARDA seed collections in Aleppo, Syria, is a striking example
of the need for system redundancy (Bhattacharya 2016). In 2015,
the ICARDA seed bank withdrew from its reserves in the Svalbard
Global Seed Vault when ICARDA relocated to Lebanon and
Morocco (Gruber 2017). The Seed Vault was established in 2008
to provide gene banks with a place to store duplicates of their
collections, only to be drawn upon in the case of substantial loss or

catastrophe (Westengen et al. 2013), but it may also be vulnerable,
itself, to factors such as climate change.

Other traits of more detailed networks can be considered such as
controllability, the ability of a set of driver nodes to push the network
toward a desired state (Liu et al. 2011). In the coarse perspective on
networks presented here, it is clear that CGIAR breeding groups and
large international private breeding groups are key to controlling the
state of the global crop breeding network. They are also likely to
complement each other in some areas and compete in others, and
future research needs to clarify where and how in more detail. Ata
regional level, with more detailed information, there are likely sec-
ondary levels of key driver breeding groups, whose roles in network
resilience would be useful topics for more detailed analysis.

The information networks associated with crop breeding networks,
and innovation networks more broadly, are also a key system com-
ponent (Garrett 2012, 2017; Poland 2015; Spielman et al. 2009). As
gene editing technologies advance, the movement of physical mate-
rials may at some point no longer be necessary because information
about DNA sequences alone may be enough for crop breeders to
incorporate new forms of resistance. This development increases the
importance of capacity in the different nodes and, without active
policies, this may increase the competitiveness of private breeders
and increase the challenges for breeders in general, and especially for
implementing joint strategies in low-income countries.

The goal of system resilience has led to the development of a
number of principles for improved systems (Table 2), although
many concepts about resilience remain to be tested because the
science of resilience is still in its early stages (Biggs et al. 2012;
Donohue et al. 2016; Ostrom 2009; Scheffer et al. 2012). The scale
of global crop breeding networks makes experimentation difficult.
However, observational analyses of successes and failures in
the history of R gene deployment as a function of crop breeding
network structure could provide useful insights. Strengthening crop
breeding programs in regions that are underserved by the current
networks may improve the system-level outcomes of global crop
breeding networks (Ribaut et al. 2010; Rivers et al. 2015) but the
market incentives in better-served regions may well increase the
disparity in service levels. An important form of system-level re-
search will also be to evaluate potential system interventions to aid in
prioritization when resources to invest in system improvement are

Directionality and the likelihood that resistance genes are available to farmers where needed

A. Privatization: If genes are “sequestered”
by private breeders, are resistance genes
distributed widely enough through seed
systems?

B. Public systems: If genes are made
available through prebreeding programs, is
human capital for plant breeding available
to develop regional varieties and distribute
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Fig. 5. Directionality of links is a key feature of the multilayer networks that make resistance genes available for farmers to use. These schematic diagrams indicate
two extreme cases and the potential limitations of such systems. A, In the first case, privatization of seed systems results in gene flow from prebreeding programs
only into a private group. The question in this case is whether the private group will deploy the resistance genes in varieties that are readily available to farmers, or
whether some genes that would have been useful, at least regionally, will not be available. B, In the second case, a centralized public breeding group provides gene
flow in prebreeding materials throughout the system. The question in this case is whether the regional crop breeding groups will have enough crop breeders

prepared to incorporate the resistance genes in regionally adapted varieties.
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limited, and provide incentives to provide public goods. Resistance
gene deployment offers additional challenges for resource investment
strategies compared with genes such as those for drought tolerance,
because deployment strategies used by some actors can reduce the
utility of resistance genes for other actors in the system (Fig. 6).

In conclusion, we have illustrated the general structure of the crop
breeding networks that determine the global pattern of resistance
gene deployment for four major food crops. Finer-resolution
analyses of crop breeding networks will help to guide policies for
better global and regional network structures, particularly in the
context of agricultural development. A key research question is
how policies can optimize the balance between public and private
breeding groups to provide the societal benefits of strategic
resistance gene deployment in optimal landscape patterns for
disease and pest management. There are exciting opportunities
to draw on the growing field of network analysis as a source of

P, @

A System-level hypothesis

With effective regulation

Without effective regulation

Percentage cropping area with

effective resistance

Mean node strength (degree of genetic
sharing) among crop breeding groups

B System-level hypothesis

Scenario 1: strict regulation needed

Scenario 2: strict regulation less important

Number of genes needed for
resistance to be effective

Probability a breeding group deploys genes
with strategies for durability
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input for strategies. General research priorities to support policy
making include the following.

1. How can better understanding of global crop breeding networks
as part of a CAS (Fig. 1) contribute to improved policy making?
Conceptualizing the larger system as a CAS is intellectually
stimulating, but how can this conceptualization help us draw
conclusions about the system and how to improve it? For
example, how can system-level understanding contribute to
prioritizing investments for pest and disease risk, enhancing the
useful life of resistance genes, and adaptation to climate change?

2. Understanding network structures provides some immediate
insights into the likely functioning of crop breeding networks
(Fig. 2). How can these insights best be enhanced through links
with network theory, such as ideas about network sustainability,
resilience, controllability, and reliability?

3. Likewise, estimates of the current structure of crop breeding
networks for cassava, potato, rice, and wheat offer some im-
mediate insights about the roles of key nodes (Fig. 3). How
can understanding of these structures best be expanded into
understanding of the mechanisms that support the formation
and dissolution of links between crop breeding groups? How
will these mechanisms allow crop breeding networks to adapt
to new system stressors (Fig. 1)? How can investments in
capacity building best be targeted as breeding programs adapt
to climate stressors and increased food production needs?

4. What is the nature of fine-scale regional crop breeding network
interactions? Are the ERGM-like approaches used here adequate
to describe them? How can the types of public breeding group
information that are more readily available (Fig. 4) best be
integrated with private breeding group information, and how
can private group information be approximated when it is
generally difficult to obtain? How can regional crop breeding
groups be better integrated into global systems for both access
to resistance genes and access to relevant information?

Fig. 6. Hypothetical crop breeding network, where different shades represent
different resistance genes. As resistance genes move through the network, sub-
setting may result in regional “specialization”, such that regions served by one
crop breeding group may have access to different sets of resistance genes than
regions served by other crop breeding groups. This may be disadvantageous to
regions that would benefit from access to a wider range of resistance genes, but it
may be advantageous to the system as a whole if adequate disease management
occurs and there is less system-wide selection for virulence to particular genes.
(The figure may suggest commonalities with haplotype networks. The concepts
have some similarities although, in this figure, a node represents the resistance
gene deployment in varieties in a region served by a particular crop breeding
group.) Two hypotheses about resistance genes in cropping breeding networks
follow. Hypothesis A, Sharing of genetic resistance resources has practical risks
and rewards, as well as the ethical implications of providing or withholding
support for enhanced food security. As the level of sharing of genetic material
among crop breeders increases, the percentage of cropping area in which ef-
fective resistance is deployed increases, up to a point. The increase in area with
effective resistance is due to increased availability of resistance genes for
breeding programs. The decrease in area with effective resistance at higher levels
of sharing is due to the potential for breakdown in effectiveness of genes as more
breeders use the genes and, thus, the probability of deployment without a
strategy to protect gene utility increases. Policies to support resistance gene
stewardship can make the benefit of gene sharing continue through higher levels
of sharing. Hypothesis B, For different crop breeding systems, there may be
different scenarios related to the importance of effective policies. In general, as
the probability increases that any given breeding group uses effective strategies
for gene deployment, the number of genes necessary for the system to be suc-
cessful decreases. For some systems (scenario 1), the decrease in the number of
genes necessary may decline slowly, so that strict policies are needed even when
most groups use effective strategies. For other systems, (scenario 2), the decrease
in the number of genes occurs with a small increase in the probability that
breeding groups use effective strategies and, thus, policies are less important.
Use of quantitative trait loci rather than major genes for resistance may also
make scenario 2 more likely than scenario 1.



5. As breeding groups privatize, this generally weakens the net-
work structure. To what extent do private groups compensate for
this, from the standpoint of the larger system, by proportionately
strengthening seed distribution networks (Fig. 5) so that resistance
genes are available where needed?

6. How does movement of breeding materials through networks
modify the probability that resistance genes will be deployed
alone or in combination (Fig. 6)? How do trade-offs play out
when resistance to multiple pathogens or pests is desirable?
When resistance genes are available, what factors may limit
their use at the same time that pesticides are widely used—and
what policies can change this balance, even if the costs and
benefits to stakeholders are not evenly distributed? How do the
resulting landscapes of resistance gene deployment influence
epidemics and food security?
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