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SUMMARY. Marker-assisted selection (MAS) use in breeding programs allows for
examination of seedlings at an early stage before accumulation of high field costs.
However, introducing MAS into a breeding program implies additional costs and
uncertainties about effective incorporation. Previous simulations in apple (Malus
·domestica) have shown cost-effective applications of MAS. To further evaluate
MAS cost-effectiveness in perennial crops, we conducted a cost-effectiveness anal-
ysis examining MAS in an upper midwestern U.S. peach (Prunus persica) breeding
program. Breeding program procedures and associated costs were collected and
used as input into spreadsheet-based simulations of the breeding program. Simu-
lations compared a conventional breeding program to MAS with varying cull rates
of low, medium, and high at multiple stages in the breeding cycle. Cost-effective
MAS implementation was identified at the end of seedling trials with a break-even
cull rate of 4%. These results inform breeders of cost-effectiveness of MAS use in
a peach breeding program.

P
each (Prunus persica) cultiva-
tion began in China as early as
1100 BCE (Bassi and Monet,

2008). Yet modern breeders con-
tinue striving for peach cultivars
with improved disease resistance,

environmental adaptability, and fruit
quality (Gallardo et al., 2015; Janick
and Moore, 1996; Yue et al., 2012,
2014). Peach production is plagued
by susceptibility to devastating dis-
eases such as sharka (Plum pox virus),
leaf curl (Taphrina deformans), and
Xanthomonas species (Hancock et al.,
2008). Additionally, changing cli-
mates create adverse growing environ-
ments with unstable temperatures for
some peach breeders, forcing them to
modify chilling requirements for bet-
ter fruit production. Complex traits
such as disease resistance or environ-
mental adaptability are difficult to
measure in the field using conven-
tional breeding methods. However,
breedingmethods combining conven-
tional practices with DNA marker–
assisted technologies provide greater
opportunities for improvement of
these complex traits (Mart�ınez-Garc�ıa
et al., 2013). Breeders, including
peach breeders, are seeking ways to
increase the cost-effectiveness of their
programs. Each breeding program is
different, and thus the cost-effective-
ness of DNA-informed breeding in
apple (Malus ·domestica) and other
crops does not mean it is cost-effective
in peach. It is therefore worthwhile to
explore whether it is cost-effective to
apply in a peach breeding program.
RosBREED included both large-scale

breeding programs that already apply
DNA-informed breeding and rela-
tively small-scale breeding programs
that are exploring whether it is worth-
while to apply DNA-informed breed-
ing. In this study, we use a decision
support tool to examine the cost-ef-
fectiveness of implementing DNA-in-
formed breeding in a small-scale peach
breeding program exploring use of
MAS.

DNA marker–assisted breeding
consists of identifying a DNAmarker,
which is a fragment of DNA closely
associated with the presence or ab-
sence of a target trait (Frey et al.,
2004; Johnson, 2003). The associa-
tion between the marker and the trait
allows breeders to screen a population
by testing for the presence or absence
of the marker and select among off-
spring for individuals with the desired
trait. This technique has been largely
used in agronomic crops such as rice
(Oryza satvia) and maize (Zea mays)
(Alpuerto et al., 2009; Hoeck et al.,
2003). In rice breeding, MAS has
been used to increase crop yield
(Hoeck et al., 2003), salinity tolerance
(Alpuerto et al., 2009), and pyramid
disease resistance [i.e., developing
seedlings with multiple genetic re-
gions associated with resistance to
a disease (Suh et al., 2013)]. In peach,
DNA markers have been associated
with traits such as fruit quality, disease
resistance, maturity date, and post-
harvest quality (Abbott et al., 2002;
Hancock et al., 2008).

However, many traits are not
controlled by a single large-effect
gene (qualitative) but rather by mul-
tiple genes (quantitative) influencing
the trait to varying degrees (Tartarini
and Sansavini, 2002). Qualitative
traits are more easily selected in con-
ventional breeding with controlled
crosses, but conventional breeding
lacks screening methods to effectively
select for quantitative traits (Lande
and Thompson, 1990). For example,
in disease-resistant plants, more than
one resistance gene can elicit similar
symptoms or responses and may be
indistinguishable in the field by ob-
servation. Variations between resis-
tance genes can be observed on the
genetic level, allowing markers to
select for multiple sources of resis-
tance in a single plant, increasing the
effectiveness of a breeding program
(Chandler et al., 2012; Dreher et al.,
2003; Whitaker, 2011).
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Studies comparing MAS and
conventional breeding methods in
agronomic crops, such as maize and
rice, show that incorporation of MAS
into breeding schemes may reduce
time requirements, costs, or both
depending on implementation strat-
egy (Dreher et al., 2003;Morris et al.,
2003). A study by Slater et al. (2013)
suggests a relationship between MAS
cost-effectiveness and MAS applica-
tion timing. They identified a cost-
effective MAS breeding scheme in
which MAS was used in the field
before conventional disease resistance
trials (Slater et al., 2013). These stud-
ies show that cost-effective incorpo-
ration of MAS in a breeding program
depends on the conventional methods’
costs relative to MAS costs, timing of
marker application, and the efficiency
of markers to identify elite seedlings.
Most studies describing methods of
cost-effectiveMAS focus on agronomic
crops such as maize (Dreher et al.,
2003, Morris et al., 2003; Stromberg
et al., 1994), rice (Suh et al., 2013),
and wheat [Triticum aestivum (Kuchel
et al., 2005)]. Interest and incorpora-
tion ofMAS in perennial crop breeding
programs is growing due to prolonged
maintenance costs as plants mature and
the ability of MAS to remove inferior
seedlings earlier in the program poten-
tially reducing these costs (Collard and
Mackill, 2008).

In perennial crops, the value of
MAS is promising because DNA from
young plants can be used to screen
for the presence of traits expressed
in mature plants. With conventional
breeding methods, evaluation of
traits related to fruit quality are
delayed until after completion of the
juvenile phase, which increases costs
due to maintenance of inferior seed-
lings in addition to superior ones.
Using marker-assisted seedling selec-
tion (MASS), a form of MAS, allows
breeders to remove inferior seedlings
earlier in their program before costs
for seedling maintenance become sig-
nificant (Collard and Mackill, 2008).
Few studies have described MAS as
a breeding tool and examined the
costs associated with MAS incorpora-
tion for rosaceous crops [Rosaceae
(Edge-Garza et al., 2009; Ru et al.,
2015, 2016; Tartarini and Sansavini,
2002; Testolin, 2002)]. Luby and
Shaw (2001) concluded that if condi-
tions related to trait inheritance, trait
expression timing, and testing costs

were met, then MAS had a higher
probability of improving the efficiency
of selection. Meeting each of these
requirements ensures that the use of
MAS is more cost-effective than con-
ventional plant breeding, but not ev-
ery condition is necessary to achieve
cost-effectiveness.

A study by Edge-Garza et al.
(2015) used trait inheritance, trait
expression timing, and testing costs
conditions to generate a decision sup-
port tool forMASS using apple, grape
(Vitis vinifera), and strawberry (Fra-
garia ·ananassa) as case study crops.
This study determined that applica-
tion of MASS as early as possible was
not necessary as long asMASS occurred
before significant labor costs are in-
curred from seedling handling (e.g.,
planting in orchards and maintenance).

Using the decision support tool
they developed, Wannemuehler et al.
(2019) modeled a large-scale apple
breeding program (here defined as
>4000 seedlings per year) and
showed that it is cost-effective to
apply MAS in the program compared
with conventional breeding. The tool
can be adjusted to accommodate the
unique characteristics of different
breeding programs with varying breed-
ing capacities. It provides an overview
of a program’s entire breeding process
by taking into consideration the dy-
namic nature of breeding over multiple
years and each program’s unique pro-
cedures and costs. These characteristics
of breeding programs are challenges
to the development of a decision sup-
port tool capable of modeling multiple
breeding programs. However, these
challenges are overcome by incorporat-
ing detailed information from breeders
and breeding program records, allow-
ing the tool to capture the variability
among programs. This decision sup-
port tool provides breeders with a tai-
lored decision-aid tool to model and
estimate comparative costs quickly for
their breedingmethods at any program
stage.

However, whether the applica-
tion of MAS is cost-effective for rela-
tively smaller-scale rosaceous breeding
programs remains unknown. Con-
ducting a cost-effectiveness analysis
of DNA markers use requires a pro-
gram to maintain detailed costs for
breeding practices, which is lacking for
many breeding programs. Collecting
and analyzing the cost data requires
professionals who have interdisciplinary

knowledge: researchers who under-
stand the detailed peach breeding pro-
cess and the economic tools to analyze
the data. The U.S. Department of
Agriculture–funded RosBREED pro-
ject brought researchers from different
disciplines to work as a team, which
overcomes the boundaries between dif-
ferent disciplines and makes this work
achievable.We use the decision support
tool developed by Wannemuehler et al.
(2019) to assess the cost-effectiveness
of a small-scale (defined here as gener-
ating <2000 seedlings per year) peach
breeding program’s adoption of MAS
and explore the versatility of the de-
cision support tool.

Materials and methods
A spreadsheet-based (Excel;

Microsoft, Redmond, WA) simula-
tion model based on a peach breeding
program in the upper midwestern
United States was developed to ex-
amineMAS costs as well as other costs
associated with stages in the breeding
program. The model inputs included
itemized costs incurred by the peach
breeding program during the 2016
field season including program costs
for MAS. Additional detailed infor-
mation regarding yearly operations
and breeding practices were provided
by the peach breeding program’s
breeder. Together the itemized costs,
operational information, and breed-
ing practices provided a unique time-
line from parental crosses to grower
trials and precommercialization for
a program in the upper midwestern
United States.

On the basis of data collected
from the peach breeder, the breeding
program included five stages: cross-
ing, greenhouse growth, seedling tri-
als, seedling clonal orchards, and
grower trials and precommercializa-
tion orchards (Fig. 1). Costs for each
stage were collected including labor
costs and consumable costs for pro-
cedures occurring within each stage.
Crossing stage procedures include
germplasm maintenance, planning
and selection of parents for crosses,
pollination, and seed extraction.
Greenhouse growth procedures con-
sist mainly of seed germination and
production of seedlings in containers
in the greenhouse. Seedling trial pro-
cedures consist of planting of seed-
lings into the orchard. During the
subsequent 6 years, evaluation and
selection occur with desirable seedling
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selections progressing to clonal trials.
Clonal trials contain �12 asexual
propagules of each selection onto
rootstocks at a different location from
seedling trials. After subsequent years
of evaluation, a selection is made in
clonal trials and progresses to grower
trials and pre-commercialization.
Grower trials are composed of �35
asexual propagules located in multi-
ple test orchards. Costs for trials were
estimated for establishment, mainte-
nance, and fruit evaluations, while
costs for crossing and greenhouse
growth were based on specific activi-
ties described by the breeder.

After outlining breeding program
operations and practice, we incorpo-
rated the following assumptions to
make the models: 1) Environmental
effects during the year of data collec-
tion are assumed average and consis-
tent across years of the program. 2)
Costs during the year of data collec-
tion are assumed to be typical of yearly
expenditures. 3) Fixed costs (i.e., land
rental, irrigation costs, machinery
costs) are constant across years after
accounting for inflation. 4) Reliable
markers (i.e., markers with close link-
age to a trait of interest and low failure
rate due to technical issues) exist for

the purpose of selecting seedlings in
a breeding program. 5) The cost of
marker development is not included,
but the potential for substantial
marker development cost is recog-
nized. 6) Incorporation of markers
does not inherently reduce the num-
ber of selectionsmade in a program. 7)
The removal rate (i.e., the number
of seedlings removed from a cohort
of seedlings in the field trial) for
apeachbreedingprogramfollows anor-
mal distribution as observed in other
rosaceous tree breeding programs
(Wannemuehler et al., 2019).

In an average year, the modeled
peach breeding program generates
�1800 seedlings after greenhouse
growth. To estimate the full cost of
the breeding program, costs associ-
ated with crossing and greenhouse
growth were estimated for 10 years.
The repeated crosses result in over-
lapping activities as previous crosses
begin to mature while new crosses are
made. As time progresses, the overlap
creates a dynamic structure of costs for
the program as procedures from cross-
ing through grower trials are con-
ducted simultaneously each season.

Removal rate information was
unavailable for this peach breeding

program. Removal rates have previ-
ously been used to estimate the dis-
tribution of juvenile phase in apple,
a related species, and have indicated
that variation for the length of juve-
nile phase in a breeding population
follows a normal distribution. On the
basis of the historical number of seed-
lings entering clonal trials yearly,
�1.11% of seedlings in a crossing co-
hort progress to clonal trials. Assum-
ing that the length of the juvenile
phase follows a normal distribution,
as is observed in apple, and using the
historic number of seedlings selected
for advancement from seedling trials,
a distribution of selection from seed-
ling trials was created to more accu-
rately model the breeding program.

After seedling selections enter
clonal trials, the year at which a selec-
tion enters grower trials is uncertain
within the program. Therefore, the
year the cultivar is selected is random-
ized within the model with the prob-
ability of selection increasing as the
number of seedlings increases. This
probability is determined by the total
number of seedlings within clonal
trials with a 2-year lag, as seedlings
enter the stage and are then grown to
mature plants. As the number of
seedlings increases the size of the
selection pool, it is assumed that the
likelihood of advancing a selection is
increased. The peach breeding pro-
gram is young relative to other rosa-
ceous breeding programs in the
nation, which prevented an estimation
of how many seedlings are required to
release a marketable cultivar. How-
ever, Wannemuehler et al. (2019) in-
dicates that �1 selection may arise per
10,000 plants examined in seedling
trials. For this reason, the models were
conducted with 10 years of crossing to
simulate a full breeding pipeline and
achieve the estimated minimum num-
ber of screened seedling plants for
cultivar production.

We developed a model to simu-
late the breeding program’s applica-
tion of MAS at the end of seedling
trials. The number of seedlings being
produced from greenhouse growth
and the number entering and being
evaluated in seedling trials were held
constant. Three cull, or removal, in-
tensities based on marker testing of
50 seedling selections at the end of
seedling trials were used to estimate
the effects of MAS at this stage. These
cull rates were high (60% with 40

Fig. 1. Peach breeding program diagram following a single cohort of crosses to
cultivar release between years (Y) 12 and 16. Crosses are made in spring of the first
seasonwith seed collection at the end of the same season. Seeds are germinated and
then planted at the beginning of the second season. Seedlings remain in seedling
trials for years 3 to 8. During this time, selections are made that advance to
clonal trials. Selections remain here for years 8 to 13, during which time
advanced selections occur. Advanced selections then move to grower trials
and precommercialization, where they remain for years 12 to 16 in the program.
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seedling selections removed), me-
dium (40% with 20 seedling selec-
tions removed), and low (20% with
10 seedling selections removed).
Overlapping evaluation periods in
seedling trials, starting in year 7 and
ending in year 17, were followed by
entry into clonal trials after nursery
propagation, which results in costs for
stage 2 from year 9 to year 19.

An additional model was then
constructed simulating application
of MAS at the end of greenhouse
growth. The upstream procedures of
greenhouse growth and the number of
seedlings entering greenhouse growth
were held constant. Three cull, or re-
moval, rates were chosen to estimate
MAS impacts at high (50%), moderate
(25%), and low (10%) removal rates.
These values represent the percentage
of seedlings out of 2500 that were
removed after DNA marker testing
with the assumption that every seedling
underwent testing. The downstream
procedures assumed proportional cost
reduction associated with MAS.

SENSITIVITY ANALYSES. The cost
of labor composes a significant por-
tion of a breeding program costs.
Additionally, MAS technology is im-
proving in efficiency, which results
in constantly decreasing costs associ-
ated with the technology. To examine
capabilities of the model, we con-
ducted sensitivity analyses. Costs for
procedures before MAS application
were assumed to be constant among
analyses. Grower trials and precom-
mercialization were held constant un-
der the assumption that MAS does
not negatively affect the likelihood of
cultivar production. Effects of alter-
ing procedural costs were observed
in greenhouse growth, seedling trials,
and clonal trials.

The first sensitivity analysis ex-
plored decreasing costs for DNA
marker tests. Marker technology is
rapidly evolving and new technolo-
gies with lower costs are being de-
veloped quicker than ever. DNA
marker test costs were estimated at
10%, 25%, and 50% cost reduction for
laboratory costs (lower chemical costs,
automation, etc.). These cost reduc-
tions were estimated for applications of
MAS at both the greenhouse growth
stage and seedling trials. The second
sensitivity analysis examined cost re-
duction for evaluation of the disease
bacterial spot caused by Xanthomonas

arboricola pv. pruni (Garita-Cambro-
nero et al., 2018). Marker tests that
accurately select for bacterial spot re-
sistance will result in cost savings for
field evaluations because time spent on
phenotyping resistance will be reduced.
Reduction in labor time and the corre-
sponding reduction in cost for labor
was examined by reducing estimated
evaluation costs by 25%, 50%, and 75%.

Results
Conventional breeding

Conventional breeding costs are
shown in Table 1. The conventional
breeding model relies on an examina-
tion of physical characteristics for
culling and selection, and MAS is
not used in any stage of the program.
Extensive evaluations result in in-
creased labor costs for both seedling
trials and clonal trials. Costs per seed-
ling for crossing and greenhouse
growth amount to about $2.80 with
labor costs comprising 60% of the
total cost. In seedling trials, costs are
about $2.50 for planting in the first
year and then approximately an

additional $0.70 per year for mainte-
nance and $1.15 for each year of
evaluation. Of the seedling trial costs,
labor costs account for 71% of the total
cost. Once selections enter clonal trials,
the cost per selection for propagation
and planting is $215.60, or $17.97 per
tree. Each additional year a selection is
grown requires $19.20 tomaintain and
an additional $19.20 for evaluation, if
conducted. Clonal trials labor accounts
for less than 26% of total costs. Overall
the total cost for 10 years of crossing
and subsequent evaluation of seedling
cohorts through grower trials amounts
to $584,690 (Table 1).

MAS application at the end of
stage 1 seedling test

The MAS application model was
built with applications of MAS at the
end of seedling trials before clonal
trial entry, and costs are shown in
Table 2. All procedural costs and
numbers of seedlings were held con-
stant across simulations for crossing,
greenhouse growth, and grower tri-
als. Costs from conventional breeding

Table 1. Costs for conventional peach breeding programmethods per procedure.
Each cost represents costs for conducting procedures in a given year and
repeating procedures over a number of seedling cohorts. No marker-assisted
selection is used in this scenario.

Stage Yr
Seedlings
(no.)

Cost for
conventional

breeding methods
($)

Crossing 1 2,500 61,030

Greenhouse growth 2 2,500 12,630

Seedling trials 3 1,800 24,000
4 1,800 12,000
5 1,800 36,000
6 1,800 36,000
7 1,800 36,000
8 1,800 42,400

Clonal trials 8 50 117,341
9 50 19,191

10 50 19,143
11 50 19,143
12 50 19,089
13 50 45,795

Grower trials and
precommercialization

12 10 43,930
13 10 10,250
14 10 10,250
15 10 10,250
16 10 10,250

Total 584,690
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were used as the basis for procedural
costs, and additional input of marker
tests were used for MAS costs. Costs
for tissue collection, DNA extraction,
and MAS analysis were included in
the final year of seedling trials for
MAS utilization, unlike the Wanne-
muehler et al. (2019) analysis for
apple. In conventional breeding,
�50 seedlings were selected through-
out seedling trials to continue on to
clonal trials. The MAS model exam-
ined culling the 50 selections by 60%
(high), 40% (medium), and 20%
(low). These cull rates result in pro-
portional clonal trial cost decreases,
and the total costs were $446,911,
$495,013, and $542,898, respec-
tively, for the three cull rates (Table
2). Procedures for MAS incurred addi-
tional costs amounting to $6250 over
a span of 10 years for evaluating 50
seedling selections per year. The simu-
lation results showed MAS application
was more cost-effective compared with
conventional breeding methods. The
break-even point, where the cost sav-
ings by removing seedling selections

from clonal trials was equivalent to the
additional costs of MAS, was deter-
mined at an �4% cull rate or removal
of two individuals (Table 2).

MAS application at the end of
greenhouse growth stage

We also examined the impacts of
MAS application at the end of the
greenhouse growth stage before
seedling planting in seedling trials by
holding crossing and grower trials
constant. The MAS models, shown
in Table 3, examined the impacts of
reduced seedling numbers in seedling
trials at three cull rates assuming all
seedlings were tested: 10% (low), 25%
(medium), and 50% (high). Addi-
tional procedural costs for MAS were
included in the model to capture the
trade-offs associated with technology us-
age. The number of seedling selections
entering clonal trials was held consistent
at 50 seedlings across the models.

The 10% cull rate resulted in
increased costs by 135% ($207,000)
compared with conventional breed-
ing methods. Medium and high cull

rates similarly resulted in increased
costs by 130% ($180,000) and 123%
($135,000), respectively (Table 3).
The MAS cost was $10.75 per in-
dividual, which was a relatively high
cost for MAS, �$22,500 annually,
and resulted in significant cost in-
creases compared with conventional
breeding that cost $8.00 per seedling
over 6 years. Greenhouse growth
MAS increased the stage cost by
about nineteen times conventional
greenhouse cost ($237,630) and only
decreases seedling trials costs by half
($12,000). The break-even cull rate,
or the cull rate at which using MAS
became cost-effective, was estimated
at 125.1%, indicating that more seed-
lings than those included in the pro-
gram would have to be removed to
compensate for the additional costs of
MAS (Table 3). The 125.1% cull rate
had a total cost of $584,692 com-
pared with conventional breeding to-
tal of $584,690.

SENSITIVITY ANALYSIS 1. MAS
cost reduction. This sensitivity analysis
explored reductions in the laboratory

Table 2. Costs for seedling trials marker-assisted selection (MAS) application occurring at the end of seedling trials are shown
per procedure under three levels of culling in the peach breeding program from the upper midwestern United States. Each
cost represents costs for that procedure over multiple years. ForMAS, the three levels of culling are 60% (20 selections out of
50), 40% (30 selections), and 20% (40 selections). The break-even point (BEP) is added to show at what cull rate MAS
becomes cost-effective for this stage.

Stages Yr

MAS 60% cull rate MAS 40% cull rate MAS 20% cull rate BEP 4% cull

Seedlings
(no.)

Costs
($)

Seedlings
(no.)

Costs
($)

Seedlings
(no.)

Costs
($)

Seedlings
(no.)

Costs
($)

Crossing 1 2,500 61,030 2,500 61,030 2,500 61,030 2,500 61,030

Greenhouse growth 2 2,500 12,630 2,500 12,630 2,500 12,630 2,500 12,630

Seedling trials 3 1,800 24,000 1,800 24,000 1,800 24,000 1,800 24,000
4 1,800 12,000 1,800 12,000 1,800 12,000 1,800 12,000
5 1,800 36,000 1,800 36,000 1,800 36,000 1,800 36,000
6 1,800 36,000 1,800 36,000 1,800 36,000 1,800 36,000
7 1,800 36,000 1,800 36,000 1,800 36,000 1,800 36,000
8 1,800 48,650 1,800 48,650 1,800 48,650 1,800 48,650

Clonal trials 8 20 46,725 30 70,440 40 93,920 48 112,704
9 20 7,661 30 11,501 40 15,322 48 18,432

10 20 7,680 30 11,482 40 15,283 48 18,317
11 20 7,680 30 11,482 40 15,283 48 18,317
12 20 7,642 30 11,443 40 15,245 48 18,317
13 20 18,283 30 27,425 40 36,605 48 43,949

Grower trials and
precommercialization

12 10 43,930 10 43,930 10 43,930 10 43,930
13 10 10,250 10 10,250 10 10,250 10 10,250
14 10 10,250 10 10,250 10 10,250 10 10,250
15 10 10,250 10 10,250 10 10,250 10 10,250
16 10 10,250 10 10,250 10 10,250 10 10,250

Total 446,911 495,013 542,898 581,275
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costs of DNA testing for MAS by
10% (low), 25% (medium), and 50%
(high) to examine whether cost-effec-
tiveness improved. As shown in Table
4, the reduction in MAS costs was
analyzed for both the application of
MAS at the greenhouse growth stage
and that at the end of seedling trials.
The baseline models used for the two
applications were the models with the
greatest culling rates from Tables 2
and 3. The baseline model for the
greenhouse growth MAS application
had a 50% cull rate with a total cost of
$719,692, whereas the baselinemodel
for MAS application at the end of
seedling trials had a 60% cull rate with
a total cost of $446,911. MAS at the
end of seedling trials was cost-effective
compared with the conventional
breedingmodel for eachmodeled cost
decrease with totals of $446,3160,
$445,603, and $444,416 for low,
medium, and high MAS cost reduc-
tion, respectively. The cost savings for
these models were 0.13% (low), 0.29%
(medium), and 0.56% (high) total cost

reductions relative to the baseline
model for MAS application at the end
of seedling trials. Greenhouse growth
MAS application models had a greater
cost-savings but were not cost-effective
comparedwith the conventional breed-
ing model. These models had totals of
$702,590, $676,940, and $634,190,
resulting in 2.38%, 5.94%, and 11.88%
total cost reductions, respectively, rela-
tive to the baseline model for MAS
application at the end of greenhouse
growth (Table 4).

SENSITIVITY ANALYSIS 2. Labor
cost reduction. The model used item-
ized costs for 10 seedling cohorts
with procedures from crossing to
grower trials modeled for multiple
years. In the model, it was assumed
that MAS was applied to all seedlings at
the greenhouse stage with an estimated
cull rate of 50%. MAS application de-
creased thenumberof seedlings entering
seedling trials, and seedlings entering the
stage had an increased likelihood of
disease resistance based on DNA tests.
Under these assumptions, a sensitivity

analysis was conducted by decreasing the
labor cost for disease resistance evalua-
tions by 25%, 50%, and 75% (Table 5).
Bacterial black spot resistance screening
was estimated to account for 20%of total
evaluation labor, which results in esti-
mated decreases of 5%, 10%, and 15% for
evaluation labor costs. After labor cost
reductions, the totals decreased to
$717,292, $714,892, and $712,492
for the 5%, 10%, and 15% cost reduc-
tions, respectively. Compared with the
base model, these costs are 0.33%,
0.67%, and 1.00% reductions of the total
program cost.

Discussion and conclusions
Plant breeders are constantly

searching and evaluating for more
accurate and cost-effective proce-
dures to deliver improved crops.
One method breeders have begun
adopting is the use of DNA markers
at various stages in their programs
(Xie and Shizhong, 1998). Basic as-
sumptions for DNA marker use in-
clude an increased likelihood of

Table 3. Costs formarker-assisted selection (MAS) application occurring at the end of greenhouse growthwith three levels of
culling in the peach breeding program from the upper midwestern United States. One thousand seedlings from 1800 are
theoretically screened, and cull rates are estimated at 10%, 25%, and 50%. Each cost represents costs for that procedure of
a period of multiple years. The break-even point (BEP) cull rate is included to represent at what level MAS becomes
cost-effective.

Stages Yr

MAS 10% cull rate MAS 25% cull rate MAS 50% cull rate BEP 125.1% cull

Seedlings
(no.)

Costs
($)

Seedlings
(no.)

Costs
($)

Seedlings
(no.)

Costs
($)

Seedlings
(no.)

Costs
($)

Crossing 1 2,500 61,030 2,500 61,030 2,500 61,030 2,500 61,030

Greenhouse growth 2 2,500 12,630 2,500 12,630 2,500 12,630 2,500 12,630

Seedling trials 3 1,620 21,600 1,350 18,000 900 12,000 (452) (6,000)
4 1,620 10,800 1,350 9,000 900 6,000 (452) (3,000)
5 1,620 32,400 1,350 27,000 900 18,000 (452) (9,000)
6 1,620 32,400 1,350 27,000 900 18,000 (452) (9,000)
7 1,620 32,400 1,350 27,000 900 18,000 (452) (9,000)
8 1,620 38,800 1,350 33,400 900 24,400 (452) (2,600)

Clonal trials 8 50 117,341 50 117,341 50 117,341 50 117,341
9 50 19,191 50 19,191 50 19,191 50 19,191

10 50 19,143 50 19,143 50 19,143 50 19,143
11 50 19,143 50 19,143 50 19,143 50 19,143
12 50 19,089 50 19,089 50 19,089 50 19,089
13 50 45,795 50 45,795 50 45,795 50 45,795

Grower trials and
precommercialization

12 10 43,930 10 43,930 10 43,930 10 43,930
13 10 10,250 10 10,250 10 10,250 10 10,250
14 10 10,250 10 10,250 10 10,250 10 10,250
15 10 10,250 10 10,250 10 10,250 10 10,250
16 10 10,250 10 10,250 10 10,250 10 10,250

Total 791,690 764,690 719,692 584,692
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genetic gains while not incurring sub-
stantial additional costs. Cost savings
may be achieved in perennial breed-
ing programs by offsetting the MAS
use costs with reductions in the man-
agement costs of inferior seedlings at
various stages. Previous studies indi-
cate that efficient MAS incorporation
may be achieved with MAS applica-
tions at early stages of breeding pro-
grams before maintenance costs
(Edge-Garza et al., 2015: Luby and
Shaw, 2001). However, implementa-
tion of MAS early in a breeding pro-
gram assumes that the cost of MAS is
less than the cost of maintenance and
evaluation. A study conducted by
Slater et al. (2013) examining MAS
incorporation in potato (Solanum
tuberosum) breeding concluded that
MAS was more efficient if applied at
a later stage in the breeding program
and not at the greenhouse stage. The
Slater et al. (2013) study found that
cost-effectiveness for application of

MAS depended on MAS costs vs.
maintenance costs, as well as marker
efficiency. Luby and Shaw (2001) in-
dicated that traits requiring high
added costs for conventional screen-
ing impact the cost-effectiveness of
MAS incorporation.

In the conventional peach breed-
ing program, greenhouse growth and
seedling trials require minimal cost
input compared with clonal trials (Ta-
ble 1). Lower maintenance and eval-
uation costs for seedling trials prevent
cost-effective MAS application at the
end of the greenhouse growth stage.
This study shows that costs associated
with MAS are greater than individual
seedling costs accumulated during
the entirety of seedling trials (Table
3). A break-even point of 125.1%
culling rate indicates that MAS would
require greater culling than the num-
ber of individuals generated on
a yearly basis at the end of the green-
house growth stage to make up for

potential costs of MAS implementa-
tion, which is not feasible. Previous
studies indicated that costs of marker
technologies prevented adoption
(Dreher et al., 2003; Luby and Shaw,
2001; Ru et al., 2015), but with
a modeled discount of 50% for MAS
associated costs, MAS remains cost-
ineffective with costs increasing
$49,754 compared with conventional
breeding.

Of the models examined, MAS
achieves the most cost-effectiveness
compared with conventional breed-
ing with application at the conclusion
of seedling trials with a break-even
cull rate of 4% (Table 2). The mini-
mum cull rate modeled for seedling
trials was a 20% reduction of advanced
selection seedlings and indicates that
even at the lowest modeled cull rate,
MAS applied at the end of seedling
trials is cost-effective. The sensitivity
analysis exploring MAS cost reduc-
tions (Table 4) confirms that MAS

Table 4. Sensitivity analysis 1 exploring the reduction in marker test costs. Early and late marker-assisted selection (MAS)
application effects on total program costs of MAS cost reduction for early application (during greenhouse growth) and later
application (at the end of seedling trials) are shown for the peach breeding program from the upper midwestern United
States. Greenhouse growthMAS is held constant at a 50% cull rate, and Stage 1MAS is held constant with a 60% cull rate (20
selections out of 50). In both scenarios, marker test costs are reduced by 10%, 25%, and 50%. Costs for each procedure reflect
multiple years of operation.

Stage Yr

Greenhouse
growth MAS cost
reduction, at 50%

cull rate ($)

MAS cost reduction ($)
Stage 1MAS cost
reduction, at

60% cull rate ($)

MAS cost reduction ($)

10% 25% 50% 10% 25% 50%

Crossing 1 61,030 61,030 61,030 61,030 61,030 61,030 61,030 61,030

Greenhouse growth 2 237,630 220,530 194,880 152,130 12,630 12,630 12,630 12,630

Seedling trials 3 12,000 12,000 12,000 12,000 24,000 24,000 24,000 24,000
4 6,000 6,000 6,000 6,000 12,000 12,000 12,000 12,000
5 18,000 18,000 18,000 18,000 36,000 36,000 36,000 36,000
6 18,000 18,000 18,000 18,000 36,000 36,000 36,000 36,000
7 18,000 18,000 18,000 18,000 36,000 36,000 36,000 36,000
8 24,400 24,400 24,400 24,400 48,650 48,175 47,463 46,275

Clonal trials 8 117,341 117,341 117,341 117,341 46,666 46,666 46,666 46,666
9 19,191 19,191 19,191 19,191 7,647 7,647 7,647 7,647

10 19,143 19,143 19,143 19,143 7,661 7,661 7,661 7,661
11 19,143 19,143 19,143 19,143 7,661 7,661 7,661 7,661
12 19,089 19,089 19,089 19,089 7,623 7,623 7,623 7,623
13 45,795 45,795 45,795 45,795 18,293 18,293 18,293 18,293

Grower trials and
precommercialization

12 43,930 43,930 43,930 43,930 43,930 43,930 43,930 43,930
13 10,250 10,250 10,250 10,250 10,250 10,250 10,250 10,250
14 10,250 10,250 10,250 10,250 10,250 10,250 10,250 10,250
15 10,250 10,250 10,250 10,250 10,250 10,250 10,250 10,250
16 10,250 10,250 10,250 10,250 10,250 10,250 10,250 10,250

Total 719,692 702,590 676,940 634,190 446,790 446,316 445,604 444,416
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cost-effectiveness at the end of seed-
ling trials will increase as marker tech-
nology costs decrease (Edge-Garza
et al., 2015). This study suggests that
program costs and MAS costs relative
to each other influence MAS cost-
effectiveness and indicates that MAS
is capable of reducing costs. The tool
we developed informs breeders of
program specific cost-effective MAS
strategies and indicates that MAS
application in the later stages of peach
breeding can be cost-effective.

Additionally, this study explores
the cost sensitivity to program changes
beyond MAS. The tool encompasses
the entire breeding program cost
structure and can be used to examine
alterations to evaluation time and
costs, independently of MAS use.
Assuming MAS application at the
greenhouse stage before disease
screening, there is potential dis-
ease evaluation cost reductions (Ta-
ble 5). Although the maximum

savings ($7238.40) is relatively low
compared with total cost, this shows
the ability of the tool to capture any
changes in total operational costs.
The detailed inputs allow modeling
flexibility, which enables breeders to
estimate effects of new practices be-
yond MAS, such as changes in man-
agement practices or phenotyping
methods. This study shows that
the tool used for estimating finan-
cial decisions is versatile enough to
handle perennial fruit crops such as
peach and apple.

The results reported are applica-
ble only to the modeled peach breed-
ing program. Because breeding practices
and associated cost structures are dif-
ferent between programs, a limitation
of our reported results is that they
are not representative of all peach
breeding programs. However, this
study shows that using the spread-
sheet tool developed byWannemueh-
ler et al. (2019), a breeder can adjust

inputs to reflect their unique breeding
program characteristics and identify
cost-effective strategies.

Literature cited

Abbott, A., L. Georgi, D. Yvergniaux, Y.
Wang, A. Blenda, G. Reighard, M. Inigo,
and B. Sosinski. 2002. Peach: The model
genome for Rosaceae. Acta Hort. 575:
145–155.

Alpuerto, V.L.E.B., G.W. Norton, J.
Alwang, and A.M. Ismail. 2009. Eco-
nomic impact analysis of marker-assisted
breeding for tolerance to salinity and
phosphorous deficiency in rice. Rev. Agr.
Econ. 31:779–792.

Bassi, D. andR.Monet. 2008. Botany and
taxonomy, p. 1–36. In: D.R. Layne and
D. Bassi (eds.). The peach: Botany, pro-
duction and uses. CABI, Cambridge,MA.

Chandler, C.K., K. Folta, A. Dale, V.M.
Whitaker, and M. Herrington. 2012. Straw-
berry, p. 305–325. In: M.L. Badenes and
D.H. Byrne (eds.). Fruit breeding. Springer,
Boston, MA.

Collard, B.C. and D.J. Mackill. 2008.
Marker-assisted selection: An approach
for precision plant breeding in the twenty-
first century. Phil. Trans. Royal Soc. B
Biol. Sci. 363:557–572.

Dreher, K., M. Khairallah, J.M. Ribaut,
and M. Morris. 2003. Money matters (I):
Costs of field and laboratory procedures
associated with conventional and marker-
assisted maize breeding at CIMMYT.
Mol. Breed. 11:221–234.

Edge-Garza, D.A., J.J. Luby, and C.
Peace. 2015. Decision support for cost-
efficient and logistically feasible marker-
assisted seedling selection in fruit breeding.
Mol. Breed. 35:1–15.

Edge-Garza, D.A., N.C. Oraguzie, J.
Olmstead, C.P. Peace, A. Iezzoni, S.
Haldar, and S. Haendiges. 2009. Apply-
ing genetic markers for self-compatibility
in the WSU sweet cherry breeding pro-
gram. Acta Hort. 859:375–380.

Frey, J.E., B. Frey, C. Sauer, and M.
Kellerhals. 2004. Efficient low-cost DNA
extraction and multiplex fluorescent PCR
method for marker-assisted selection in
breeding. Plant Breed. 123:554–557.

Gallardo, R.K., H. Li, C. Yue, J. Luby,
J.R. McFerson, and V. McCracken. 2015.
Market intermediaries’ ratings of impor-
tance for rosaceous fruits’ quality attri-
butes. Intl. Food Agribus. Manag. Rev.
18:121–154.

Garita-Cambronero, J., A. Palacio-Bielsa,
and J. Cubero. 2018. Xanthomonas arbor-
icola pv. pruni, causal agent of bacterial spot

Table 5. Sensitivity analysis 2 examining the effects of cost reduction in bacterial
spot evaluation labor costs are shown for the peach breeding program from the
upper midwestern United States. Marker-assisted selection (MAS) was assumed
to occur at the end of greenhouse growth to reduce normal labor costs for
seedling trials bacterial spot evaluations comprising 20% of total evaluations.
Procedures are repeated for multiple years and the costs reflect the dynamic
nature of the breeding program.

Stage Yr

Greenhouse
growth MAS, at 50%
cost reduction ($)

Bacterial spot evaluation
cost reduction at different

cull rates ($)

5% 10% 15%

Crossing 1 61,030 61,030 61,030 61,030

Greenhouse growth 2 237,630 237,630 237,630 237,630

Seedling trials 3 12,000 12,000 12,000 12,000
4 6,000 6,000 6,000 6,000
5 18,000 17,400 16,800 16,200
6 18,000 17,400 16,800 16,200
7 18,000 17,400 16,800 16,200
8 24,400 23,800 23,200 22,600

Clonal trials 8 117,341 117,341 117,341 117,341
9 19,191 19,191 19,191 19,191

10 19,143 19,143 19,143 19,143
11 19,143 19,143 19,143 19,143
12 19,089 19,089 19,089 19,089
13 45,795 45,795 45,795 45,795

Grower trials and
precommercialization

12 43,930 43,930 43,930 43,930
13 10,250 10,250 10,250 10,250
14 10,250 10,250 10,250 10,250
15 10,250 10,250 10,250 10,250
16 10,250 10,250 10,250 10,250

Total 719,692 717,292 714,892 712,492

• June 2020 30(3) 363



of stone fruits and almond: Its genomic and
phenotypic characteristics in theX.arboricola
species context.Mol. Plant Pathol. 19:2053–
2065.

Hancock, J.F., R. Scorza, and G.A.
Lobos. 2008. Peaches, p. 265–298. In:
J.F. Hancock (ed.). Temperate fruit crop
breeding. Springer, Dordrecht, The
Netherlands.

Hoeck, J.A., W.R. Fehr, R.C. Shoemaker,
G.A.Welke, S.L. Johnson, andS.R.Cianzio.
2003. Molecular marker analysis of seed
size in soybean. Crop Sci. 43:68–74.

Janick, J. and J.N. Moore (eds.). 1996.
Fruit breeding. Vol. 1. Tree and tropical
fruits. Wiley, Hoboken, NJ.

Johnson, R. 2003. Marker-assisted selec-
tion. Plant Breed. Rev. 24:293–309.

Kuchel, H., G. Ye, R. Fox, and S. Jefferies.
2005. Genetic and economic analysis of
a targeted marker-assisted wheat breeding
strategy. Mol. Breed. 16:67–78.

Lande, R. and R. Thompson. 1990. Effi-
ciency of marker-assisted selection in the
improvement of quantitative traits. Ge-
netics 124:743–756.

Luby, J.J. and D.V. Shaw. 2001. Does
marker-assisted selection make dollars
and sense in a fruit breeding program?
HortScience 36:872–879.

Mart�ınez-Garc�ıa, P.J., D.E. Parfitt, R.M.
Bostock, J. Fresnedo-Ramirez, A. Vazquez-
Lobo, E.A.Ogundiwin, T.M.Gradziel, and
C.H. Crisosto. 2013. Application of geno-
mic and quantitative genetic tools to iden-

tify candidate resistance genes for brown rot
resistance in peach. PLoS One 8:78634.

Morris, M., K. Dreher, J.M. Ribaut, and
M. Khairallah. 2003. Money matters (II):
Costs of maize inbred line conversion
schemes at CIMMYT using conventional
and marker-assisted selection. Mol. Breed.
11:235–247.

Ru, S., C. Hardner, P.A. Carter, K. Evans,
D. Main, and C. Peace. 2016. Modeling
of genetic gain for single traits from
marker-assisted seedling selection in clon-
ally propagated crops. Hort. Res. 3:
16015.

Ru, S., D. Main, K. Evans, and C. Peace.
2015. Current applications, challenges,
and perspectives of marker-assisted seed-
ling selection in Rosaceae tree fruit
breeding. Tree Genet. Genomes 11:8.

Slater, A.T., N.O. Cogan, and J.W. Forster.
2013. Cost analysis of the application of
marker-assisted selection in potato breed-
ing. Mol. Breed. 32:299–310.

Stromberg, L.D., J.W. Dudley, and G.K.
Rufener. 1994. Comparing conventional
early generation selection with molecular
marker assisted selection in maize. Crop
Sci. 34:1221–1225.

Suh, J.P., J.U. Jeung, T.H. Noh, Y.C. Cho,
S.H. Park, H.S. Park, M.S. Shin, C.K. Kim,
and K.K. Jena. 2013. Development of
breeding lines with three pyramided re-
sistance genes that confer broad-spectrum
bacterial blight resistance and their molec-
ular analysis in rice. Rice 6:5.

Tartarini, S. and S. Sansavini. 2002. The
use of molecular markers in pome fruit
breeding. Acta Hort. 622:129–140.

Testolin, R. 2002. Marker-assisted selec-
tion in stone fruits. Acta Hort. 622:163–
176.

Wannemuehler, S.D., J.J. Luby, C. Yue,
D.S. Bedford, R.K. Gallardo, and V.A.
McCracken. 2019. A cost-benefit analysis of
DNA informed apple breeding. HortScience
54:1998–2004.

Whitaker, V.M. 2011. Applications of
molecular markers in strawberry. J. Berry
Res. 1:115–127.

Xie, C. and X.U. Shizhong. 1998. Effi-
ciency of multistage marker-assisted se-
lection in the improvement of multiple
quantitative traits. Heredity 80:489–498.

Yue, C., R.K. Gallardo, J.J. Luby, A.L.
Rihn, J.R. McFerson, V. McCracken, T.
Gradziel, K. Gasic, G.L. Reighard, J.
Clark, and A. Iezzoni. 2014. An evalua-
tion of US peach producers’ trait priori-
tization: Evidence from audience surveys.
HortScience 49:1309–1314.

Yue, C., R.K. Gallardo, V.A. McCracken,
J. Luby, J.R. McFerson, L. Liu, and A.
Iezzoni. 2012. Technical and socioeco-
nomic challenges to setting and implement-
ing priorities in North American rosaceous
fruit breeding programs. HortScience 47:
1320–1327.

364 • June 2020 30(3)


