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Abstract. Developing new blueberry cultivars requires plant breeders to be aware of
current and emerging needs throughout the supply chain, from producer to consumer.
Because breeding perennial crop plants (such as blueberry) is time- and resource-
intensive, understanding and targeting priority traits is critical to enhancing the
efficiency of breeding programs. This study assesses blueberry industry breeding
priorities for fruit and plant quality traits based on a survey conducted at commodity
groupmeetings across nine U.S. states and in British Columbia (Canada) between Nov.
2016 and Mar. 2017. In general, industry responses signaled that the most important
trait cluster was fruit quality including the firmness, flavor, and shelf life. Fruit quality
traits affect price premiums received by producers; influence consumer’s preferences;
and have the potential to increase the feasibility of mechanical harvesting, all critical
to the economic viability of the industry. There were differences across regions in the
relative importance assigned to traits for disease resistance, arthropod resistance, and
tolerance to abiotic stresses. Our findings will be useful to researchers seeking
solutions for challenges to the North American blueberry industry including devel-
opment of new cultivars with improved traits using accelerated DNA-based selection
strategies.

North America, led by the United States,
is the world’s largest producer of blueberries.
Driven in part by the recognition of health
benefits associated with blueberry consump-
tion (Forney and Kalt, 2011), world production
grew 35% from 2006 to 2014 (U.N. Food and
Agriculture Organization, 2017) positively af-
fecting the economy of blueberry-producing
regions in the United States (Sullivan and
Schilling, 2008). In 2016, the top seven
blueberry-producing states in theUnited States
were Washington (54,470 t), Oregon (52,690
t), Michigan (45,370 t), Georgia (30,400 t),
California (24,560 t), North Carolina (20,900
t), and New Jersey (16,111 t) (Brazelton et al.,
2017). In the United States, 52% of blueberries
were used fresh and 48% were processed
(Brazelton et al., 2017).

Development of new cultivars has played
and will continue to play a major role in the
growth of the blueberry market in North
America and worldwide. In the last two
decades, breeding programs have developed
improved cultivars that have supported the
expansion of blueberry production into new
growing areas, such as low-chill regions and
the southern hemisphere. In the latest Global
Blueberry Statistics Intelligence Report,
Brazelton et al. (2017) suggested that—after
a decade of significant production expansion
and growth—the blueberry market in North
America has matured and the industry was
becoming more selective and quality-driven.
In this new market phase, genetic gains will
be a key factor to sustain the growth of the
blueberry industry.

This research emerged from a planning
grant (2016-51181-25401) funded by the
U.S. Department of Agriculture, National
Institute of Food and Agriculture–Specialty
Crop Research Initiative to examine the
current and future needs of research and
extension for cranberry and blueberry. The
overall goal of this project was to begin
planning efforts to advance the genetic,
genomic, and phenotypic resources available
for blueberry and cranberry and develop
genomic tools to guide and accelerate the
development of improved cultivars. This
study identifies breeding trait priorities in
the U.S. and Canadian highbush blueberry
industries.

The primary focus of blueberry breeding
programs in the United States is to improve
two types of highbush blueberry cultivars
(Vaccinium corymbosum, 2n = 4x = 48)
termed northern highbush blueberry (NHB)
and southern highbush blueberry (SHB),
the rabbiteye (RY) cultivars (Vaccinium
virgatum, 2n = 6x = 72) and their interspe-
cific hybrids (Hancock et al., 2008). Of
these, NHB and SHB cultivars are the most
common types of blueberries cultivated
throughout the world. The breeding of high-
bush blueberries is a long and tedious pro-
cess. Traditional approaches can take from
9 to 20 years from the original cross, se-
lection, and comparison with existing culti-
vars to cultivar release. In the last 10 years,
marker-assisted breeding has become a cost-
effective strategy for crop improvement
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programs by increasing selection efficiency
and shortening the time it takes to develop
a cultivar (Yang et al., 2015). However, the
application of this technology requires exten-
sive training, knowledge, and significant in-
vestments to generate genomic resources. For
these reasons, it is critical to focus on genetic
traits of maximum value (Alpuerto et al., 2009;
Gallardo et al., 2012; Luby and Shaw, 2001;
Yue et al., 2012). Determining trait priorities is
difficult because trait relevance depends on
what sector of the supply chain is involved in
the decision-making process. Only a few hor-
ticultural studies have investigated trait prior-
ities for plant breeding programs (Gallardo
et al., 2012; Yue et al., 2012). In blueberry,
a consumer preference study assessed the
impact of 36 specific blueberry sensory and
psychological traits on consumer preferences
(Gilbert et al., 2014). Most research on blue-
berry breeding traits deemed important to
the industry focuses on traits associated with
climate and soil adaptation. For instance,
tolerance to high soil pH and mineral soils,
chilling requirement, and cold-hardiness have
been identified as important traits for expand-
ing the acreage of blueberry in nontraditional
production areas in the United States
(Hancock et al., 2008). Early bloom, ripening
interval, and frost tolerance are considered
target traits to expand the harvest season and
cover market windows where production is
low and price is at a premium (Hancock et al.,
2008). Because of financial and labor short-
age concerns, producers are increasingly in-
terested in using machine harvesting to
harvest blueberries to be sold in the fresh
market (Takeda et al., 2008). Firm fruit,
suitable bush architecture, easy detachment

of mature berries vs. immature berries, loose
fruit clusters, small stem scar, and a concen-
trated ripening period have been identified as
breeding goals to develop blueberry cultivars
suitable for machine harvest (Olmstead and
Finn, 2014). These previous studies provide
some insights about trait preferences, but
a systematic investigation of the blueberry
industry’s trait priorities has not been con-
ducted. Such information would assist in
breeders’ selection of traits and improve the
efficiency of breeding programs.

The goal of this study was to survey and
rank the blueberry industry’s priorities for
blueberry plant and fruit traits. A secondary
objective was to compare these results with
published reports on consumer preferences
and on cultivar adoption in the industry. The
results for the most important traits are
discussed in the context of current scientific
knowledge based on published phenotyping
and genetic studies in blueberry. This will
provide a framework to identify the objec-
tives that breeders and allied scientists need
to consider when designing research projects
that can facilitate the selection of new culti-
vars with superior traits deemed important to
the industry.

Methods

Survey design. Research priorities from
seven state and provincial blueberry com-
modity groups (Michigan, Washington,
North Carolina, Georgia, California, Oregon,
and British Columbia) and two national or
regional research organizations (USDA-ARS
National Clonal Germplasm Repository
Small Fruit Crop Germplasm Committee
and the USDA-ARS Northwest Center for
Small Fruits Research) were extracted from
recent research grant proposal requests and
research priority recommendations and group-
ed based on the production-related needs (e.g.,
pest and disease related needs) to identify
clusters of fruit and plant traits that could
directly or indirectly provide benefits to the
blueberry industry. Hereafter, the term blue-
berry industry refers to nurseries, producers,
packers, processors, breeders, and nonbreeder
researchers. Six trait clusters were derived
heuristically from this list, including 1) fruit
quality, 2) disease resistance, 3) arthropod pest
resistance (note that the survey used ‘‘insect
pest resistance’’ to refer to arthropod pest
resistance, which we use hereafter, because
some pests are not true insects), 4) plant stress
tolerance, 5) other plant traits, and 6) machine
harvestability. Each cluster of traits included
an ‘‘other trait’’ option in case we missed an
important trait in the list of traits presented to
the respondents. The survey form, which was
approved by the Institutional Review Board,
Washington State University IRB #15708, is
available at theVacciniumPlanningProjectweb
page (https://pgnglab.plantsforhumanhealth.
ncsu.edu/vaccinium-project/survey/).

The traits included in the fruit quality
cluster were color, crispness, firmness, flavor,
nutritional benefit, shape/appearance, shelf
life, size, small dry stem scar, sweetness, and

‘‘other fruit quality traits.’’ Disease resistance
traits included the following: algal stem
blotch (Cephaleuros spp.), Alternaria fruit
rot (Alternaria tenuissima), anthracnose fruit rot
(Colletotrichum fioriniae, syn. Colletotrichum
acutatum), bacterial canker (Pseudomonas
syringae pv. syringae), bacterial leaf scorch
(Xylella fastidiosa), Blueberry scorch virus
(BlScV), blueberry stunt (primarily ‘Candidatus
Phytoplasma asteris’), Botrytis flower blight
and fruit rot (Botrytis cinerea), Exobasidium
leaf and fruit spot (Exobasidium maculosum),
fungal leaf spots (incited by multiple fungal
taxa), rust diseases (Thekopsora minima or
Naohidemyces vaccinii), mummy berry (Mon-
ilinia vaccinii-corymbosi), Blueberry necrotic
ring blotch virus, nematodes (Paratrichodorus
spp., Hemicycliophora spp., Xiphinema ameri-
canum), Phomopsis canker and twig blight
(Phomopsis vaccinii), Phytophthora root rot
(Phytophthora cinnamomi), Blueberry shock
virus (BlShV), stem blight (incited by multiple
species in the Botryosphaeriaceae), and ‘‘other
diseases.’’ Arthropod pest resistance traits in-
cluded resistance to spotted wing drosophila
(Drosophila suzukii, SWD), blueberry maggot
(Rhagoletis mendax), gall midge (Dasineura
oxycoccana), flower thrips (primarily Frankli-
niella spp.), aphids (primarily Aphis sp.), scale
insects (primarily Lecanium spp. and Eriococ-
cus spp.), blueberry budmite (Acalitus vaccinii),
brown marmorated stink bug (Halyomorpha
halys), cherry fruitworm (Grapholita packardi),
sharp-nosed leafhopper (Scaphytopius spp.),
cranberry fruit worm (Acrobasis vaccinii), stem
borers (multiple species), white grubs (multiple
species), stem gall wasp (Hemadas nubilipen-
nis), plum curculio (Conotrachelus nenuphar),
and ‘‘other insect pests.’’ Plant stress tolerance
traits included frost tolerance, tolerance to heat/
ultraviolet (ultraviolet light) damage, drought
resistance, winterhardiness, soil type adapta-
tion, and other plant stress traits. Other plant
traits included improved yield, ripening time,
flowering time, self-pollination, and ‘‘other
plant traits.’’ Machine harvestability traits in-
cluded improvements in fruit firmness, uni-
form ripening, upright growth, loose clusters,
flexible canes, monopodial stem, narrow
habit, small dry stem scar, and other machine
harvestability traits.

The survey asked participants to rank the
relative importance of individual traits in
each of the six trait clusters (questions 1–6)
for a commercially successful blueberry
cultivar and then to rank the importance of
the six trait clusters (question 7). In each
cluster, we asked respondents to rank the
first, second, third, etc. most important and
the first, second, third, etc. least important
trait for a successful cultivar. The ordering
number requested (first, second, third, etc.)
depended on the number of traits included in
each cluster. For example, the fruit quality
cluster included 11 traits, hence ranking was
requested for the three most and the three
least important fruit quality traits. The dis-
ease resistance cluster included 19 traits, so
we requested respondents to rank the five
most and the five least important disease
resistance traits.
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Other questions in the survey asked for
sociodemographics characteristics of the de-
cision maker and the blueberry operation
itself included the following: the respon-
dent’s role in the supply chain (e.g., producer,
nursery operator, packer, processor, breeder,
and nonbreeder scientist); the size of the
respondent’s blueberry operation, expressed
in acres of cultivated area; the number of
years the respondent had been involved in the
decision-making process of the operation;
a list of blueberry cultivars representing the
largest cultivated area in the respondent’s
operation; whether new cultivar(s) had been
planted during the last 5 years; and the name
of the state in which the largest cultivated
area of the operation was located.

Data collection. The blueberry industry
survey was conducted at commodity group
meetings across nine U.S. states and British
Columbia (Canada) between Nov. 2016 and
Mar. 2017. The names and locations of the
meetings were 1) Massachusetts Cultivated
Blueberry Growers Association, Nov. 2016;
2) Lynden Small Fruit Conference, Wash-
ington, Dec. 2016; 3) Alma Blueberry Up-
date, Georgia, Jan. 2017; 4) Florida Blueberry
Growers Association, Jan. 2017; 5) Oregon
Blueberry Conference, Jan. 2017; 6) Lower
Mainland Horticulture Improvement Associa-
tion, British Columbia, Jan. 2017; 7) Great
Lakes Expo, Michigan, Jan. 2017; 8) North
Carolina Blueberry Open House and Trade
Show, Jan. 2017; 9) Gulf South Blueberry
Growers Association, Mississippi, Jan. 2017;
and 10) Blueberry Open House, New Jersey,
Mar. 2017. At each meeting, a scientist or
extension educator associated with this study
presented the content and the objective of
the survey while the audience responded to
a paper-based survey. Figure 1 presents the
number of completed surveys obtained for
each state/province.

Data analysis. To quantify significantly
more or less important trait- and industry-
related variables across regions, we analyzed
the data using an ordered probit model given
that the dependent variable, the ranking of
traits, was discrete and ordinal. The survey
questions asked to identify the most and least
important fruit and plant traits for blue-
berries, and each trait was assigned a value
according to each respondent’s ranking. For
example, as indicated previously, there were
11 traits in the cluster fruit quality; the first
most important trait for each respondent was
assigned the number 1, the second most
important trait 2, the third most important
trait 3, the third least important trait 9, the
second least important trait 10, and the first
least important trait 11. Traits not identified
by the respondent as being among the most
important or the least important were consid-
ered middle choices and were assigned the
median of 1–11, which is 6. This method has
been used in previous research to elicit the
relative level of importance of product attri-
butes (Davis and Gillespie, 2004; Greene and
Hensher, 2008; Yue et al., 2013).

The ranking of traits is assumed to depend
on underlying utility or measurement of

preference derived from the presence of each
trait in the blueberry cultivar. The respondents
ranked the traits based on a perception of
which traits would provide themwith the most
benefits. Here, the benefits are the present
value of all the elements that the respondent
considers when ranking the traits according to
his/her preferences, which is the same role
represented in the utility. This approach fol-
lows Lancaster’s theory of consumer behavior
that states that utility is not derived from
a good but from the attribute composition of
that good (Lancaster, 1966). In this instance,
suppose Uit is the utility that respondent i
derives from trait t andUit can be expressed by
Rit, which is the ranking assigned by each
respondent to each trait. The empirical formu-
lation is

Rn
it¼ b0 þ b1tTraitit þ b2Produceri

þb3Yearsiþb4Sizeiþb5NewCultivari
þ b6Cultivari þ eit;

where Rn
it represents the ranking of trait t, n is

the number of traits in each cluster; Traitit is
the binary variable representing trait t for
respondent i (if trait t is selected as most
important, then for Rit = 1, Traitit = 1,
0 otherwise; if trait t is selected as second
most important, then for Rit = 2, Traitit = 1,
0 otherwise, and so on); Produceri is the
binary variable indicating whether the re-
spondent is a producer; Yearsi is the binary
variable indicating whether the number of
years of experience in the decision-making
process of managing blueberry production is
more than 10 (the average number of years in
our sample of respondents); Sizei is the
binary variable indicating whether the oper-
ation is >16.2 ha (B. Strik, personal commu-
nication, 16.2 ha is the average minimum
operation size for a producer to send their
product to a packinghouse; for operations
<16.2 ha, production is typically sold by
direct marketing); Newcultivari is the binary
variable indicating whether a new cultivar
has been planted in the last 5 years; Cultivari
is the binary variable for the cultivar with the
largest acreage in the operation, q (q = ‘Duke’,
‘Bluecrop’, ‘Legacy’, ‘Aurora’, etc.); and eit is
the residual error term that is not captured by
the explanatory variables, which is assumed to
follow a normal distribution with mean 0 and
SD s.

Based on the state that respondents in-
dicated as the location of the largest culti-
vated area (which was not necessarily the
same state where the survey was distributed)
responses were grouped into three regions.
The Southeast included respondents with
blueberry operations located in Georgia,
Florida, North Carolina, Mississippi, Tennes-
see, and Alabama; theWest included Oregon,
Washington, and California, in the United
States and British Columbia in Canada; and
the Northeast and Midwest included New
Jersey, Massachusetts, and Michigan. We
combined responses from the Midwest and
Northeast to ensure a sufficient number of
observations because there were only 29

responses from the Midwest (Michigan).
Because we conducted regressions for seven
trait clusters (fruit quality, disease resistance,
arthropod pest resistance, plant stress toler-
ance, machine harvestability, other plant
traits, all trait clusters) and three regions (k =
Midwest and Northeast, West, and South-
east), we present results for a total of 21 (= 7 ·
3) regressions. The model coefficients were
estimated using PROC QLIM in SAS v.9.3
(SAS Institute, Cary, NC).

In each regression analysis, the variable
‘‘other trait’’ was set as the base variable.
Hence, the statistical significance of traits
should be interpreted as relative to the base
variable. Because the most important trait
was assigned a rank of 1, the second most
important was assigned 2, and so on; traits
with significant negative coefficients were
likely to be chosen as more important and
traits with significant positive coefficients
were likely to be chosen as less important
compared with the ‘‘other trait’’ variable in
each cluster. The magnitude of the coefficient
estimates indicates the relative importance of
the variable trait, higher values indicate
higher relative importance compared with
the base trait. Traits determined not to be
statistically significant (i.e.,, not significantly
different from the base trait) may still be
considered of some importance to producers.
The number of responses obtained from each
region is different with 149 from the West,
155 from the Southeast, and 70 from the
Midwest and Northeast. Arguably this differ-
ence in the number of responses would have
an affect on the value of the coefficient
estimates across regions. When presenting
the coefficient estimates for all regressions,
the McFadden likelihood ratio index (LRI) is
included. This is a measure of goodness-of-fit
that depicts the explanatory power of the
model.

Results and Discussion

Summary statistics for producers by
regions. We obtained 375 responses from
12 U.S. states and one Canadian province
(Fig. 1). These regions account for over 99%
of U.S. production, 98.6% of U.S. and Can-
ada highbush production, and 93.7% of North
American highbush blueberry production
(Brazelton et al., 2017). The survey was
conducted in nine states, but responses were
recorded based on the state where the largest
cultivated area of the respondent’s blueberry
operation was located. On average, 84% of
respondents were producers, 9% were asso-
ciated with packing houses, 6% with process-
ing companies, 5% had other roles in the
industry, 3% were associated with nurseries,
3% were nonbreeder researchers, and 1%
were breeders. Note that these numbers do
not add to 100% because some respondents
marked more than one category. The average
size of the blueberry operations was 46.1 ha.
This size varied across regions, with the
largest size in the Midwest and Northeast
(54.8 ha), followed by theWest (44.8 ha), and
Southeast (43.0 ha) (Fig. 1). The average
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number of years involved in the decision-
making process of blueberry operations was
10.3 years. Years of experience varied across
regions, with the Midwest and Northeast
averaging 14.6 years, the Southeast 12.3
years, and the West 8.3 years (Fig. 1).

Among the four cultivars with largest
acreage currently growing in their fields,
growers identified 30NHB, 8RY (V. virgatum),
and 22 SHB cultivars (Supplemental Ta-
ble 1). Overall, ‘Duke’ was the most pre-
dominant cultivar in production, followed by
‘Bluecrop’ and ‘Emerald’ (Supplemental Ta-
ble 2). Interestingly, a comprehensive survey
questionnaire on the blueberry industry of
North America carried out in 1992 (Moore,
1993) included only two SHB cultivars. The
larger number of important SHB cultivars
included in our survey (22) is most likely
a consequence of the rapid and more recent
expansion of blueberry production into
areas where low chilling conditions pre-
cluded their production in the past. Culti-
vars developed by breeders over the past
25 years underpinned this expansion (Lyrene,
2008). Of the seven most predominant
replanted cultivars, on average, only 31%
of the respondents replanted the same

cultivar (Supplemental Table 3) suggesting
that respondents are willing to take risks in
hope of increasing investment returns by
adopting different cultivars with improved
characteristics.

Across all regions and all seven clusters of
breeding traits (Tables 1–7), parameter esti-
mates for the ordered probit model for the
variables presented here (producer, years of
experience, size of operation, whether new
cultivars were planted, and the cultivars most
planted) were not significant (data not
shown), suggesting that differences are
mainly explained by geographical regions
and not biased by other factors.

Fruit and plant trait clusters. Parameter
estimates for the ordered probit model
differentiating results were different by re-
gion (Table 1). In the West and Southeast,
fruit quality traits were the highest in
importance among the clusters. In the Mid-
west and Northeast, disease resistance was
the highest in importance, whereas fruit
quality traits were the second highest. Dis-
ease resistance was the second highest in
importance in the Southeast but less impor-
tant in the West. Machine harvestability
was the third highest in importance in the

Southeast but less important in theWest and
the least important in the Midwest and
Northeast.

Across all regions, fruit quality had the
highest probability of being ranked most
important. Fruit quality traits are crucial for
the best prices and ultimately profits obtained
by producers. Because fresh fruit is generally
sold at a much higher price than fruit for
processing, $6.11 vs. $1.56/kg, respectively
(U.S. Department of Agriculture, Economic
Research Service, 2017), growers desire to
allocate as much fruit as possible into the
higher valued fresh market when possible. To
meet the standards of the fresh market, it is
critical to not only have cultivars that produce
fruit with excellent shelf life but also essen-
tial to have excellent machine harvestability
for the fruit to be the most profitable in the
processed market. So although fruit firmness,
harvestability, flavor, and size are crucial for
fruit in both markets, their relative impor-
tance may vary (Brown et al., 1996; Padley,
2005). For instance, although a small, dry
picking scar to avoid decay problems is
essential for good shelf life in a fresh market
berry, a berry that is frozen within hours of
harvest does not have the same requirements.

Fig. 1. Sociodemographic characteristics summarized by regions and states. (A) Number of respondents; (B) average size of the operations (ha); and (C) years of
experience.
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Similarly, fruit firmness is essential in both
markets but for processing it is only essential
for a berry to be harvested with no obvious
external damage as it will be quickly pro-
cessed whereas for the fresh market, fruit
must have minimal internal bruising or other
damage.

Fruit quality traits. Except for the Mid-
west and Northeast region, the three most
important fruit quality traits were firmness,
flavor, and shelf life (Table 2). Although the
health benefits associated with blueberry
consumption have been a main driving force
for production and demand growth during the
last 10–15 years (Forney and Kalt, 2011), this
trait was ranked as the least important in the
West and Southeast but among the more
important in the Midwest and Northeast.
We have no good explanations for this
difference. However, no research has been
carried out to study the genetic inheritance of
fruit quality components directly associated
with health benefits (e.g., antioxidant capac-
ity, anthocyanin content) and link them to
specific breeding traits. This observation
could explain the overall lower level of
importance signaled by stakeholders for this
trait in our survey. It is interesting to compare
priorities for fruit quality traits identified—
largely by producers—in this study with
consumer preferences examined previously
by Gilbert et al. (2014). Consumers cited
flavor and sweetness as positive and cited
unpleasant textures such as mealy and pasty
as negative characteristics. This was similar
to the results in the present study where flavor
was one of the most important fruit charac-
teristics. Fruit firmness, which was appealing
to the consumer as a component of fruit
texture, is also important for hand or machine
harvestability and shelf life (Moggia et al.,
2017; Olmstead and Finn, 2014) and ranked
as one of the most important traits. Flavor,
size, and color are all part of the criteria used
to determine grades and standards of blue-
berries and thus directly affect the price
received by producers (U.S. Department of
Agriculture, Agricultural Marketing Service,
1997).

Blueberries exhibit useful genetic varia-
tion for the most important fruit quality traits
highlighted in this study (Hancock et al.,
2008; Luby et al., 1991; Retamales and
Hancock, 2012), suggesting opportunities to
identify molecular markers associated with
these traits that can be used to improve fruit
characteristics that match consumer prefer-
ences and industry priorities. Indeed, several
previous studies provided insights into the
variability available in blueberry germplasm
for fruit quality characteristics, including
volatile compounds (Du et al., 2011; Farneti
et al., 2017; Gilbert et al., 2015), flavor and
taste (Gilbert et al., 2014; Saftner et al.,
2008), chemical composition such as sugars
and anthocyanin content (Gilbert et al., 2015;
Silva et al., 2005; Yousef et al., 2014), texture
(Ehlenfeldt and Martin, 2002; Giongo et al.,
2013; Silva et al., 2005), shape and size
(Parra et al., 2007). Fruit texture characteris-
tics, such as firmness or crispness, have been

associated with improved machine harvest-
ability (Mehra et al., 2013; Olmstead and
Finn, 2014), shelf life (Moggia et al., 2017),
and consumer preferences (Gilbert et al.,
2014).

Disease resistance. In all regions, resis-
tance to mummy berry disease was the high-
est in importance (Table 3). Mummy berry is

of economic concern in most areas of blue-
berry production from the southern United
States to Canada and occurs in all species of
cultivated blueberry (Scherm and Hildebrand,
2017). Because of the near-zero tolerance
for mummified fruit in commercial blue-
berry shipments, most losses associated
with the disease are due to the rejection or

Table 1. Estimated ordered probit model coefficients for blueberry fruit quality and plant trait clusters and
other variables based on a blueberry industry survey conducted in 2016 and 2017.

Variable

West Midwest and Northeast Southeast

Coefficient SE Coefficient SE Coefficient SE

Intercept 1.119*** 0.107 1.102** 0.514 0.978*** 0.164
Fruit quality traits –1.236*** 0.100 –0.638* 0.350 –0.710*** 0.105
Machine harvestability –0.102 0.099 2.330*** 0.401 –0.325*** 0.113
Disease resistance 0.264*** 0.103 –1.155*** 0.349 –0.390*** 0.102
Arthropod resistance 0.699*** 0.102 –0.668* 0.362 0.755*** 0.108
Plant stress tolerance 1.002*** 0.099 0.798* 0.420 0.891*** 0.106
Number of observations 702 60 600
Log likelihood –1,131 –84 –993
McFadden LRI 0.130 0.257 0.077

*, **, ***Significant at P # 0.10, 0.05, and 0.01, respectively.

Table 2. Estimated ordered probit model coefficients for blueberry fruit quality traits and other variables
based on a blueberry industry survey conducted in 2016 and 2017.

Variable

West Midwest and Northeast Southeast

Coefficient SE Coefficient SE Coefficient SE

Intercept 1.740*** 0.084 1.415*** 0.363 1.598*** 0.123
Firmness –1.403*** 0.107 –0.494 0.375 –1.290*** 0.115
Flavor –1.156*** 0.104 –2.030*** 0.459 –0.733*** 0.112
Shelf life –0.604*** 0.101 –0.616 0.488 –0.596*** 0.112
Size –0.308*** 0.105 0.359 0.401 0.045 0.108
Shape/appearance 0.042 0.103 1.544*** 0.387 0.022*** 0.111
Sweetness 0.284*** 0.105 0.037 0.381 –0.038 0.113
Crispness 0.190* 0.108 1.091*** 0.361 0.478*** 0.111
Nutritional benefit 0.845*** 0.104 –0.085 0.429 0.467*** 0.113
Small dry stem 0.897*** 0.105 1.740*** 0.383 0.695*** 0.111
Color 0.087 0.104 0.130 0.393 0.166 0.111
Number of observations 1,287 110 1,100
Log likelihood –2,874 –235 –2,513
McFadden LRI 0.069 0.109 0.047

*, **, ***Significant at P # 0.10, 0.05, and 0.01, respectively.

Table 3. Estimated ordered probit model coefficients for blueberry disease resistance traits and other
variables based on a blueberry industry survey conducted in 2016 and 2017.

Variable

West Midwest and Northeast Southeast

Coefficient SE Coefficient SE Coefficient SE

Intercept 1.959*** 0.067 2.043*** 0.288 1.888*** 0.096
Mummy berry –1.195*** 0.105 –1.591*** 0.382 –0.927*** 0.110
Bot. flower blight & fruit rot –0.975*** 0.108 –0.881** 0.379 –0.808*** 0.114
Phytophthora root rot –0.823*** 0.110 –1.136** 0.495 –0.551*** 0.123
Blueberry scorch virus –0.836*** 0.114 –0.662* 0.341 –0.125 0.143
Anthracnose fruit rot –0.781*** 0.107 –0.786* 0.450 –0.637*** 0.113
Blueberry shock virus –0.633*** 0.105 0.972** 0.397 0.728*** 0.118
Alternaria fruit rot –0.719*** 0.113 –0.217 0.354 0.114 0.123
Bacterial blight/canker –0.351*** 0.108 0.570 0.765 0.267** 0.135
Phomopsis twig blight –0.048 0.124 –0.339 0.336 –0.012 0.123
Fungal leaf spots, rust 0.185 0.121 0.118 0.413 –0.325*** 0.110
Stem canker 0.244** 0.116 0.287 0.375 0.413*** 0.117
Bacterial leaf scorch 0.299** 0.118 –0.709 0.688 –0.544*** 0.118
Stem blight 0.475*** 0.128 –0.166 0.367 –0.579*** 0.113
Necrotic ring blotch virus 0.595*** 0.117 0.263 0.473 0.383*** 0.130
Nematodes 0.656*** 0.114 1.913*** 0.581 0.480*** 0.111
Blueberry stunt 0.668*** 0.119 –1.065** 0.496 0.427*** 0.120
Exobasidium leaf and fruit spot 0.866*** 0.117 0.079 0.394 –0.589*** 0.110
Algal stem blotch 1.383*** 0.109 1.334** 0.557 1.041*** 0.124
Number of observations 2,223 190 1,900
Log likelihood –6,223 –532 –5,400
McFadden LRI 0.049 0.050 0.035

*, **, ***Significant at P # 0.10, 0.05, and 0.01, respectively.

HORTSCIENCE VOL. 53(7) JULY 2018 1025



downgrading of affected fruit loads in the
packinghouse. In line with our results, a pro-
ducer survey in Georgia in 1999 ranked
mummy berry as the most important blue-
berry disease, considered a ‘‘major’’ problem
by more than 75% of the participating blue-
berry producers (Scherm et al., 2001). Dif-
ferences in environmental conditions across
regions can influence the specific types of
diseases and potential disease vectors (Hancock
et al., 2008). For example, in the Midwest
and Northeast, resistance to Blueberry stunt
appeared to be more important than in the
West and Southeast.

Arthropod resistance. In all regions, re-
sistance to SWD was the most important trait
among the list of arthropod resistance traits
(Table 4). SWD is a relatively new pest (first
detected in 2008 in the United States) that
adapts to a wide range of environmental
conditions and is very damaging because of
its high reproduction capability (Goodhue
et al., 2011; Quarles, 2015). Although com-
prehensive research efforts have been under-
taken to prevent and treat SWD infestations
(Asplen et al., 2015; Burrack, 2016), no
formal studies have been conducted to identify
blueberry fruit characteristics or accessions
resistant to SWD that could help manage this
pest and reduce the risk of crop losses.

Similar to disease resistance, prevalence
of arthropod activity is influenced by envi-
ronmental conditions, hence, the relative
importance of other arthropod pest species
differed across regions. For example, resis-
tance to winter moth was second in impor-
tance after SWD in the Midwest and
Northeast but not considered as important in
the West and Southeast.

Abiotic stress tolerance. Results for traits
in this cluster differed across regions
(Table 5). In the West, tolerance to heat/
ultraviolet damage was selected as the most
important abiotic stress, whereas in the
Southeast tolerance to frost was most impor-
tant. In the Midwest and Northeast, no
specific abiotic stress tolerance was signifi-
cantly more important, but heat tolerance was
significantly less important. The higher level
of heat tolerance identified in southern high-
bush (SHB) cultivars (Lobos and Hancock,
2015) may explain the fact that this trait did
not rank high in importance in the Southeast.
No formal studies have been conducted to
identify genetic factors controlling ultravio-
let/heat tolerance, drought tolerance, or frost
tolerance in blueberry but genetic variation,
different levels of heritability, and large
environmental effects have been documented
(Hancock et al., 2008).

Other plant traits. In all regions, im-
proved plant yield was selected as the most
important other plant trait (Table 6). Accept-
able yield is critical for profitability, although
producers may accept lower yields if they are
being paid a premium for fruit quality or for
having fruit available in a specific ripening
season. Genetics, production environment,
and plant management (fertilization, irriga-
tion, pruning, frequency of harvest, use and
type of pollinators and planting design) affect

yield levels. Although attempts have been
made to estimate yield indirectly (Hancock
et al., 2000), fruit must be harvested and
weighed to determine yield accurately; this is
feasible in more advanced selection stages of
breeding but cannot be used as a selection
tool in seedlings where mostly subjective
evaluations are used.

Machine harvestability. Fruit firmness
and uniform ripening were the two most
important traits included among machine
harvestability traits (Table 7). Overall, these
results confirm that fruit firmness is a critical
trait in blueberry because it can contribute to

increase profitability by increasing price pre-
miums and reducing labor costs needed to
harvest the fruit. Implementing mechanical
harvesting for the fresh market is crucial to
the long-term sustainability of the blueberry
industry in times when harvest labor pools
are decreasing and competition from regions
worldwide with much lower picking costs is
intensifying (Rodgers et al., 2017). The
challenge when using machines to harvest
blueberries is fruit bruising and associated
lowering of fruit quality and shelf life. Fruit
firmness is a general term to indicate fruit that
are resistant or more tolerant to compression

Table 4. Estimated ordered probit model coefficients for blueberry arthropod pest resistance traits and
other variables based on a blueberry industry survey conducted in 2016 and 2017.

Variable

West Midwest and Northeast Southeast

Coefficient SE Coefficient SE Coefficient SE

Intercept 2.097*** 0.078 2.355*** 0.325 2.139*** 0.106
SWDz –2.250*** 0.117 –2.042*** 0.389 –2.069*** 0.118
Aphids –0.828*** 0.099 –1.319*** 0.376 0.198* 0.113
BMSBy –0.628*** 0.103 0.696* 0.395 0.349*** 0.115
Blueberry maggot –0.432*** 0.112 –1.042*** 0.384 –1.020*** 0.109
Gall midge –0.189* 0.114 0.486 0.366 –0.901*** 0.107
Scale insects –0.134 0.107 –0.158 0.401 –0.204* 0.113
White grubs –0.027 0.109 0.928*** 0.353 0.520*** 0.118
Cherry fruit worm 0.080 0.113 –0.156 0.378 0.266** 0.125
Stem borers –0.157 0.116 0.275 0.372 0.083 0.120
Bud mite 0.217* 0.113 0.194 0.402 –0.364*** 0.111
Flower thrips 0.120 0.111 0.558 0.406 –0.698*** 0.111
Winter moth 0.255** 0.102 –1.731*** 0.365 0.913*** 0.116
Sharp-nosed leafhopper 0.272** 0.118 0.194 0.391 –0.368*** 0.121
Stem gall wasp 0.239** 0.110 0.278 0.374 0.446*** 0.117
Cranberry fruit worm 0.523*** 0.122 –0.606* 0.336 0.207* 0.119
Plum curculio 0.658*** 0.116 0.303 0.399 0.161 0.121
Number of observations 1,989 170 1,700
Log likelihood –5,348 –445 –4,515
McFadden LRI 0.051 0.076 0.063

*, **, ***Significant at P # 0.10, 0.05, and 0.01, respectively.
zSWD = spotted wing drosophila.
yBMSB = brown marmorated stink bug.

Table 5. Estimated ordered probit model coefficients for blueberry abiotic stress tolerance traits and other
variables based on a blueberry industry survey conducted in 2016 and 2017.

Variable

West Midwest and Northeast Southeast

Coefficient SE Coefficient SE Coefficient SE

Intercept 0.910*** 0.114 0.956** 0.475 1.105*** 0.170
Heat tolerance/ultraviolet damage –0.662*** 0.116 1.271*** 0.399 0.217* 0.120
Frost tolerance 0.009 0.113 0.055 0.365 –0.993*** 0.132
Soil type adaptation 0.434*** 0.116 0.002 0.363 0.276** 0.122
Winterhardiness 0.448*** 0.113 –0.260 0.368 0.268** 0.121
Drought resistance 0.578*** 0.117 –0.457 0.361 –0.091 0.085
Number of observations 702 60 600
Log likelihood –1,207 –101 –1,029
McFadden LRI 0.040 0.060 0.043

*, **, ***Significant at P # 0.10, 0.05, and 0.01, respectively.

Table 6. Estimated ordered probit model coefficients of other blueberry plant traits and other variables
based on a blueberry industry survey conducted in 2016 and 2017.

Variable

West Midwest and Northeast Southeast

Coefficient SE Coefficient SE Coefficient SE

Intercept 1.247*** 0.138 1.192** 0.553 1.242*** 0.196
Yield –1.28*** 0.137 –1.105** 0.438 –1.059*** 0.143
Ripening time –0.828*** 0.131 –0.040 0.384 –0.630*** 0.140

0.666*** 0.130 –0.410 0.403 0.400*** 0.137
Flowering time 0.822*** 0.132 0.702* 0.413 –0.071 0.138
Number of observations 585 50 500
Log likelihood –804 –74 –754
McFadden LRI 0.147 0.080 0.063

*, **, ***Significant at P # 0.10, 0.05, and 0.01, respectively.
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forces, which ultimately reduces fruit bruis-
ing during harvest and sorting. Breeders
typically use this trait to select cultivars
adapted to mechanical harvesting (Mehra
et al., 2013; Moggia et al., 2017, Olmstead
and Finn, 2014). Firmness has largely been
evaluated subjectively by simply squeezing
the fruit and objectively by using the com-
pression force method (Jiang et al., 2016)
and, as mentioned previously, has also been
associated with consumer preference and
extended shelf life. Despite the relevance of
this trait in the blueberry production and
distribution chain, it is still unclear which
specific fruit texture characteristics—such as
crispness, hardness, juiciness, and mealiness—
are most critical for overall firmness and
extended shelf life, consumer preference,
and resistance to bruising. Alternative high-
throughput methods based on bioyield force
(Blaker et al., 2014) and near-infrared hyper-
spectral reflectance imaging (Jiang et al.,
2016) have been developed to evaluate fruit
damage. Mechanical force methods such as
the texture analyzer have been used to study
fruit texture characteristics associated with
extended shelf life, but this method has not
been correlated with resistance to mechanical
fruit damage (Giongo et al., 2013). Integrat-
ing these methods into large-scale studies
represents an opportunity to improve the
understanding of which texture component(s)
contribute to resistance to bruising and to
extended shelf life, and the genetic mech-
anism(s) controlling these traits.

Harvesting time is a critical factor for
adopting machine harvest systems because
producers often seek to maximize the volume
of fruit harvested in the high-value price
windows (Olmstead and Finn, 2014). This
has often resulted in selection for very early
or late maturity, largely without consider-
ation of how concentrated the ripening period
may be. However, uniform ripening is critical
to maximize machine harvest efficiency by
avoiding losses associated with removing an
excessive amount of green fruit or harvesting
too many overripe fruits (Olmstead and Finn,
2014). Uniform ripening is equally impor-
tant for efficient hand harvesting. Although
genetic variation for ripening interval has
been described in blueberry germplasm,

no standardized high-throughput method
has been developed to phenotype uniform
ripening, hampering large-scale genetic
studies.

Conclusions

This study is the first effort to identify the
most important fruit and plant breeding traits
from representatives of the highbush blue-
berry industry in the major growing areas in
the United States and Canada. The impor-
tance of various plant and fruit traits was
prioritized to determine the traits that must be
present in new cultivars in order for the
industry to adopt them and to be considered
successful in the marketplace. Industry re-
sponses, in general, signaled that the most
important trait cluster was fruit quality,
particularly firmness, flavor, and shelf life.
These fruit quality traits can affect producer
price premiums, positively drive consumer
demand, and improve machine harvestabil-
ity, all of which are critical to the economic
viability of the commercial production.

Disease resistance generally ranked the
second most important trait cluster. There
were regional differences in the importance
assigned to traits influenced by differences in
production environment, such as disease re-
sistance, arthropod resistance, and tolerance
to abiotic stress. With respect to arthropod
pests, SWD was overwhelmingly perceived
as the major arthropod threat to the industry’s
sustainability. For other plant traits, yield was
consistently selected as most important. Sur-
vey responses also showed that producers
replanting a field are willing to adopt newer
cultivars with perceived advantages over
currently grown cultivars.

Results from this study will be useful to
academia, government, and industry groups
working to enhance the economic profitabil-
ity of the blueberry industry. These results
provide clues about where investment in
research and development should focus to
address challenges affecting the industry.
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Supplemental Table 1. List of predominant blueberry cultivars in production.

No. Cultivar name Type No. Cultivar name Type No. Cultivar name Type

1 Aurora NHBz 1 Alapaha RYy 1 Abundance SHBx

2 Berkeley NHB 2 Austin RY 2 Chickadee SHB
3 Bluecrop NHB 3 Brightwell RY 3 Emerald SHB
4 Bluejay NHB 4 Climax RY 4 Farthing SHB
5 Blueray NHB 5 Premier RY 5 Flicker SHB
6 Blue Ribbon NHB 6 Tifblue RY 6 Georgia Dawn SHB
7 Bluetta NHB 7 Titan RY 7 Jewel SHB
8 Cargo NHB 8 Vernon RY 8 Kestrel SHB
9 Chandler NHB 9 Meadowlark SHB
10 Croatan NHB 10 New Hanover SHB
11 Darrow NHB 11 O’Neal SHB
12 Draper NHB 12 Paloma SHB
13 Duke NHB 13 Rebel SHB
14 Earliblue NHB 14 San Joaquin SHB
15 Elizabeth NHB 15 Scintilla SHB
16 Elliott NHB 16 Southern Belle SHB
17 Hardyblue (1613A) NHB 17 Springhigh SHB
18 Jersey NHB 18 Springwide SHB
19 Last Call NHB 19 Star SHB
20 Lateblue NHB 20 Suziblue SHB
21 Legacy NHBw 21 Sweetcrisp SHB
22 Liberty NHB 22 Windsor SHB
23 Northland NHB
24 Olympia NHB
25 Patriot NHB
26 Reka NHB
27 Sierra NHBw

28 Spartan NHB
29 Top Shelf NHB
30 Weymouth NHB
zNHB = northern highbush blueberry.
yRY = rabbiteye.
xSHB = southern highbush blueberry.
wAlthough a SHB by pedigree, behaves like NHB in regards to chilling.

Supplemental Table 2. Number of respondents indicating which cultivars represented the largest acreage in their operation and which cultivars were planted in the
last 5 years with the largest acreage based on a blueberry industry survey conducted in 2016 and 2017.

Current cultivars being planted with the largest acreage, No. responses

Duke Bluecrop Farthing Legacy Draper Liberty Rebel Emerald Star Brightwell Jersey Premier Aurora Jewel Elliott

West 62 12 0 10 7 7 0 0 0 0 0 1 8 0 1
Midwest 0 9 0 0 1 1 1 0 0 0 10 0 0 0 4
Northeast 13 12 0 0 0 0 0 0 0 0 7 0 0 0 2
Southeast 0 1 15 4 0 0 3 28 22 20 0 9 0 8 0
Total 75 34 15 14 8 8 4 28 22 20 17 10 8 8 7

Newly planted cultivars with the largest acreage, number of responses

Duke Bluecrop Farthing Legacy Draper Liberty Rebel

West 14 1 0 7 11 10 0
Midwest 1 2 0 0 0 1 0
Northeast 5 3 0 0 8 1 1
Southeast 0 0 22 6 2 0 6
Total 20 6 22 13 21 12 7

Supplemental Table 3. Replanting distribution of current blueberry cultivars with new cultivars based on
a industry survey conducted in 2016 and 2017.

Current cultivar

Newly planted cultivar

Duke Bluecrop Farthing Legacy Draper Liberty Rebel

Percentage of respondents

Duke (N = 75) 17 0 0 0 17 7 0
Bluecrop (N = 34) 6 15 0 3 9 6 0
Farthing (N = 15) 0 0 53 0 0 0 7
Legacy (N = 14) 21 0 0 50 0 0 0
Draper (N = 8) 25 0 0 0 38 0 0
Liberty (N = 8) 0 0 0 0 13 25 0
Rebel (N = 4) 0 0 0 0 0 0 0
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