Chapter 4

Genetic Erosion Under Modern Plant
Breeding: Case Studies in Canadian
Crop Gene Pools

Yong-Bi Fu and Yi-Bo Dong

Abstract There is long-standing concern that modern plant breeding reduces crop
genetic diversity. Such reduction may have consequences both for the vulnerabil-
ity of crops to biotic and abiotic stress. To understand the impact of plant breed-
ing on diversity, we conducted a series of genetic diversity analyses from 1999
to 2009 on existing Canadian gene pools of flax, oat, wheat, soybean, potato and
canola. Here we summarize these analyses, highlight major findings, and discuss
related issues. These gene pools displayed variable patterns and degrees of genetic
diversity decline over the past 100 years of Canadian breeding efforts. Significant
allelic loss and genetic shift were found in the wheat and oat gene pools. Such
diversity declines underline the need for continuous efforts in conservation of
improved crop germplasm and in the diversification of plant breeding materials for
sustainable breeding programs.

Keywords Plant breeding *+ Canadian crop gene pool  Genetic diversity -
Genetic erosion * Allelic change + Genetic shift + Genetic marker

4.1 Introduction

Concern has been frequently expressed that modern plant breeding reduces crop
genetic diversity (National Research Council 1972; Duvick 1984; Vellve 1993;
Clunier-Ross 1995; Tripp 1996; Tanksley and McCouch 1997), as modern crops
have become phenotypically more uniform and genetically less heterogeneous
(Duvick 1984; Brush 1999). The genetic vulnerability of crop uniformity has been
well documented with the abundant history of epidemics such as the Irish potato
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blight in the 1840s and the U.S.A. corn blight in the 1970s (National Science
Council 1972). The threat of the extremely virulent new race of stem rust Ug99
from East Africa to genetically uniform wheat is a current concern (Borlaug
2007). Theoretically, selective breeding within a narrow range of plant germplasm
could eliminate rare alleles, change allele frequencies, reduce genetic diversity,
and increase linkage disequilibrium (Allard 1999; Hedrick 2000).

Efforts have been made to assess genetic diversity changes in major agricultural
crop species (Duvick 1984; Swanson 1996; Tripp 1996; Donini et al. 2000; Fu and
Somers 2009). Early assessments were largely based on phenotypic (Rodgers et al.
1983) and pedigree data (e.g., Cox et al. 1985) and have their limitations either
due to environmental influence or biased inference of parental contribution. Over
the last two decades, more informative assessments have been made using molec-
ular markers such as random amplified polymorphic DNAs (RAPDs), amplified
fragment length polymorphisms (AFLPs), and simple sequence repeats (SSRs) (Fu
2006). However, no consensus has been reached as to the overall impact of mod-
ern plant breeding on crop genetic diversity (Fu 2006; Rauf et al. 2010; van de
Wouw et al. 2010).

From 1999 to 2009, we conducted a series of genetic diversity analyses of
existing Canadian gene pools of flax, oat, wheat, soybean, potato, and canola,
using different molecular markers, as part of the effort to monitor genetic erosion
in crop gene pools and to understand the impacts of plant breeding on crop genetic
diversity (Fu 2005; Fu and Gugel 2010). In this chapter, we summarize these
diversity analyses, highlight the major findings, and discuss some key issues asso-
ciated with these analyses. It is our hope that this summary helps to paint a clear
picture of the genetic diversity changes in the Canadian crop gene pools estab-
lished over the last 100 years of plant breeding.

4.2 Plant Breeding in Canada

Canada is a comparatively young country, but it is one of the few countries with
a long-term, continuous, and complete modern plant breeding history (Campbell
and Shebeski 1986). In 1874, the first agricultural college was established at
Guelph, Ontario, to train professionals in agricultural science. In 1886, the act cre-
ating the system of federal experimental farms was passed and the first experimen-
tal farm was established at Ottawa. In 1888, William Saunders, the first director of
the Central Experimental Farm, Ottawa, initiated a wheat breeding program and
his son, Charles Saunders, released the famous cultivar Marquis in 1909. While
plant breeding efforts were expanded in the federal department of agriculture, the
provinces, universities, and private companies were slow to initiate cultivar devel-
opment programs. After the Second World War, many veterans received training at
agricultural colleges as professional breeders (Archibald 1949), and the breeding
efforts accelerated with many cultivars released and more breeding programs were
established across Canada. Rapeseed oil seed breeding was a good example of the
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modern plant breeding expansion in Canada with success to improve oil quality
(Stefansson and Downey 1995). The legislation of Plant Breeders’ Rights legisla-
tion in 1990 further enhanced the breeding efforts in Canada (Slinkard and Knott
1995).

The breeding efforts for the six crops are briefly summarized in Table 4.1.
Some variation exists among different crops in breeding history, method, goal, and
output; however, the breeding methods were similar, particularly before 1940s.
The four basic breeding methods of introduction, selection, hybridization, and
backcrossing, were widely applied. Introduction and selection within landraces
played an important role in the early breeding efforts. Hybridization is a proce-
dure of deliberate intraspecific or interspecific breeding to generate variability and
was widely applied to develop new cultivars. Recurrent selection with backcross-
ing, since the 1940s, was successful in genetic improvement of disease resistance.
Since the 1990s, biotechnology and marker-assisted selection has become avail-
able and used to a limited extent in cultivar development.

The major breeding targets of all crops were adaptability, yield, early matu-
rity, disease resistance, and quality, but they varied among the different crops and
changed over time (Table 4.1). For example, spring wheat breeding before 1928
was aimed at early maturity, yield, and baking quality. With the rust epidemic in
1920-1930, the breeding targets were shifted toward developing cultivars with
disease resistance. Since then, breeding efforts for disease resistance has intensi-
fied, particularly in oat (McKenzie and Harder 1995). While yield has always been
the primary goal of any breeding program since the 1950s, end-use quality traits
have also been considered. For example, one of the main goals of rapeseed breed-
ing was to decrease erucic acid content and improve rapeseed oil/meal quality for
human consumption (Downey 1964). In wheat, there are many classes of eastern
and western Canada wheat, respectively, to address requirements of the end-users
(http://www.grainscanada.gc.ca/wheat-ble/classes/classes-eng.htm).

4.3 Case Studies in Canadian Crop Gene Pools

We have performed 10 genetic diversity analyses using different sets of molecular
markers to monitor six crop gene pools (Table 4.2). The basic procedure for these
analyses was to select representative cultivars from a germplasm collection held
at Plant Gene Resources of Canada, sample seeds randomly from each cultivar,
plant them in a greenhouse, collect leaf tissue, extract DNA, perform PCR using
selected primers, collect marker data, and analyze marker data for various diver-
sity components. These analyses may have differed in cultivar sampling, marker
application, and diversity estimation. All of the analyses were centered on address-
ing a key question of the crop gene pool: Does modern plant breeding in Canada
reduce allelic diversity at individual loci, shift the genetic background, or narrow
the genetic diversity?
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Table 4.2 List of 10 assessments from 1999 to 2009 on genetic diversity changes in six Canadian
crop gene pools

Analysis Crop?* Marker Diversity Allelic Shift®
change® reduction

Fu et al. 2005 Wheat, 75, 31 SSRs R by AMOVA*, | After 1970s* | GS

1845-2004 but M by
similarity*

Fu et al. 2006 Wheat, 75, 37 R by AMOVA* | After 1990s* | GS
1845-2004 EST-SSRs

Fu et al. 2009¢c Wheat, 75, 370 SSRs R by AMOVA* | After 1930s* | GS
1845-2004

Fu et al. 2003a Oat, 96, 30 SSRs M by similarity* | After 1970s* | GS
1886-2001

Fu et al. 2004 Oat, 96, 442 AFLPs M by PFL* - -
1886-2001

Fu et al. 2003b Flax, 28, 84 RAPDs M by PFL* - -
1910-1998

Fu et al. 2009a Canola, 10 18 SSRs R by similarity* | After 1960s -
(B. rapa),
1940-2001

Fu et al. 2010 Canola, 10 22 SSRs R by similarity* | After 1960s -
(B. napus),
1943-1992

Fu et al. 2007 Soybean, 45, 37 SSRs 1 by AMOVA* - NGS
1934-2001

Fu et al. 2009b Potato, 68, 36 SSRs M by AMOVA* | — NGS
1919-2002

2The number of assayed cultivars is shown after the crop, followed by the period of cultivar
release

bR reduction, M maintained, I increased, AMOVA analysis of molecular variance, and PFL
proportion of fixed loci

°GS genetic shift and NGS no genetic shift

*Result with a statistical test of significance. — Result not available

4.3.1 Wheat

Wheat is the most important cultivated crop in Canada. Wheat breeding began in
1886, has so far released hundreds of cultivars, and has generated a significant
impact on Canadian agriculture (DePauw et al. 1995). Briefly, breeding goals in
wheat have changed from adaptation and quality before 1940, resistance to biotic
and abiotic stresses such as rust from 1940 to 1990, to end-use quality such as
increased grain protein after 1990. The accompanying breeding methods ranged
from introduction, mass selection, hybridization, backcrossing, and double-hap-
loidy to marker-assisted selection.

We selected 75 Canadian hard red spring wheat cultivars released from 1845 to
2004 and performed three diversity analyses using (1) 31 genomic SSR markers
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(Fu et al. 2005), (2) 37 EST-derived SSR markers (Fu et al. 2006), and (3) 370
genomic SSR markers (Fu and Somers 2009). The assayed cultivars represented
early introductions and those cultivars released over the more than 100 years from
several main wheat breeding programs in Canada. To facilitate the diversity anal-
yses, these cultivars were grouped based on their periods of release (prior 1910,
1911-1929, 1930-1949, 1950-1969, 1970-1989, and 1990-2004).

The diversity analyses revealed several patterns of genetic changes over
time. First, significant allelic reduction started as early as the 1930s (Fig. 4.1).
Considering 2010 SSR alleles detected in 20 of the earliest released cultivars, 38 %
of them were retained, 18 % are new, and 44 % were lost in the 20 most recent
cultivars. The net reduction of the total SSR variation in the 20 recent cultivars was
17 % (Fu and Somers 2009). Interestingly, allelic reduction occurred in every part
of the wheat genome and a majority of the reduced alleles resided in only a few
early cultivars. Second, a significant genetic shift was also observed in the gene
pool in response to the long-term breeding pressure (Fig. 4.2a). Third, these allelic
changes in the gene pool were associated with long-term wheat trait improvements
(Fu and Somers 2011). Comparing results among three analyses revealed essen-
tially the same patterns of genetic changes in the gene pool; however, the EST-
derived SSR markers displayed smaller allelic changes than the genomic SSR
markers (Fu et al. 2005, 2006) and the genome-wide sampling increased the reso-
lution for assessing allelic changes over time (Fu and Somers 2009).

These patterns of genetic changes in the wheat gene pool are not surprising,
as the breeding was largely limited to a narrow range of wheat germplasm with
only three major introgressions as reflected in three ancestral families (Marquis
in 1908; introduced Thatcher introduced in 1935; and Neepawa in 1969) and the
selection was intensified over time to meet market class requirements of bread
wheat (McCallum and DePauw 2008).

4.3.2 Oat

Oat breeding in Canada began in the late 1800s to meet the demand of the growing
Canadian livestock industry (McKenzie and Harder 1995). Selection and hybridi-
zation from the 1900s to the 1930s generated several highly productive cultivars
such as ‘Liberty’ and ‘Legacy.” Backcrossing of rust resistant genes into ‘Rodney’
and ‘Pendek’ in the 1960s greatly improved rust resistance in cultivars such as
‘Harmon,” ‘Dumont,” and ‘Robert.” Introduction of germplasm from other oat spe-
cies than Avenasativa in the 1970s further enhanced the development of many
cultivars with genes for resistance to both stem rust and crown rust. Overall, the
breeding efforts have developed over 43 registered cultivars, many of which have
made significant impacts on the economy of western Canada (McKinnon 1998).
We selected 96 Canadian oat cultivars released from 1886 to 2001 and per-
formed two diversity analyses using 30 SSR (Fu et al. 2003a) and 442 AFLP
markers (Fu et al. 2004), respectively. These cultivars were selected based on
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pedigree, agronomic and economic importance, and representation of different
eras of oat breeding in Canada. The cultivars were grouped based on their release
periods (pre-1930, 1930s, 1940s, 1950s, 1960s, 1970s, 1980s, and 1990s) for

diversity analyses.
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The diversity analyses revealed three major findings. First, there were four
marked patterns of allelic change detected at single loci over the past century
of the Canadian oat breeding: Decreasing, Shifting, Increasing, and Random
(Fig. 4.3). More loci with decreasing allelic pattern supported the reduction ten-
dency of genetic diversity in the Canadian oat gene pool over years (Fu et al
2003a). Agenetic shift occurred in the oat gene pool (Fig. 4.2b), as evidenced with
some loci (Fig. 4.3d). Second, a significant allelic reduction was found for the cul-
tivars released after 1970 (Table 4.2; Fu et al 2003a). Third, the SSR analysis (Fu
et al. 2003a) was more informative than the AFLP analysis in the assessment of
diversity changes, and the allele-based diversity measure is more informative than
those similarity-based diversity estimates (Fu et al. 2004).

The oat SSR analysis in 2003 revealed the first, clear-cut molecular evidence for
the negative impacts of modern oat breeding on the oat genetic diversity. Genetic
changes occurred at individual loci and allelic loss started after 1970. The evidence,
along with those in the Canadian wheat gene pool (Fu and Somers 2009), supports
the argument that modern plant breeding has reduced crop genetic diversity.
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Fig. 4.3 Seven silver staining gels that illustrate four patterns of allelic change over the past
115 years of Canadian oat breeding. a—¢ Decreasing (detected by SSR primers AM31, AM38,
AMLI, respectively); d Shifting (by AM42); e Increasing (by AM102); and f Random (by AM3).
In each gel, samples for 96 Canadian oat cultivars are arrayed from left to right in a chronologi-
cal order, from 1886 to 2001; only the last two digits of the release year are given for each cul-
tivar. The DNA ladder is shown between two cultivars released in 1967 and 1971 (adapted from
Fu et al. 2003a)

4.3.3 Flax

Canadian flax breeding started in the early 1900s at the Central Experimental
Farm, Ottawa, with release of three cultivars in 1910. The breeding effort was
expanded into western Canada in the 1920s to develop cultivars with increased
seed yield and improved oil quality. Introduction, selection and hybridization
were among the major breeding methods applied to develop cultivars, although
biotechnology was applied in the late 1990s to develop genetically modified flax.
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The long-term breeding efforts toward increasing seed yield, improving oil quality,
selecting for resistance to rust and wilt, and decreasing days to maturity, have pro-
duced more than 30 registered cultivars (Kenaschuk and Rowland 1995).

A RAPD analysis of 28 Canadian flax cultivars released from 1910 to 1998 was
performed in 2002 (Fu et al. 2003b). The assayed cultivars represented the effort
in three breeding periods: Period 1 for the cultivars released before 1932; Period
2 from 1932 to 1980; and Period 3 after 1980. However, these cultivars displayed
only a trend of genetic erosion over the 90 years, measured by the proportion of
fixed recessive RAPD loci. Specifically, the intensive selection for rust resistance
after 1947 increased the average proportion of fixed recessive RAPD loci in the
cultivars released later. In addition, the average RAPD similarity in the flax gene
pool was continuously decreasing over the past century (Fu et al. 2003b). These
findings suggest that genetic narrowing occurred in the Canadian flax gene pool.

4.3.4 Potato

Potato breeding in Canada began in 1888 with the goal to improve potato yield of
early introductions (Turner and Molyneaux 2004). Since then, the breeding efforts
have gone through several major stages from early selection and adaptation, selec-
tion for disease resistance, obtaining disease-free stock, to selection for processing
quality (Anstey 1986). Substantial improvements have been made in traits associ-
ated with production, utilization, disease control, in vitro culture, and processing
quality (Tarn et al. 1992). Hundreds of potato cultivars have been developed, many
of which have had significant impacts on Canadian agriculture (Anstey 1986;
Turner and Molyneaux 2004).

We assayed 114 Canadian and 55 exotic potato accessions released from
1910 to 2002 using 36 SSR primer pairs (Fu et al. 2009). It was found that the
proportion of total SSR variation occurring between Canadian and exotic germ-
plasm was 0.6 %; among the Canadian cultivars of four major breeding periods
2.7 %; among heirloom varieties, modern cultivars and elite breeding lines 4 %;
and between tetraploid and diploid lines 3.7 %. Slightly more diversity was found
for exotic, than the Canadian, germplasm. The modern cultivars displayed slightly
more diversity than the heirloom varieties and the early cultivars revealed slightly
more variation than the recent ones. The analysis with only the Canadian cultivars
and breeding lines revealed only a trend of genetic erosion over the whole modern
breeding history (Fu et al. 2009). These findings demonstrate the narrow genetic
base of the Canadian potato germplasm. Interestingly, such genetic narrowing
persists in spite of the use in breeding of Andean cultivated potatoes of groups
Phureja, Andigena, and Tuberosum and as many as 14 wild species (Spooner and
Salas 2006; Hirsch et al. 2013).
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4.3.5 Soybean

Soybean breeding in Canada began in 1893 with the goal to improve forage yield
of early introductions (Beversdorf et al. 1995). Since then, the breeding efforts
have gone through several major stages from early selection and adaptation, to
expansion and to commercialization. Substantial improvements have been made in
disease control, maturity, seed yield, and quality traits (Morrison et al. 2000). So
far, hundreds of soybean cultivars have been developed, many of which have had
significant impacts on the economy of eastern Canada (Beversdorf et al. 1995).

We selected 45 Canadian soybean cultivars released from 1934 to 2001 and
37 exotic germplasm accessions as the comparison for a diversity analysis using
37 SSR markers (Fu et al. 2007). It was found that the proportion of total SSR
variation residing between exotic and Canadian germplasm was 9 %; among the
Canadian cultivars of three breeding periods 10 %; and between the cultivars of
maturity groups 0 and 00 4 %. Greater allelic diversity was found for exotic, than
the Canadian, germplasm. More diversity was observed in the cultivars of the
recent, than the early, breeding period. More specifically, the cultivars released
after 1990 had slightly more diversity than those prior to 1970. These results indi-
cate that the Canadian soybean gene pool, although genetically narrow, maintained
a broad degree of genetic diversity.

4.3.6 Canola

Canola, a low erucic acid, low glucosinolate form of rapeseed (Stefansson and
Downey 1995), is a great achievement of modern plant breeding in Canada
(Busch et al. 1994). Small-scale Brassica napus breeding efforts started in 1944,
but it was expanded significantly in the 1960s to include other Brassica species
(Stefansson and Downey 1995). The first Canadian licensed B. napus and B. rapa
cultivars were Golden in 1954 and Echo in 1964, respectively. The public breeding
programs released more than 15 cultivars before 1996. Since the 1990s, the canola
breeding in private sector has accelerated and produced more than 100 herbicide-
tolerant cultivars.

The rapeseed oilseed crop in western Canada has undergone extensive
genetic modifications on oil quality traits through conventional breeding meth-
ods (Stefansson and Downey 1995); however, the developed rapeseed germplasm
may have reduced genetic diversity. We selected 10 elite B. napus summer rape
and 10 elite summer B. rapa cultivars from 1940 to 2001 for diversity analy-
ses with 18-22 SSR markers, and found that the overall genetic diversity was
largely unchanged over the years of cultivar release (Fu and Gugel 2009, 2010).
However, significant decreases in the number of SSR alleles and average dissimi-
larities were found over the 60 years of breeding outcrossing B. rapa. Similarly,
a trend of decline in SSR variation was also observed over the years of breeding
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self-compatible B. napus. These findings are aligned with the argument that the
extensive selection in conventional canola breeding for oil quality traits could nar-
row the crop genetic diversity.

4.4 Limitation and Implication

Our genetic diversity analyses have revealed variable patterns and degrees of
diversity decline in the six Canadian crop gene pools. How general are these find-
ings with respect to other plant breeding programs? What can be learned from
these diversity analyses? To answer these questions, we will discuss the related
issues with our diversity analyses and their implications for future efforts.

4.4.1 Issues

Our diversity analyses have several major issues that may affect the interpretations
of our research findings. First, these analyses applied different marker systems
that would affect the comparison of genetic changes within and among different
gene pools. For example, the SSR analysis of the oat gene pool showed a bet-
ter resolution of genetic changes than the AFLP analysis (Fu et al. 2003a, 2004).
The genomic SSR markers (Fu et al. 2005) were more sensitive for wheat genetic
change assessment than the EST-derived SSR markers (Fu et al. 2006). Second,
insufficient genome coverage with application of a limited number of markers
may have diluted the diversity analyses. For example, the analysis of 370 wheat
SSR markers that were widely distributed over all 21 wheat chromosomes (Fu and
Somers 2009) was more informative in detecting the allelic changes than those
with 31 genomic SSR (Fu et al. 2005) or 37 EST-SSR markers (Fu et al. 2006).
Third, not all of the diversity measures used were equally informative, and the
measure of allelic change was more informative than the similarity-based diver-
sity measure. For example, a significant decrease in SSR alleles was found over
the 60 years of breeding outcrossing B. rapa, but the overall genetic diversity was
largely maintained in these assayed cultivars (Fu and Gugel 2009). Fourth, bias
existed in cultivar representation and grouping for breeding periods, and unbal-
anced group sizes may have also introduced bias into the assessment of diversity
changes.

Considering these issues, we would argue for the need to establish a standard
procedure for a crop genetic diversity analysis of this nature to make the diver-
sity comparison among crop gene pools more feasible. Ideally, allelic diversity
should be measured and compared (Caballero and Rodriguez-Ramilo 2010), and
a genome-wide sampling should be done with informative genetic markers such
as SSR or single nucleotide polymorphism (Jiao et al. 2012; Hirsch et al. 2013;
Fu et al. 2014). To make a crop genetic diversity analysis more informative,
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we may need to consider all the related issues discussed in detail by Fu (2006),
minimize possible biases at every aspect, and focus on specific long-term breed-
ing programs. With the advances in next generation sequencing, it is more feasi-
ble nowadays to perform a genome-wide diversity analysis of a crop gene pool
through genotyping by sequencing (Fu and Peterson 2011; Poland and Rife 2012;
Fu et al. 2014) for a better understanding of the diversity impacts of modern plant
breeding.

4.4.2 Implications

Given that these limitations may have accounted for much variation in revealed
patterns of diversity change, it is difficult to generalize these diversity patterns to
other breeding programs in Canada, and even more challenging to do this for pro-
grams in other countries. However, several lines of reasoning for it are worth men-
tioning here. First, the six assayed crops represent cereals, oilseeds, and specialty
crops, and the established gene pools should generally reflect the genetic conse-
quences of the long-term breeding efforts in Canada. Second, the assayed gene
pools largely represent self-fertilizing crops. The Canadian breeding efforts for
these crops applied essentially the same breeding methods to reach similar goals,
particularly before the 1990s. Thus, they should have similar breeding history and
compatible genetic consequences, as revealed with the wheat and oat crops. Third,
the breeding efforts and selection intensities varied among different crops over
various breeding periods. Such variation may help to explain in part the variable
patterns of diversity changes revealed from these analyses. Fourth, some of these
diversity patterns may be found in the crop gene pools established in other devel-
oped countries, as the cereal breeding in Canada may not differ much in breeding
method and goal from those in other countries such as the USA oat breeding pro-
gram (Holland 1997).

The revealed patterns of genetic erosion are consistent with our common
knowledge about the diversity reduction from modern plant breeding. These find-
ings have significant practical implications for both plant germplasm conservation
and genetic improvement. The need is obvious for continuous efforts to conserve
released cultivars and germplasm from public breeding, especially older cultivars.
Public gene banks like Plant Gene Resources of Canada have and will continue to
play an important role in acquisition and conservation of elite germplasm released
over the years. Substantial genetic variation still exists within some gene pools
such as wheat and oat, even soybean, and selections within these gene pools are
still possible, although it may be limited in the gene pools of canola and potato.
Thus, it is important to widen the genetic bases of these breeding gene pools for
sustainable agriculture. Fortunately, Canadian breeders have made some efforts to
build more robust genetic bases, as an example, in the potato and soybean breed-
ing programs (Fu et al. 2007, 2007).
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4.5 Conclusions

Our genetic diversity analyses, although with some limitations, have revealed a
new, clear picture that the Canadian crop gene pools displayed variable patterns
and degrees of genetic diversity decline over the past 100 years of breeding effort.
Substantial allelic reduction at individual loci was observed and genetic shift usu-
ally accompanying the reduction of genetic diversity was detected, particularly
in the gene pools of wheat and oat. These patterns of genetic erosion support the
argument that modern plant breeding reduces crop genetic diversity. The revealed
erosions have significant practical implications for both plant germplasm conser-
vation and genetic improvement. There is a need for ongoing efforts to conserve
released cultivars and germplasm from public breeding programs, especially older
cultivars, so that the purged alleles are protected. With such protected resources,
plant breeders have the means required to widen the genetic base of the crop
breeding gene pool for sustainable agriculture.
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