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Abstract

Key message Maximizing crop yield while at the same
time minimizing crop failure for sustainable agriculture
requires a better understanding of the impacts of plant
breeding on crop genetic diversity. This review identifies
knowledge gaps and shows the need for more research
into genetic diversity changes under plant breeding.
Abstract Modern plant breeding has made a profound
impact on food production and will continue to play a vital
role in world food security. For sustainable agriculture, a
compromise should be sought between maximizing crop
yield under changing climate and minimizing crop failure
under unfavorable conditions. Such a compromise requires
better understanding of the impacts of plant breeding on
crop genetic diversity. Efforts have been made over the last
three decades to assess crop genetic diversity using molec-
ular marker technologies. However, these assessments have
revealed some temporal diversity patterns that are largely
inconsistent with our perception that modern plant breeding
reduces crop genetic diversity. An attempt was made in this
review to explain such discrepancies by examining empiri-
cal assessments of crop genetic diversity and theoretical
investigations of genetic diversity changes over time under
artificial selection. It was found that many crop genetic
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diversity assessments were not designed to assess diversity
impacts from specific plant breeding programs, while oth-
ers were experimentally inadequate and contained technical
biases from the sampling of cultivars and genomes. Little
attention has been paid to theoretical investigations on crop
genetic diversity changes from plant breeding. A computer
simulation of five simplified breeding schemes showed the
substantial effects of plant breeding on the retention of het-
erozygosity over generations. It is clear that more efforts
are needed to investigate crop genetic diversity in space
and time under plant breeding to achieve sustainable crop
production.

Introduction

Plant breeding since the early 1900s has made a profound
impact on food production and will continue to play a vital
role in the world food security (Borlaug 1983; Tester and
Langridge 2010). However, it has also introduced crop uni-
formity across the farm fields, which is genetically vulner-
able to biotic and abiotic stresses (Day 1973; Duvick 1984;
Vellve 1993; Tripp 1996; Keneni et al. 2012). Such risks
have been well documented with the occurrence of epi-
demics such as the Irish potato blight in the 1840s and the
U.S.A. corn blight in the 1970s (National Academy of Sci-
ences 1972; Ullstrup 1972). The threat of the extremely vir-
ulent new race of stem rust Ug99 from East Africa to genet-
ically uniform wheat is currently evident (Borlaug 2007;
Babiker et al. 2015). Thus, it is important, although chal-
lenging, to compromise between maximizing crop yield
under a given set of conditions and minimizing the risk of
crop failure when conditions change and to develop effec-
tive strategies for sustainable agriculture (Hallauer 1985;
Shukla and Mattoo 2013). Such a compromise requires a
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better understanding of the impacts of modern plant breed-
ing on crop genetic diversity (Duvick et al. 2004; Fu 2006).

Efforts have been made over the last three decades to
assess crop genetic diversity using molecular marker tech-
nologies. These assessments have generated considerable
knowledge about the extent and nature of genetic diversity
present in conserved and/or actively utilized germplasm
of various crops (Rauf et al. 2010). These assessments not
only facilitate our efforts in germplasm conservation, but
also provide guidance for better germplasm utilization for
genetic improvement. However, some assessments have
also revealed some temporal patterns of crop genetic diver-
sity (e.g., see van de Wouw et al. 2010a, b) that are largely
inconsistent with our perception that modern plant breed-
ing reduces crop genetic diversity (Fu et al. 2003; Gepts
2006). For example, a metaanalysis of 44 published diver-
sity assessments indicated that a gradual narrowing of the
genetic base of the varieties released by breeders could not
be observed (van de Wouw et al. 2010b). One would expect
that the intensive selection in modern plant breeding pro-
grams within a narrow range of plant germplasm with lim-
ited allele introgressions over time (Hallauer 1985; Allard
1999) would have reduced genetic diversity. Also it is evi-
dent that newly released crop varieties are phenotypically
more uniform than before, implying a genetic diversity
reduction (e.g., Duvick 1984; Bowman et al. 2003). Such
a discrepancy suggests that we may still be far away from
understanding genetic diversity of crops developed under
modern plant breeding.

In this review, we attempt to explain this discrepancy by
examining empirical assessments of crop genetic diversity
and theoretical investigations on genetic diversity changes
under artificial selection. Specifically, we hope to address
the following questions: (1) Why diversity assessments
have often not revealed diversity reduction from modern
plant breeding? (2) Does plant breeding truly reduce crop
genetic diversity? (3) How much is known theoretically
about genetic diversity changes under artificial selection?
and (4) What research is needed to fill the knowledge gap
in this area of study? We have organized the review to
address these questions with our arguments and thoughts.

Empirical assessments of crop genetic diversity

Over the last three decades, concerns have been expressed
about crop uniformity (Duvick 1984; Vellve 1993; Swan-
son 1996; Tripp 1996) and there have been an increased
number of crop genetic diversity assessments (Donini et al.
2000; Reeves et al. 2004; Fu 2006; Rauf et al. 2010). Ear-
lier assessments based on phenotypic (Rodgers et al. 1983;
Ortiz et al. 2003) and pedigree data (Cox et al. 1985; van
Beuningen and Busch 1997) had demonstrated that the
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substantial progress achieved in improving yield and other
traits resulted in a reduction in the genetic diversity of
improved gene pools (Cox et al. 1986; Smith et al. 2004).
Advances in molecular markers such as random amplified
polymorphic DNAs (RAPDs), amplified fragment length
polymorphisms (AFLPs), and simple sequence repeats
(SSRs) have made crop diversity assessments more attain-
able and informative than before. These molecular assess-
ments, although rarely using genome-wide SNP markers,
have generated a lot of knowledge about the nature and
extent of genetic diversity present in various crops. Spe-
cific reviews on these assessments have been made with
respect to marker application (Mondini et al. 2009) and
crop genetic diversity (Reeves et al. 2004; Fu 2006; van
de Wouw et al. 2010a; Rauf et al. 2010). The highlights of
their findings are summarized in the following.

Fu (2006) reviewed 23 articles with the applications
of RAPDs, AFLPs, and SSRs that were published from
2000 to 2005 in eight major journals associated with plant
breeding. These articles revealed different impacts of plant
breeding on improved gene pools, not only narrowing or
widening their genetic base, but also resulting in genetic
shifts. Overall, the genome-wide reduction of crop genetic
diversity accompanying genetic improvement over time
was minor, but allelic reduction at individual chromosomal
segments was substantial. This review was not exhaustive,
but focused more on the understanding of the impact of
plant breeding on the genome.

van de Wouw et al. (2010a) reviewed about 110 publi-
cations associated with crop genetic diversity and agri-
cultural modernization and concluded that different views
exist on the concept of crop genetic erosion. Genetic ero-
sion of cultivated diversity occurs in two stages: the initial
replacement of landraces by modern cultivars; and further
trends in diversity as a consequence of modern breeding
practices. Genetic erosion may also occur at three levels of
integration: crop, variety, and allele. They further argued
that there is a reduction in diversity due to the replacement
of landraces by modern cultivars, but no further reduction
after this replacement has been completed. To support their
argument, they performed a metaanalysis of 44 published
papers and showed that a gradual narrowing of the genetic
base of the varieties released by breeders was not observed
(van de Wouw et al. 2010b). Specifically, a significant
diversity reduction of 6 % occurred before the 1960s, and
after the 1960s, increased diversity was found from plant
breeding.

Rauf et al. (2010) reviewed about 230 publications asso-
ciated with plant breeding and genetic diversity to under-
stand the diversity impacts of different plant methods such
as introduction, selection, and hybridization. In general,
this review showed that losses of genetic diversity occurred
but followed spatial and sometimes temporal trends. More
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Fig. 1 Illustration of the spatial and temporal changes (solid line and
some highlight in red) in crop genetic diversity generated by modern
plant breeding with variable goals and methods (a) and how they are
obscured (broken line) under diversity assessments of variable nature
(b) (color figure online)

losses of genetic diversity were found in released culti-
vars, followed by wild germplasm and landraces. Differ-
ent plant breeding methods showed different impacts on
plant genetic diversity. Plant introduction increased genetic
diversity. Selection enhanced genetic differentiation at the
expense of genetic diversity. Intraspecific hybridization
lowered genetic diversity.

It is clear that no consensus has been reached on the
overall impact of modern plant breeding on crop genetic
diversity. The temporal patterns of crop genetic diversity
are largely inconsistent with our perception that modern
plant breeding reduces crop genetic diversity (Gepts 2006)
and are also incompatible with the fact that newly released
crop varieties become phenotypically more uniform
(Duvick 1984; Bowman et al. 2003). Such a discrepancy
suggests that we may still be far away from understand-
ing crop genetic diversity under modern plant breeding. An
attempt was made here to explain this discrepancy as out-
lined in Fig. 1 and discussed below.

Nature of modern plant breeding

Plant breeding since 1900s has had a profound impact on
food production through developing and deploying new
cultivars on a worldwide basis (Borlaug 1983). New cul-
tivars have been developed through applications of many
effective breeding methods, ranging from introduction,
phenotypic selection on natural variants, selection with
controlled mating, to marker-assisted selection for desir-
able genes (Allard 1999). The core of all plant breeding can

be characterized as follows: (1) the conscious introduction
of genetic diversity into breeding populations by intercross-
ing selected plants with outstanding characters that comple-
ment one another and; (2) the selection of superior plants
with genes for desired traits until higher levels of improved
adaptation, genetic uniformity, and agronomic stability are
reached (Breseghello 2013). The choice for use of a breed-
ing methodology is determined mainly by the mode of crop
reproduction (selfing or crossing) and the breeding objec-
tives to be achieved.

Crop breeding has been largely aimed at the improve-
ment of yield, adaptation, resistance to biotic and abiotic
stresses, and end-use quality. However, breeding objectives
have changed over the years beyond yield improvement.
New cultivars need to be developed with the capacity to
achieve high yields in reduced chemical-input systems and
with the genetic diversity needed to maintain yield stabil-
ity under fluctuating climatic conditions (Heinemann et al.
2014). Many novel traits improved for sustainable agricul-
ture include improved weed suppression ability, enhance-
ment of nutritional value, and optimization of plant inter-
actions with microbial communities in the soil, among
others (e.g., see Brummer et al. 2011). To meet these chal-
lenges, conventional plant breeding has evolved by adopt-
ing approaches from different scientific disciplines, allow-
ing breeders to increase their efficiency and exploit genetic
resources more thoroughly. Among these new approaches
are haploid generation (Kasha and Kao 1970); the use of
sterility systems and transgenic technology (Salick 1995);
apomixis (Spillane et al. 2004); and molecular marker-
assisted breeding (Moose and Mumm 2008).

Modern plant breeding has been evolving from conven-
tional breeding to molecular breeding for various breeding
goals and diverse breeding methods have been applied over
time (Gepts and Hancock 2006). As a consequence, selec-
tive pressure within breeding populations differs at various
breeding stages for different breeding programs, so genetic
diversity present in released cultivars of a crop may vary
(Rauf et al. 2010). More heterogeneity is expected in varie-
tal genetic diversity between selfing and outcrossing crops.

Variation in genetic diversity measures

To our knowledge, genetic diversity is a term not well
defined. It is broadly referred to as any variation in the
nucleotides, genes, chromosomes, or genomes of a spe-
cies at a level of individual, population, species, or region
for a given time. Such a broad definition certainly invites
misunderstanding and misinterpretation. Accordingly,
its measurements are not unique (Mondini et al. 2009).
Genetic diversity within a population is commonly meas-
ured by (1) allelic polymorphism; (2) heterozygosity; and
(3) theta parameter (8 = 4Nepu for diploid genes, where Ne
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is effective population size and pu is per generation muta-
tion rate). Genetic variation among populations, reflected
in the differences in allele and genotype frequencies, is
frequently measured using several different metrics. They
are (1) Fst and analogs; (2) genetic distance such as Nei’s
D; and (3) sequence divergence (e.g., see Hedrick 2011).
There has been considerable discussion on the proper uses
of these diversity measures (e.g., see Jost 2008; Whitlock
2011).

Crop genetic diversity has traditionally been analyzed
using morphological traits, particularly those agro-morpho-
logical traits of interest to users. To minimize the impact
of environmental factors in the analysis, biochemical tech-
niques such as isozyme and protein electrophoresis (Hunter
and Merkert 1957) were later employed. Since 1990, vari-
ous molecular techniques such as RAPD, AFLP, and SSR,
have been used to measure genetic variation (Mondini et al.
2009). These molecular markers not only avoid the influ-
ence of environment, but also provide better sampling of
the plant genome, thus increasing the resolution of meas-
urements of genetic variation. Currently, there are more
than 30 types of molecular markers available for assess-
ing genetic diversity (Mondini et al. 2009). These markers
have been widely applied to measure genetic diversity in
crop plants and have played an important role in the char-
acterization of crop genetic variation. However, genome-
wide SNP markers with better sampling of plant genomes
have not fully been applied to assess crop genetic diversity
(Hyten et al. 2006).

Based on the broad definition of genetic diversity, the
use of different diversity parameters, and the application of
different molecular markers, it is not surprising that there
is considerable heterogeneity in reported diversity assess-
ments (Fu 2006; Aremu 2011). It is difficult to interpret and
generalize the findings from estimation of different diver-
sity parameters using different markers, even on a crop spe-
cies (Rauf et al. 2010). Specifically, not all of the genetic
diversity measures applied have been equally sensitive in
detecting diversity changes from plant breeding practices,
and different diversity measures may have different lev-
els of accuracy and precision (Mohammadi and Prasanna
2003; Fu et al. 2005). Not all of the molecular markers
applied have been equally informative for diversity assess-
ments, as illustrated in oat using AFLP and SSR markers
(Fu et al. 2003, 2004). Thus, discrepancies can be expected,
even for the same assessment using different diversity
parameters.

Technical considerations in diversity assessment
An analysis of the published diversity assessments since

2000 shows that a majority of published assessments were
not aimed specifically at the assessment of the diversity
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impacts of individual breeding programs or schemes on
released cultivars. For example, many assessments were
made to evaluate spatial and temporal patterns of genetic
diversity present among cultivars released from different
breeding programs, regions, or countries (e.g., see Rous-
sel et al. 2005; Orabi et al. 2014). These assessments can
inform us in general about the nature and extent of exist-
ing crop genetic diversity for exploration of conservation
strategies and for germplasm utilization in plant breeding,
but cannot provide us with much evidence that modern
plant breeding reduces crop genetic diversity. The informa-
tive assessments would be those that evaluate the genetic
diversity changes in all the released cultivars over all the
breeding periods from individual breeding programs (e.g.,
see Fu et al. 2003). Alternatively, the diversity compari-
son between on-farm landraces present before a breeding
program and on-farm cultivars released over time from the
breeding program would also generate findings useful for
evidence of genetic diversity reduction (e.g., see Russell
et al. 2000). However, there are not many such assessments
available to make firm inferences due to many practical
and/or unknown reasons as shown in Fig. 1 and discussed
below (also see Fu 2006; Rauf et al. 2010).

Many reported temporal diversity analyses are technically
not ideal to address the diversity impacts of plant breeding
on released cultivars. Technical biases could further mask
the reported patterns of crop genetic diversity. Several issues
have been identified (Fu 2006; Aremu 2011) and they include
bias of sampling cultivars from a specific breeding program,
arbitrary grouping of cultivars to represent specific breed-
ing periods, mingling of gene pools from different breeding
programs, applications of different markers that are variably
informative, use of different genetic diversity measures, and
inadequate statistical tests of significance. For example, bias
may occur in sampling cultivars. Some older, important cul-
tivars may have been lost; some newly developed cultivars
may not be accessible; and selection may favor dominant,
but genetically related, cultivars (Koebner et al. 2003; Le
Clerc et al. 2005). Another example is the arbitrary grouping
of assayed cultivars to represent specific breeding periods or
inadequate separation of the change from landraces to culti-
vars from modern plant breeding (Reif et al. 2005).

The lack of statistical tests for significance in many
reported assessments, even with useful test methods avail-
able (e.g., see Fu et al. 2003; Fu 2010), is another notable
issue, adding little confidence to the interpretation of the
diversity changes, and complicating generalization of pub-
lished findings. Allelic counts for various groups are sensi-
tive to the cultivar number for each group (Fu 2010), but
some SSR studies did not correct the bias of unbalanced
group sizes (e.g., see Russell et al. 2000; Duvick et al.
2004), thus weakening the argument for the allelic reduc-
tions found (Lu and Bernardo 2001; Fu et al. 2003).
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Informative assessments of diversity changes

Fortunately, informative assessments of diversity changes
are available. Here we highlight a few cases to illustrate
the importance of assessing specific, large-scale, long-term
breeding programs for understanding diversity reduction
from plant breeding.

A notable and commendable effort is the assessment
of the diversity changes under recurrent selection (RS)
schemes over many generations (Brown and Allard 1971),
as RS has been widely used for maize improvement, while
simultaneously maintaining genetic variability for contin-
ued selection since 1939 (Hallauer and Miranda 1988).
Several investigations using molecular markers have
yielded a clear picture on the diversity impacts of RS prac-
ticed over many generations (e.g., see Labate et al. 1999;
Pinto et al. 2003; Hinze et al. 2005; Solomon et al. 2010;
Romay et al. 2012). For example, Labate et al. (1999)
investigated temporal changes in RFLP alleles over 12
generations in two reciprocally selected maize populations
and reported about 10 % of the original RFLP alleles fixed
and about 40 % of the total heterozygosity lost between
generations 0 and 12. Similarly, Solomon et al. (2010)
assessed SSR variation over 11 generations of RS in tropi-
cal maize breeding populations and found 33 % alleles lost
and an 18 % reduction of within-population variance from
generation 0.

Duvick et al. (2004) made a considerable effort to under-
stand the diversity changes in the long-term commercial
plant breeding program of Pioneer Hi-Bred International
by using 969 SSR alleles to quantify the diversity changes
in the Era hybrids and open-pollinated cultivars that
were sequentially released in the west-central U.S. Corn
Belt from the 1930s to 2000s. They found that the num-
ber of alleles fluctuated from decade to decade; that about
40-50 % of the 969 alleles were present in any one decade;
and that there is a weak trend toward lower numbers per
decade, starting in the 1980s. Based on the SSR polymor-
phism data, they also revealed a trend toward reduction in
the average number of alleles per locus and a clear diver-
gence between the allele profiles of the inbreds created by
pedigree breeding in the Stiff Stalk and Non-Stiff Stalk het-
erotic groups.

The Illinois long-term selection experiment for grain
protein and oil concentrations in maize has undergone 114
generations of recurrent selection since 1896, making it the
longest running continuous genetics experiment in higher
plants (Moose et al. 2004). Mikkilineni and Rocheford
(2004) conducted a RFLP analysis of 200 plants selected
from generations 65 and 91 of the Illinois High and Low
Protein (IHP and ILP, respectively) strains and from gen-
erations 69 and 91 of the Reverse High and Low Protein

(RHP and RLP, respectively) strains. Based on 35 RFLP
probes, they found the percentage of RFLP probes with a
variant fixed ranged from 22.9 to 51.4 % over 26 genera-
tions of selection for IHP; 25.7-42 % for ILP, and from
14.3 to 17.1 % over 22 generations of selection for RHP,
and 14.3-22.9 % for RLP. Measuring the loss of heterozy-
gosity relative to the original heterozygosity in generations
65 or 69 revealed that the IHP strain at generation 91 had
lost 36 % of the original heterozygosity, followed by ILP
23 %, RLP 10 %, and RHP 3 %.

We conducted a series of genetic diversity analyses
from 1999 to 2009 focusing on the Canadian gene pools
of flax, oat, wheat, soybean, potato, and canola that were
established over the last century and summarized these case
studies in a book chapter of genetic erosion and biodiver-
sity (Fu and Dong 2015). The Canadian crop gene pools
displayed variable patterns and degrees of genetic diver-
sity decline over the past 100 years breeding efforts. For
example, we performed a SSR-based diversity analysis of
75 Canadian hard red spring wheat cultivars released from
1845 to 2004 by several Canadian wheat breeding pro-
grams with similar breeding goals and methods (Fu and
Somers 2009). We found that (1) significant allelic reduc-
tion started as early as the 1930s; (2) 38 % of 2010 SSR
alleles detected in the 20 cultivars released before 1910
were retained, 18 % are new, and 44 % were lost in the 20
cultivars released after 1990; (3) allelic reduction occurred
in every part of the wheat genome and a majority of the
reduced alleles resided in only a few early cultivars; (4) a
significant genetic shift was also observed in the gene pool
in response to the long-term breeding pressure; and (5)
these allelic changes were associated with long-term wheat
trait improvements (Fu and Somers 2011).

Theoretical investigations on diversity changes
under artificial selection

Modern breeding programs of plants and animals have
heavily relied on the theories of quantitative genetics
and artificial selection in finite populations as guides to
improve quantitative traits of interest (Falconer and Mac-
kay 1996; Hill 2010). These theories allow us to under-
stand the genetic basis of a quantitative trait, the prediction
of selection responses, the limit of artificial selection, and
the maintenance of genetic variation at the selected loci
(Lynch and Walsh 1998). Discussing all of these theories
is beyond the scope of this review, except the relevant and
influencing theory of selection limit (Robertson 1960).
This theory states that artificial selection in a small popu-
lation, such as a plant breeding population, is expected to
increase the frequency of favorable alleles, along with the
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Fig. 2 Predicted heterozygosity (H,) over generations for an allele
of various characteristics (a neutral alleles; b recessive allele; ¢ addi-
tive allele; and d dominant allele) under genetic drift and/or selection
in a finite population of size N. The prediction for neutral allele (a)
was obtained from the Eq. (1) and the predictions for b—d from the

chance fixation of other less desirable and selectively neu-
tral alleles. Consequently, considerable efforts have been
made to investigate the effects of selection and genetic drift
in finite populations from theoretical reasoning, computer
simulation, and empirical evaluation (Jones et al. 1968; Hill
and Caballero 1992; Wray and Goddard 1994; Walsh 2004;
Hill 2014).

However, our literature search revealed several inter-
esting observations. First, previous research into selec-
tion and drift in finite populations focused more on selec-
tion response and limit, and less on companying diversity
change (Hill 2014), so diversity dynamics in small popu-
lations are poorly understood. Second, some theoretical
queries investigated diversity changes at selected or rel-
evant loci through genetic variance, and did not consider
the diversity impacts on genetic background through link-
age and recombination (Hill and Robertson 1966; Felsen-
stein 1974; Charlesworth et al. 1993), so a little is known
about the genome-wide diversity changes under artificial
selection. Third, little attention has been paid to theoreti-
cal queries on the long-term diversity impact from specific
breeding methods (Fu et al. 1998), as plant breeding pro-
grams often employ a mix of different artificial selection
procedures over breeding periods to reach breeding goals.
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Eq. (2). The predictions in b—d are specified at a selective locus with
two allele frequencies (¢ = 0.1, 0.4), two population sizes (N = 20,
50), two selection coefficients (s = 0.1, 0.2), and three levels of dom-
inance [h = O (recessive), 0.5 (additive), and 1 (dominant)]

Heterozygosity changes in a small population

If modern plant breeding can be characterized as the direc-
tional selection that humans have performed in a small
population to improve a trait of interest, the early theoreti-
cal research on small populations, particularly for those
by Wright-Fisher, is highly relevant. Related population
genetic theories for small populations (Hedrick 2011) pre-
dict that small population size can lead to the loss of neu-
tral genetic variation and fixation of mildly deleterious
alleles, thereby reducing population fitness. The predicted
heterozygosity (H,) due to genetic drift alone is

1 t
Hi = 2q0(1 — q0) <1 - ZN) , ey

where ¢, is the initial allele frequency, N is the population
size, and ¢ is the generation (Hedrick 2011). A numerical
illustration is given in Fig. 2a, where the heterozygosity for
a neutral allele of frequency (¢ = 0.1 or 0.4) is predicted
to reduce over generations in a population of size (N = 20
or 50). These predictions were empirically confirmed with
some Drosophila experiments (e.g., see Buri 1956).

The single-locus theory of selection in a finite popula-
tion was formulated by Kimura in 1957 using a diffusion
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model to predict the fixation of a favorable allele and
was extended by Robertson (1960) to predict the limit (or
selection potential) to directional selection. The effects of
genetic drift and selection have been theoretically investi-
gated on the selection responses and limits, but less on the
maintenance of genetic variance (Arunachalam 1974). Sil-
vela (1980) applied conditional probabilities and moment-
generating matrices to derive the expected single-locus het-
erozygosity (H,) over generations of artificial selection with
a finite population (see the Eq. (5) of Silvela 1980). Replac-
ing with the directional selection fitness model (1 + s,
1 + sh, 1 for AA, Aa, aa genotypes), we can formulate his
derived heterozygosity as below:

the dynamics of genetic variance under artificial selection
(Brotherstone and Goddard 2005; Hill 2014).

Heterozygosity changes in a simulated breeding
population

A breeding population may be more complex than the sin-
gle-locus or multiple-loci model under directional selection
in a small population as discussed above, because selection,
genetic drift, non-random mating, migration, and muta-
tion can all contribute and interact to alteration of genetic
diversity (Falconer and Mackay 1996). Although studies
on recurrent selection in maize breeding populations have

te—2ao(lmaott {1 [ N3 (1=BC N 8N —6lpCr T I LB s
LT A0k Teo aN—11-pc " TP\ T 2) T TB wh @

SN-3\1-BC

where A = (1 — 5k ), B = (1 — %), C = (1 — 5), s is the
selection coefficient, and / is the level of dominance.

To understand the changes of expected heterozygosity
over generations of directional selection in a finite popu-
lation, Eq. (2) was specified with some sample parameter
values and illustrated in Fig. 2b-d. It is clear that the het-
erozygosity for a favorable allele of moderate frequency
(g = 0.4) in a smaller population (N = 20) will be reduced
over generations, but could be increased in a larger popula-
tion (N = 50). However, the expected heterozygosity for a
favorable allele of low frequency (¢ = 0.1) in a small popu-
lation can be maintained or increased over generations,
depending on the type of alleles (or the level of dominance
h). Both the population size and selection coefficient work
in the same direction to enhance the heterozygosity changes
(either decrease or increase) over generations. Generally,
heterozygosity for a neutral allele in a small population will
be reduced over generations, but those for a selective allele
can be increased or decreased, depending on the initial fre-
quency and type of alleles.

However, a little is known about the heterozygosity
changes in a multi-locus system with linkage, epistasis,
and inbreeding (Robertson 1970; Arunachalam 1974). Het-
erozygosity in a multi-locus system is known to be less
sensitive to rare alleles and thus is a less accurate measure
of genetic diversity (Crow and Kimura 1970). There are
no direct theoretical models available to predict the allelic
richness in a finite population under directional selection
over generations (Caballero and Garcia-Dorado 2013).
Some theoretical studies, mainly using computer simula-
tion (e.g., Hedrick 1970), have been conducted to predict
the maintenance of genetic variation in quantitative traits
under artificial selection (e.g., Hill and Rasbash 1986;
Zhang et al. 2002), but we are still far from understanding

advanced our understanding of diversity changes as men-
tioned above, insufficient attention has been paid to theo-
retical investigations of the diversity impact of specific
breeding schemes. Much less is known on how a breed-
ing scheme affects the genetic background, along with the
selected loci (Allard 1988).

To confirm our theoretical expectation on diversity
reduction under plant breeding for this review, a computer
simulation of a small breeding population developed for the
improvement of a quantitative trait of interest was carried
out and diversity changes over generations were assessed.
In the simulation, five breeding schemes were applied to
a breeding population over 20 generations (Fig. 3a). The
breeding schemes, Self and Half-sib, used a pure mating
type over generations (i.e., continuous selfing and half-sib
mating, respectively) and the others (Self + Half-sib, Half-
sib + Self, and Half-sib + Self 4 Half-sib) applied a mix
of both selfing and half-sib mating, alternating over genera-
tions. These simplified breeding schemes, although know-
ingly deviating from existing plant breeding programs,
were arbitrarily chosen mainly for theoretical confirmation
(Fu et al. 1998).

We considered each individual had n unlinked selec-
tive loci each with two alleles a and A. At each locus, we
assigned three genotypes aa, Aa, and AA to relative genetic
values of 1, 1 + ks, and 1 + s, respectively, where s is the
selective disadvantage of AA and % is the level of domi-
nance. The genetic value of a progeny i with the trait was
given in the multiplicative fitness model by the expression:

wi = (1 + hs)’(1 4+ 9)%, 3)

where y and z are the numbers of loci with Aa and AA in
the progeny, respectively. We also assumed that selection
took place in the diploid stage of the life cycle, that no
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(a) five breeding schemes

(b) parental heterozygosity change
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Fig.3 Breeding schemes (a) and parental heterozygosity (H,)
changes (b) over 20 generations in simulated breeding programs to
improve a quantitative trait of interest. The simulation considered five
breeding schemes (Self = selfing; Half-sib = half-sib; SH = self-
ing + half-sib; HS = half-sib + selfing; HSH = half-sib + self-
ing + half-sib) and generated 50 diploid progeny in each genera-
tion with 5000 loci. The first 20 loci control the trait with four genetic

mutation at these loci occurred during the period of breed-
ing, and that selection and dominance parameters were the
same at all loci. Moreover, environmental variation and its
interactions with genotypes were not considered.

For the breeding scheme Self, the simulation started
with a parental generation of two unrelated individuals for
each replicate. For this pair of parents, one of the four ini-
tial alleles at each locus was randomly designated as hav-
ing a selective disadvantage as a homozygote; the other
three alleles had no disadvantage and were selectively
equivalent. From each mating, progeny of given size were
generated. For each progeny, the genotype was determined,
locus by locus, by randomly choosing one of two gametes
(with equal probability) from each of two parents to form
a zygote. For each genotype, the numbers of homozygotes
and heterozygotes of alleles were counted over loci, from
which the relative genetic value of a progeny for the trait
of interest was determined using Eq. (3), in combination
with various sets of genetic parameter values. The progeny
with the largest genetic value for each full-sib family was
selected as the parent for the next generation and was self-
fertilized to produce the G1 progeny. This process was fol-
lowed for 20 generations and 100 replicates were run for
each combination of genetic parameters and progeny sizes.
In this study, 5000 loci were simulated and only the first
20 loci contributed multiplicatively to the trait of interest.
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models considered [neutral (s = 0, &7 = 0), recessive (s = 0.2, h = 0),
additive (s = 0.2, & = 0.5), and dominant (s = 0.2, 7 = 1)]. The
progeny with the largest genetic values were selected as parents for
crossing and the parental heterozygotes were counted over 5000 loci.
Environmental variation and its interactions with genotypes were not
considered

Seven genetic models were examined: neutral (s = O,
h = 0), weakly recessive (s = 0.1, h = 0), strongly reces-
sive (s = 0.2, h = 0), weakly additive (s = 0.1, A = 0.5),
strongly additive (s = 0.2, h = 0.5), weakly dominant
(s = 0.1, h = 1), and strongly dominant (s = 0.2, h = 1).
Two progeny sizes (20, 50) were used. Thus, there were 14
combinations for each breeding scheme.

For the other breeding schemes, the same procedures
as in Self were applied, but they differed in the use of two
parental individuals heterozygous for all the loci to form
two full-sib families and the selection of the two progeny
with the largest genetic values for the trait as the parents of
the next generation from each full-sib family, as described
in the breeding schemes above. The simulations were done
with an R script (R Development Core Team 2014) that
was written specifically for this investigation and is avail-
able from the author upon request.

The simulated results on progeny size 50 are shown in
Table S1 for parental genetic value improvements and Table
S2 for heterozygosity changes. Several diversity patterns
are clear. First, as expected, artificial selection improved
the trait with increased genetic value (Table S1), while
decreased the genetic diversity with reduced heterozygo-
sity (Table S2). For example, the parental heterozygosity
approached zero after seven successive selfings (Fig. 3b;
Table S2). Second, comparisons among the five breeding
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schemes showed half-sib mating was the most effective
scheme to achieve higher genetic gain with lower reduc-
tion of heterozygosity (Fig. 3b). Third, the genetic fitness
models examined were associated with the trait improve-
ment, but not directly with the patterns of heterozygosity
reduction (Fig. 3b). Fourth, the patterns of trait improve-
ment and diversity reduction were essentially the same for
both progeny sizes of 20 and 50 (Fig. 3b). These findings
help to confirm our expectation that plant breeding can
theoretically reduce genetic diversity. Also, our simulation,
although preliminary, appears to have utility in understand-
ing gain potential and diversity dynamics under a breeding
scheme.

Future investigations into genetic diversity
dynamics

Concerns about crop uniformity and the possible risk of
crop failure (Ullstrup 1972; Day 1973) have continued in
the past decade, particularly with the emerging threat of
wheat stem rust Ug99 from East Africa (Borlaug 2007;
Babiker et al. 2015). More questions have been raised
concerning sustainability and innovation in staple crop
production based on the narrowing genetic base (Kahane
et al. 2013; Heinemann et al. 2014). Sustainable agricul-
ture requires a compromise between maximizing crop
yield and minimizing the risk of crop failure; thus, there
is a need for a better understanding of the plant breeding
impacts on crop genetic diversity. Here we propose sev-
eral lines of research that would fill the gaps present in our
knowledge of crop genetic diversity occurring under plant
breeding.

First, a standardization of crop genetic diversity assess-
ments should be sought to avoid technical biases identified
in this review and applied for more informative assessment
of genetic diversity dynamics (FAO 2013). It is technically
feasible to develop and establish standard assessments,
given the recent advances in next generation sequencing.
Genotyping-by-sequencing methods are available to allow
the acquisition of thousands of genome-wide SNPs in
non-model plant species for diversity assessment (e.g., see
Peterson et al. 2014). Heterozygosity should be measured
and reported on SNP data. Also, computer simulations can
be performed using different diversity parameters, genome
coverages, and sampling strategies to evaluate the accuracy
and precision of a diversity assessment.

Second, continuous assessments on crop genetic diver-
sity using advanced genomic techniques are needed to
facilitate the effective monitoring of newly released culti-
vars and on-farm crop diversity. This could be done with
an assay of cultivars released over time from specific
breeding programs and quantification of diversity changes.

More emphasis should be given to the assessments of crop
genetic diversity at the breeding program and farm levels,
and less on country or world scale. More can be learned
from the temporal diversity analysis of long-term public
and commercial breeding programs such as the Illinois
long-term maize selection experiment and Pioneer Hi-
Bred International maize improvement program. Empirical
assessments of genomic response to artificial selection like
those in animal breeding (Flori et al. 2009; Kim et al. 2013)
would provide more insight into breeding impacts on the
plant genome. The major challenge is to determine whether
the alleles eliminated from plant breeding are of any adap-
tive value, are genetically associated with any traits of
future importance, or are linked to any selected genes at
nearby loci (Fu and Somers 2009).

Third, theoretical research into trait improvement and
diversity change under different breeding schemes should
be pursued, particularly by computer simulation (Cabal-
lero and Garcia-Dorado 2013). The preliminary simulation
described in this review can be expanded to consider com-
plex breeding schemes that are compatible with existing
breeding programs. Genotype-by-environment interaction
can be modeled to reflect the complex nature of a quantita-
tive trait expressed in target environments (Marigorta and
Gibson 2014). Focus should be placed on the development
of breeding strategies that allow for continuous develop-
ment of superior genotypes with minimal loss of genetic
variation (Hallauer and Miranda 1988). These studies will
not only enhance our understanding of crop genetic diver-
sity dynamics under artificial selection, but also may gen-
erate guidance for plant breeders on how to compromise
between maximizing crop yield and minimizing the risk of
crop failure.

Concluding remarks

Our review has highlighted the fact that crop genetic diver-
sity under modern plant breeding has been improperly and
insufficiently investigated, either from an empirical aspect
or theoretical background, and thus is poorly understood.
Many reported assessments of crop genetic diversity were
not aimed at the assessment of diversity impacts from spe-
cific breeding programs and some were experimentally
inadequate and had technical biases from the sampling of
cultivars and genomes. Little attention has been paid to
theoretical investigations on crop genetic diversity changes
under plant breeding. A computer simulation of five sim-
plified breeding schemes showed substantial breeding
effects on the retention of heterozygosity over generations.
It is clear that more efforts are needed to investigate crop
genetic diversity in space and time under plant breeding for
sustainable crop production.

@ Springer



2140

Theor Appl Genet (2015) 128:2131-2142

Author contribution statement YBF conceived of the
research, performed the computer simulation and wrote the

paper.

Acknowledgments 1 would like to thank Bruce Coulman, Bill
Biligetu, Santosh Kumar, and Paul Gepts for their helpful comments
on the earlier version of this manuscript. The research is financially
supported by an A-Base Research Project of Agriculture and Agri-
Food Canada.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict
of interest.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://crea-
tivecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a
link to the Creative Commons license, and indicate if changes were
made.

References

Allard RW (1988) Genetic changes associated with the evolution of
adaptedness in cultivated plants and their wild progenitors. J
Hered 79:225-238

Allard RW (1999) Principles of plant breeding, 2nd edn. Wiley, New York

Aremu CO (2011) Genetic diversity: a review for need and measure-
ments for intraspecies crop improvement. J Microbiol Biotech
Res 1:80-85

Arunachalam V (1974) A study of inbreeding in some models of arti-
ficial selection. J Genet 61:87-107

Babiker EM, Gordon TC, Chao S, Newcomb M, Rouse MN, Jin Y,
Wanyera R, Acevedo M, Brown-Guedira G, Williamson S, Bon-
man JM (2015) Mapping resistance to the Ug99 race group of
the stem rust pathogen in a spring wheat landrace. Theor Appl
Genet 128:605-612

Borlaug NE (1983) Contributions of conventional plant breeding to
food production. Science 219:689-693

Borlaug N (2007) Sixty-two years of fighting hunger: personal recol-
lections. Euphytica 157:287-297

Bowman DT, May OL, Creech JB (2003) Genetic uniformity of the
U.S. upland cotton crop since the introduction of transgenic cot-
tons. Crop Sci 43:515-518

Breseghello F (2013) Traditional and modern plant breeding methods
with examples in rice (Oryza sativa L.). J Agric Food Chem
61:8277-8286

Brotherstone S, Goddard M (2005) Artificial selection and mainte-
nance of genetic variance in the global dairy cow population.
Phil Trans R Soc B 360:1479-1488

Brown AHD, Allard RW (1971) Effect of reciprocal recurrent selec-
tion for yield on isozyme polymorphisms in maize (Zea mays
L.). Crop Sci 11:888-893

Brummer EC, Barber WT, Collier SM, Cox TS, Johnson R, Murray
SC, Olsen RT, Pratt RC, Thro AM (2011) Plant breeding for
harmony between agriculture and the environment. Front Ecol
Environ 9:561-568

Buri P (1956) Gene frequency in small populations of mutant Dros-
ophila. Evolution 10:367-402

@ Springer

Caballero A, Garcia-Dorado A (2013) Allelic diversity and its impli-
cations for the rate of adaptation. Genetics 195:1373-1384
Charlesworth B, Morgan MT, Charlesworth D (1993) The effect of
deleterious mutations on neutral molecular variation. Genetics
134:1289-1303

Cox TS, Kiang YT, Gorman MB, Rodgers DM (1985) Relationship
between coefficient of parentage and genetic similarity indices
in soybean. Crop Sci 25:529-532

Cox TS, Murphy JP, Rodgers DM (1986) Changes in genetic diversity
in the red and winter wheat regions of the United States. Proc
Natl Acad Sci (USA) 83:5583-5586

Crow JF, Kimura M (1970) An introduction to population genetics
theory. Harper and Row, New York

Day PR (1973) Genetic variability of crops. Annu Rev Phytopathol
11:293-312

Donini P, Law JR, Koebner RMD, Reeves JC (2000) Tempo-
ral trends in the diversity of UK wheat. Theor Appl Genet
100:912-917

Duvick DN (1984) Genetic diversity in major farm crops on the farm
and in reserve. Econ Bot 38:161-178

Duvick DN, Smith JSC, Cooper M (2004) Changes in performance,
parentage, and genetic diversity of successful corn hybrids,
1930 to 2000. In: Smith CW et al (eds) Corn: origin, history,
technology and production. Wiley, Hoboken, pp 65-97

Falconer DS, Mackay TFC (1996) An introduction to quantitative
genetics. Pearson Prentice Hall, Essex

FAO (2013) Draft genebank standards for plant genetic resources for
food and agriculture. http://www.fao.org/docrep/meeting/027/
mf804e.pdf. Accessed March 23 2015

Felsenstein J (1974) The evolutionary advantage of recombination.
Genetics 78:737-756

Flori L, Fritz S, Jaffrézic F, Boussaha M, Gut I et al (2009) The
genome response to artificial selection: a case study in dairy
cattle. PLoS One 4:e6595

Fu YB (2006) Impact of plant breeding on genetic diversity of agri-
cultural crops: searching for molecular evidence. Plant Genet
Resour 4:71-78

Fu YB (2010) FPTest: a SAS routine for testing allelic counts. Mol
Ecol Resour 10:389-392

FuYB, Dong Y (2015) Genetic erosion under modern plant breeding:
case studies in Canadian crop gene pools. In: Ahuja MR, Jain
SM (eds) Genetic erosion and biodiversity. Springer Interna-
tional Publishing AG, Cham

Fu YB, Somers DJ (2009) Genome-wide reduction of genetic diver-
sity in wheat breeding. Crop Sci 49:161-168

Fu YB, Somers DJ (2011) Allelic changes in bread wheat cultivars
were associated with long-term wheat trait improvements.
Euphytica 179:209-225

Fu YB, Namkoong G, Carlson JE (1998) Comparison of breeding
strategies for purging inbreeding depression via simulation.
Conserv Biol 12:856-864

Fu YB, Peterson GW, Scoles G, Rossnagel B, Schoen DJ, Rich-
ards KW (2003) Allelic diversity changes in 96 Cana-
dian oat cultivars released from 1886 to 2001. Crop Sci
43:1989-1995

Fu YB, Kibite S, Richards KW (2004) Amplified fragment length
polymorphism analysis of 96 Canadian oat cultivars released
between 1886 and 2001. Can J Plant Sci 84:23-30

Fu YB, Peterson GW, Ricahrds KW, Somers D, DePauw RM, Clarke
JM (2005) Allelic reduction and genetic shift in the Canadian
hard red spring wheat germplasm released from 1845 to 2004.
Theor Appl Genet 110:1505-1516

Gepts P (2006) Plant genetic resources conservation and utilization:
the accomplishments and future of a societal insurance policy.
Crop Sci 46:2278-2292


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.fao.org/docrep/meeting/027/mf804e.pdf
http://www.fao.org/docrep/meeting/027/mf804e.pdf

Theor Appl Genet (2015) 128:2131-2142

2141

Gepts P, Hancock J (2006) The future of plant breeding. Crop Sci
46:1630-1634

Hallauer AR (1985) Compendium on recurrent selection methods and
their application. Crit Rev Plant Sci 3:1-33

Hallauver AR, Miranda JB (1988) Quantitative genetics in maize
breeding, 2nd edn. Iowa State University Press, Ames

Hedrick PW (1970) Selection in finite populations. II. The selection
limit and rate of response for a Monte Carlo simulation model.
Genetics 65:175-186

Hedrick PW (2011) Genetics of populations, 4th edn. Jones and Bar-
tlett, Sudbury

Heinemann JA, Massaro M, Coray DS, Agapito-Tenfen SZ, Wen JD
(2014) Sustainability and innovation in staple crop production
in the US Midwest. Int J Agric Sustain 12:71-88

Hill WG (2010) Understanding and using quantitative genetic varia-
tion. Phil Trans R Soc B 365:73-85

Hill WG (2014) Applications of population genetics to animal breed-
ing, from Wright, Fisher and Lush to genomic prediction.
Genetics 196:1-16

Hill WG, Caballero A (1992) Artificial selection experiments. Ann
Rev Ecol Syst 23:287-310

Hill WG, Rasbash J (1986) Models of long term artificial selection in
finite population. Genet Res 48:41-50

Hill WG, Robertson A (1966) The effect of linkage on limits to artifi-
cial selection. Genet Res 8:269-294

Hinze LL, Kresovich S, Nason JD, Lamkey KR (2005) Population
genetic diversity in a maize reciprocal recurrent selection pro-
gram. Crop Sci 45:2435-2442

Hunter RL, Merkert CL (1957) Histochemical demonstration of
enzymes separated by zone electrophoresis in starch gels. Sci-
ence 125:1294-1295

Hyten DL, Song Q, Zhu Y, Choi 1Y, Nelson RL, Costa JM, Specht
JE, Shoemaker RC, Cregan PB (2006) Impacts of genetic bot-
tlenecks on soybean genome diversity. Proc Natl Acad Sci USA
103:16666-16671

Jones LP, Frankham R, Barker JSF (1968) The effects of population
size and selection intensity in selection for a quantitative char-
acter in Drosophila melanogaster. 11. Long-term response to
selection. Genet Res 12:249-266

Jost L (2008) Gst and its relatives do not measure differentiation. Mol
Ecol 17:4015-4026

Kahane R, Hodgkin T, Jaenicke H, Hoogendoorn C, Hermann M,
Keatinge JDH, d’ Arros Hughes J, Padulosi S, Looney N (2013)
Agrobiodiversity for food security, health and income. Agron
Sustain Dev 33:671-693

Kasha KJ, Kao KN (1970) High frequency haploid production in bar-
ley (Hordeum vulgare L.). Nature 225:874-876

Keneni G, Bekele E, Imtiaz M, Dagne K (2012) Genetic vulnerability
of modern crop cultivars: causes, mechanism and remedies. Int
J Plant Res 2:69-79

Kim E-S, Cole JB, Huson H, Wiggans GR, Van Tassell CP et al
(2013) Effect of artificial selection on runs of homozygosity in
U.S. Holstein cattle. PLoS One 8:e80813

Kimura M (1957) Some problems of stochastic processes in genetics.
Ann Math Stat 28:882-890

Koebner RMD, Donini P, Reeves JC, Cooke RJ, Law JR (2003) Tem-
poral flux in the morphological and molecular diversity of UK
barley. Theor Appl Genet 106:550-558

Labate JA, Lamkey KR, Lee M, Woodman ML (1999) Temporal
changes in allele frequencies in two reciprocally selected maize
populations. Theor Appl Genet 99:1166—-1178

Le Clerc V, Bazante F, Baril C, Guiard J, Zhang D (2005) Assessing
temporal changes in genetic diversity of maize varieties using
microsatellite markers. Theor Appl Genet 110:294-302

Lu H, Bernardo R (2001) Molecular marker diversity among current
and historical maize inbreds. Theor Appl Genet 103:613-617

Lynch M, Walsh JB (1998) Genetics and analysis of quantitative
traits. Sinauer Assocs., Inc., Sunderland

Marigorta UM, Gibson G (2014) A simulation study of gene-by-envi-
ronment interactions in GWAS implies ample hidden effects.
Front Genet 5:225

Mikkilineni V, Rocheford TR (2004) RFLP variant frequency differ-
ences among Illinois long-term selection protein strains. Plant
Breed Rev 24:111-131

Mohammadi SA, Prasanna BM (2003) Analyses of genetic diversity
in crop plants-salient statistical tools and considerations. Crop
Sci 43:1235-1248

Mondini L, Noorani A, Pagnotta MA (2009) Assessing plant genetic
diversity by molecular tools. Diversity 1:19-35

Moose SP, Mumm RH (2008) Molecular plant breeding as the
foundation for 21st century crop improvement. Plant Physiol
147:969-977

Moose SP, Dudley JW, Rocheford TR (2004) Maize selection passes
the century mark: a unique resource for 21st century genomics.
Trends Plant Sci 9:358-364

National Academy of Sciences (1972) Genetic vulnerability of major
crops. National Academy of Sciences, Washington

Orabi J, Jahoor A, Backes G (2014) Changes in allelic frequency over
time in European bread wheat (Triticum aestivum L.) varieties
revealed using DArT and SSR markers. Euphytica 197:447-462

Ortiz R, Lund B, Anderson S-B (2003) Breeding gain and changes
in morphotype of Nordic spring wheat (1901-1993) under con-
trasting environments. Genet Resour Crop Evol 50:455-459

Peterson GW, Dong Y, Horbach C, Fu YB (2014) Genotyping-by-
sequencing for plant genetic diversity analysis: a lab guide for
SNP genotyping. Diversity 6:665-680

Pinto LR, Vieria MLC, de Souza Jr CL, de Souza AP (2003) Recipro-
cal recurrent selection effects on the genetic structure of tropi-
cal maize populations assessed at microsatellite loci. Genet Mol
Biol 26:355-364

R Development Core Team (2014) R: a language and environment for
statistical computing. R Foundation for Statistical Computing,
Vienna

Rauf S, da Silva JT, Khan AA, Naveed A (2010) Consequences of
plant breeding on genetic diversity. Int J Plant Breed 41:1-21

Reeves JC, Chiapparino E, Donini P, Ganal M, Guiard J, Hamrit
S et al (2004) Changes over time in genetic diversity of four
European crops—a report from the Gediflux Framework 5 pro-
ject. In: Vollmann J, Grausgruber H and Ruckenbauer P (eds)
Genetic Variation for Plant Breeding, Proceedings of the 17th
EUCARPIA General Congress, 8-11 September 2004, Tulln,
Austria. Autria: BOKU-University of Natural Resources and
Applied Life Sciences, Vienna, pp 3-8

Reif JC, Zhang P, Dreisigacker S, Warburton ML, van Ginkel M,
Hoisington D, Bohn M, Melchinger AE (2005) Wheat genetic
diversity trends during domestication and breeding. Theor Appl
Genet 110:859-864

Robertson A (1960) A theory of limits in artificial selection. Proc R
Soc Lond B 153:234-249

Robertson A (1970) A theory of limits in artificial selection with
many linked loci. In: Kojima K (ed) Mathematical topics in
population genetics. Springer, Berlin, pp 246-268

Rodgers DM, Murphy JP, Frey KJ (1983) Impact of plant breeding
on the grain yield and genetic diversity of spring oats. Crop Sci
23:737-740

Romay MC, Butron A, Ordas A, Revilla P, Ordas B (2012) Effect of
recurrent selection on the genetic structure of two broad-based
Spanish maize populations. Crop Sci 52:1493-1502

Roussel V, Leisova L, Exbrayat F, Stehno Z, Balfourier F (2005) SSR
allelic diversity changes in 480 European bread wheat varieties
released from 1840 to 2000. Theor Appl Genet 111:162-170

@ Springer



2142

Theor Appl Genet (2015) 128:2131-2142

Russell JR, Ellis RP, Thomas WTB, Waugh R, Provan J, Booth A,
Fuller J, Lawrence P, Young G, Powell W (2000) A retrospec-
tive analysis of spring barley germplasm development from
‘foundation genotypes’ to currently successful cultivars. Mol
Breed 6:553-568

Salick J (1995) Toward an integration of evolutionary ecology and
economic botany—personal perspectives on plant/people inter-
actions. Ann Missouri Bot Garden 82:25-33

Shukla V, Mattoo AK (2013) Developing robust crop plants for sus-
taining growth and yield under adverse climatic changes. In:
Tuteja N, Gill SS (eds) Climate change and plant abiotic stress
tolerance. Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Silvela L (1980) Genetic changes with generations of artificial selec-
tion. Genetics 95:769-782

Smith JSC, Duvick DN, Smith OS, Cooper M, Feng L (2004) Changes
in pedigree backgrounds of Pioneer brand maize hybrids widely
grown from 1930 to 1999. Crop Sci 44:1935-1946

Solomon F, Martin I, Zeppa A, Keating V (2010) Effect of recurrent
selection on genetic diversity patterns in tropical maize breed-
ing populations. In: Proceeding of the Ist Australian Summer
Grains Conference, Gold Coast, Australia, June 21-24, 2010

Spillane C, Curtis MD, Grossniklaus U (2004) Apomixis technol-
ogy development—virgin births in farmers’ fields? Nat Biotech
22:687-691

Swanson T (1996) Global values of biological diversity: the public
interest in the conservation of plant genetic resources for agri-
culture. Plant Genet Resour Newsl 105:1-7

@ Springer

Tester M, Langridge P (2010) Breeding technologies to increase crop
production in a changing world. Science 327:818-822

Tripp R (1996) Biodiversity and modern crop varieties: sharpening
the debate. Agri Human Values 13:48-63

Ullstrup AJ (1972) The impacts of the southern corn leaf blight epi-
demics of 1970-1971. Ann Rev Phytopath 10:37-50

van Beuningen LT, Busch RH (1997) Genetic diversity among North
American spring wheat cultivars: I. Analysis of the coefficient
of parentage matrix. Crop Sci 37:570-579

van de Wouw M, Kik C, van Hintum T, van Treuren R, Visser B
(2010a) Genetic erosion in crops: concept, research results and
challenges. Plant Genet Resour 8:1-15

van de Wouw M, van Hintum T, Kik C, van Treuren R, Visser B
(2010b) Genetic diversity trends in twentieth century crop culti-
vars: a meta analysis. Theor Appl Genet 120:1241-1252

Vellve R (1993) The decline of diversity in European agriculture. The
Ecologist 23:64—69

Walsh B (2004) Population- and quantitative-genetic models of selec-
tion limits. Plant Breed Rev 24:177-225

Whitlock M (2011) G’st and D do not replace Fst. Mol Ecol
20:1083-1091

Wray NR, Goddard ME (1994) Increasing long-term response to
selection. Genet Sel Evol 26:431-451

Zhang X-S, Wang J, Hill WG (2002) Pleiotropic model of mainte-
nance of quantitative genetic variation at mutation—selection
balance. Genetics 161:419-433



	Understanding crop genetic diversity under modern plant breeding
	Abstract 
	Key message 
	Abstract 

	Introduction
	Empirical assessments of crop genetic diversity
	Nature of modern plant breeding
	Variation in genetic diversity measures
	Technical considerations in diversity assessment
	Informative assessments of diversity changes

	Theoretical investigations on diversity changes under artificial selection
	Heterozygosity changes in a small population
	Heterozygosity changes in a simulated breeding population

	Future investigations into genetic diversity dynamics
	Concluding remarks
	Acknowledgments 
	References




