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“Caminante son las huellas el camino y nada mas

Caminante no hay camino se hace camino al andar”

“Wayfarer, the only way

Is your footprints and no other.
Wayfarer, there is no way.

Make your way by going farther.”

Antonio Machado



Abstract
Cranberry breeding is evolving as consumer demand is increasing for specialty products.
Therefore, new varieties are needed not only with better adaptations to biotic (e.g., fungal fruit
rot) and abiotic (e.g., cold tolerance) stressors, but also with increased fruit quality. Cranberry is
one of the few species in the genus Vaccinium utilized as a crop. However, the genus is
composed of non-cultivated species, such as wild blueberries and cranberries. Many of these
species are cross-compatible and possess an array of traits of high agronomic value that may be
commercially exploited through intersectional breeding. In order to increase genetic resources
for Vaccinium breeders, we tested the cross-transferability of 507 V. macrocarpon simple
sequence repeat (SSR) markers on 17 different Vaccinium species. We found 61 SSR markers
that consistently amplified and produced scorable bands across all 17 species tested. These
markers will help us fingerprint the potential hybrids we obtained from V. macrocarpon x
blueberry and V. oxycoccos x blueberry crosses. Some of the offspring of these crosses exhibit
an intermediate phenotype between V. oxycoccos, V. elliottii, and a V. corymbosum (4x) that
has V. elliottii in its background. When studying the genetic diversity of wild populations in the
US, we found high levels of heterozygosity in wild populations of cranberries in Wisconsin and
Minnesota, as well as in locations throughout the US located in National Forests. We found that
there is much more diversity in the wild that needs to be explored and incorporated into
breeding programs. Our results could be useful for making in-situ conservation decisions to
protect valuable CWR of one of the few crops native to North America and for advancing

breeding.
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General Introduction

For thousands of years berries have been an important source of nutrients for humans. Birch-
bark containers from the Bronze Age (1500-1300 BC) have been found containing the remains
of cowberries and bog cranberries used as ingredients in fermented beverages (McGovern
2009). Native Americans believed blueberries were gifts from the “great spirits of the night of
heaven” so they could feed their children (Rock 2011). Cranberries were used in pemmican, a
concentrated mixture of fat and protein used as a nutritious food, probably as a preservation
agent, due to the high concentration of benzoic acid in cranberries (Eck 1990). Moreover, all
Native people around the world have used berries to add variety to their diets, especially in
winter when diets would consist mainly of seal, fish, and other meat. It is believed that the tart
flavor of the berries was a good addition to a diet mostly based in proteins and fats (Darrow
and Camp 1944, Vander Kloet 1988).

Berries were adopted by the Pilgrims when they arrived in North America as an
abundant source of sustenance. In the 1800s the first commercial plantings of American
cranberry (Vaccinium macrocarpon Ait.) were established using wild selections such as Early
Black (1835), Howes (1843), McFarlin (1874), and Searles (1893) (Eck 1990). These cultivars are
still widely used today for commercial production and breeding. Shortly after the first cranberry
cultivars were domesticated, the first blueberry cultivars, Brooks (1908; highbush; V.
corymbosum L.) and Russell (1909; lowbush; V. angustifolium Ait.), were also selected from the
wild and established commercially. Since then, cranberries and blueberries have become the
sole two commercially-grown members of the Vaccinium genus, and both species have active

research and breeding programs (Song and Hancock 2011).



The genus Vaccinium consists of more than 400 species, most of them still in their wild
state. Besides cranberry and blueberry, only a few other species, such as lingonberries (V. vitis-
idea), are cultivated by small scale farmers for personal consumption as fresh fruit, jams, or in
baked goods. Vaccinium species have a rich geographical distribution in temperate and
circumboreal areas, but some species can also be found in Central and South America, as well
as in some tropical areas in Asia and Africa. With such a wide range of distribution, the
members of this genus provide an extensive toolbox full of undiscovered traits for breeders to
use. According to Vorsa et al. (2012), a large number of non-cultivated Vaccinium species could
be extremely useful as new crops or as a source of useful traits into cultivated species. For
example, wild berries, such as lingonberry, have been historically used to treat colds and
stomach ailments, improve vascular health, and relieve urinary tract infections.

The American cranberry

The American cranberry (V. macrocarpon) is a diploid perennial species that can grow as a
shrub or vine up to 2 meters long and 20 cm in height (Song and Hancock 2011). Its natural
distribution ranges from Newfoundland down to the Appalachian Mountains, Tennessee, and
North Carolina, and west to central Minnesota. This popular berry is widely cultivated the US,
Canada and parts of Europe where it was commercially introduced (Vander Kloet 1988). The
top cranberry-producing countries are the US (304,089 tonnes), Canada (76,071 tonnes) and
Chile (33,424 tonnes) (FAOSTAT 2013). The cranberry industry is valued at around 3.5 billion US
dollars and is expected to keep growing due to high demand from consumers (Alston, 2014).
With the increased demand for cranberry products, breeding programs are actively searching

for large collections of wild accessions and genetic pools to expand the genetic base and to find



new useful traits. Thus, the cranberry breeder ideotype will possess higher yield and increased
fruit quality and nutrition, coupled with better adaptations to biotic (e.g., fungal fruit rot) and
abiotic (e.g., cold tolerance) stressors.

Cranberries have been shown to possess high nutritional and antioxidant properties.
Extracts of cranberry juice contain elevated levels of apolar phenolic compounds, flavonoids,
and antioxidants that possess high free radical-scavenging activity, which is believed to reduce
or prevent cancer (Caillet et al. 2011). Flavonoids such as the procyanidins found in cranberries
have been shown to possess antimicrobial, antihypertension, and antioxidant activity.
Cranberries also possess the highest level of antioxidant phenols among other fruits such as
grapes, blueberries, and strawberries (McKay and Blumberg 2007). Polyphenols, produced in
plants such as cranberries, are known to provide protection against pathogens and ultraviolet
radiation (Pandey el al. 2009). Cranberries are low in calories, sodium, and fat and are a great
source of soluble fiber (McKay and Blumberg 2007).

Currently, the most widely grown cranberry cultivars share a very similar genetic
background that could make them susceptible to challenges such as pathogens, climate change,
and volatile commercial and economic conditions. In fact, all hybrid cultivars released in the
history of cranberry breeding are derived from Early Black, Howes, McFarlin, and Searles, the
“Big Four,” and a few other native selections, such as Potters Favorite, Ben Lear, and
LeMunyon, collectively denominated as the “Big Seven”. Additionally, the most widely grown
cranberry cultivar, ‘Stevens,” which accounts for over 40% of all acreage grown worldwide, was
also developed based on this narrow genetic pool. Due to the narrow genetic diversity base in

cranberry, the introduction of new genotypes from wild populations into breeding programs



could add much needed genetic diversity and new useful traits such as adaptability to different
temperatures and environments, resistance to diseases and pests, and increased yield, quality,
and nutrition. As a starting point to breeding with new wild cranberry materials, breeding
programs must broaden their collection of germplasm, gather trait and adaptation data, and
perform studies to understand the genetic diversity, population structure, and genetic pools of

the plant materials to ensure the expansion of the genetic base.

The small cranberry

The small cranberry, Vaccinium oxycoccos, is a sister species to cultivated Vaccinium
macrocarpon. The species is morphologically very similar to the commercial cranberry and
grows as a small evergreen perennial vine up to 80cm long (Jacquemart el al., 1997a). The
species propagates asexually, but it also produces overwintering berries with seed numbers
that range from 3 to 11 (Vander Kloet 1988). V. oxycoccos has a circumboreal distribution that
can extend to temperate areas (Jacquemart el al., 1997b). Diploid (also known as V.
microcarpum (Smith et al. 2015, Diaz-Garcia et al. 2019)) populations have been documented
from Alaska to Alberta and Hudson Bay (Mahy e/ al., 2000). Tetraploids can be found extending
from Southern Alaska to Labrador, and as far south as the northern parts of California, ldaho,
Minnesota, Wisconsin, Michigan, West Virginia, Tennessee, North Carolina and Northern
Europe (Mahy el al., 2000). The species can be found in humid and acidic environments such as
basin-filled raised bogs and peatlands, sharing the same ecological niches as several Sphagnum
species. V. oxycoccos is not commercially grown, even though in Europe it is widely consumed

and harvested from wild stands. Since the fruit is mainly collected from natural environments,



conservation is a concern (Cesoniene el al. 2013), as peatlands are very delicate ecosystems
that can be destroyed by even slight disturbances (Dorrepaal el al. 2006). It is believed that a
constant flow of humans to harvest wild V. oxycoccos stands can destroy this environment,
putting at risk all the microbial, animal, and plant communities living there. In parts of England,
several populations of V. oxycoccos were lost and peatlands were destroyed, in part due to
excessive human activity and lack of conservation strategies (Jacquemart el al., 1997a).

Plant breeding is crucial for food production, and together with the strategic protection
and conservation of wild genetic resources, can lead to improved sustainability and food
security. For example, a greater understanding of plant genetic diversity resources will allow
gauging the risk of genetic erosion and inbreeding within wild populations that are important
for food security. Some authors such as Allendorf (2009) state that there are three types of
diversity: genes, species and ecosystems, and all three are vital to food security and
conservation. One of the limiting factors conservation programs face is being able to locate wild
populations to study them and develop policy to protect them (FAO 2015). With ongoing
urbanization, valuable wild areas and their endemic species are continually lost to cultivated
crops. Plants at these sites could possess important traits useful in crop improvement and bio-
fortification programs. These plants could also be important for the conservation of genetic
resources to maintain a healthy genetic pool and prevent genetic erosion, which could
ultimately impact food production and the economy. There is much uncertainty as to whether
the increase in world food production could be met without genetic diversity and wild genetic

resources (FAO 2010).



In the US, little has been done to analyze and understand the wild genetic diversity of
native crops such as cranberry species, i.e., V. oxycoccos and V. macrocarpon. Knowledge about
the state and distribution of genetic diversity in the wild will allow the development of efficient
conservation strategies to protect and utilize wild genetic resources that may harbor valuable
pockets of diversity. For this reason, in collaboration with the USDA Agriculture Research
Service and Forest Service, this project will provide the most comprehensive analysis of the
state of the genetic diversity of wild cranberries ever conducted using modern codominant
genetic markers. The goal is to genetically study several locations containing cranberries across
the US and provide information to create in situ and in vitro conservation strategies to protect
these resources. Also, this study will produce a self F1 populations of V. microcarpum and an
interspecific crosses among V. macrocarpon x blueberry and V. oxycoccos X blueberry. Finally,
we will have a greenhouse collection and the first in-vitro germplasm collection of wild
cranberries from Wisconsin and Minnesota. This project will be part of the germplasm

foundation for cranberry breeding in Wisconsin.
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Thesis objectives

The general objectives of my PhD research were to understand the genetic diversity and

population structure of wild populations of cranberries across their native range and to explore

the relationship among other berries in the genus Vaccinium and cranberries.

(1)

(2)

Few studies have focused on understanding and exploring the genetic diversity of wild
populations of cranberries across their native range. In Wisconsin and Minnesota, there
are multiple populations of cranberries that can be found in the wild. Therefore, we
found ourselves in a great location to work and study with cranberries. Most cranberry
cultivars share a very narrow genetic base, and there is a need to increase the
germplasm available for breeding. For this, we traveled to multiple locations across
Wisconsin and Minnesota to collect samples of V. macrocarpon and V. oxycoccos to
understand their genetic diversity and incorporate them into our breeding program
(Chapter II, Chapter IV, and Chapter V). Before being able to do this, we needed to
identify a set of markers that would work on cranberries, its wild relatives, and other
species of Vaccinium. For this, we used a set of markers developed in cranberry and
tested their cross-transferability among other non-cultivated Vaccinium species

(Chapter I).

One of our most ambitious goals for this research was to understand the genetic
diversity and population structure of wild populations of cranberries growing in National

Forests. The main goal of this was to designate protected areas inside the forests that



10

would safeguard the genetic diversity of one of the few crops native to the US that has
crop wild relatives (CWR) in nature. For this we joined forces with USDA ARS and the
Forest Service and collected samples of over 30 location across the US in the east,
central and west regions. The results obtained from this study will provide science-
based information that will impact zoning in National Forests and be a model used for

the conservation of other CWR (Chapter Ill).
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Abstract

Cranberry breeding is evolving as consumer demand increases for specialty products such as
sweetened and dried cranberries (SDC). New varieties are needed with not only higher yield
and better adaptations to biotic (e.g., fungal fruit rot) and abiotic (e.g., cold tolerance)
stressors, but also increased fruit quality for processing and for human nutrition. Vaccinium
macrocarpon Ait. is one of the few species in the genus Vaccinium that is commercially
produced. However, the genus is composed of many understudied and underused species, such
as wild blueberries and cranberries, lingonberries, and deerberries. Many of these species are
cross-compatible and possess an array of traits of high agronomical value that may be
commercially exploited through intrasectional or intersectional interspecific breeding. In order
to provide a toolset for Vaccinium breeders, we tested the cross-transferability of 507 V.
macrocarpon simple sequence repeat (SSR) markers on 17 different Vaccinium species. We
found 61 SSR markers that consistently amplified and produced scorable bands across all 17
species tested. We tested the ability of the markers to discriminate species based on their
genetic relationships for future use in phylogenetics. We were able to discriminate the different
species and sections of the genus, providing an insightful look into the genetic relationship of
species in this genus. These markers represent a working set of SSRs to use for the
development of Vaccinium interspecific hybrids and to allow the development of population

genetic studies of poorly understood species.

Keywords: Vaccinium, Marker Cross-transferability, SSR Markers, Vaccinium macrocarpon
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Introduction

The genus Vaccinium consists of approximately 450 species, of which 35% are native to North
America (Luby et al. 1991). These species are widely distributed throughout the world, from
tropical to circumboreal areas, and they have been taxonomically divided into sections (Vander
Kloet 1988). Cranberries and blueberries are the most widely studied, produced, and consumed
species in this genus, belonging to the sections Oxycoccus and Cyanococcus (FAOSTAT 1998).
Although very few of the hundreds of species with berries in the genus Vaccinium are the focus
of production, there is great diversity of useful traits and many of these species are cross-
compatible (Song and Hancock 2011). Thus, it could be possible to exploit these traits in
Vaccinium breeding through intrasectional or intersectional interspecific hybridization,
including developing new American cranberry (Vaccinium macrocarpon) cultivars using traits
from other less-cultivated and non-cultivated species, such as lingonberry, huckleberry, and

deerberry (Vorsa 1996).

Cranberry (Vaccinium macrocarpon) is a diploid perennial plant that can grow as a shrub
or vine (Song and Hancock 2011). The industry has a value of approximately 3.5 billion dollars
and is expected to keep growing due to the high demand for products such as juices, mocktails,
fresh fruit and recently-developed high-demand products such as sweetened and dried
cranberries (SDC) (Alston et al. 2014). Currently, increases in SDC consumption, along with
climate change concerns such as abrupt changes in temperature, have necessitated breeding
programs to actively increase both germplasm and genetic resources to diversify current
cultivars. The introduction of desirable traits from other Vaccinium species may help improve

cranberry cultivars to meet market demands and environmental issues while providing a better


https://paperpile.com/c/9auDfY/HVTdu
https://paperpile.com/c/9auDfY/ldQLD
https://paperpile.com/c/9auDfY/ldQLD
https://paperpile.com/c/9auDfY/kewrE
https://paperpile.com/c/9auDfY/nblLN
https://paperpile.com/c/9auDfY/XGK34
https://paperpile.com/c/9auDfY/YahQM

14

livelihood for growers and superior products for consumers. To date, some of the cranberry
breeding goals include increasing production, achieving higher TACy (total anthocyanin content)
and higher Brix (soluble sugar content), maintaining fruit quality, and increasing tolerance to
cold (Song and Hancock 2011, Vorsa and Johnson-Cicalese 2012). Overall, the cranberry variety
ideotype will possess higher yield with increased fruit quality and nutrition, coupled with better
adaptations to biotic (e.g., fungal fruit rot) and abiotic (e.g., cold tolerance) stressors

(Schlautman 2016).

One source of new traits for cranberry breeding are sister species, such as V. oxycoccos
(2x, 4x, 6x) (Vander Kloet, 1983, Vander Kloet and Dickinson2009). In particular, diploid V.
oxycoccos, also named V. microcarpum, is considered a different species based on genetic and
morphological data (Suda and Lysak 2001; Smith et al. 2015), and could be useful in cultivated
cranberry breeding programs (Vorsa and Johnson-Cicalese, 2012). Both V. microcarpum and V.
oxycoccos are widely adapted to temperate climates with circumboreal distributions, including
extremely cold environments. These sister species are morphologically similar to the cultivated
cranberry, growing as small, evergreen, perennial vines (Jacquemart 1997), and are also clonally
propagated, as cultivated cranberries are. Although they are smaller-fruited, they produce
overwintering berries with superior antioxidant profiles (Vander Kloet 1988, Jacquemart 1997,
Cesonieneé et al. 2011). Due to their superior cold-hardiness, close relationship to cranberries,
and beneficial fruit chemical composition, both V. oxycoccos and V. microcarpum are ideal
candidates to improve cultivated cranberries genetically (Song and Hancock 2011). Other
candidates for cranberry breeding include the blueberries, huckleberries, deerberries, and

lingonberries. These species exhibit useful traits, such as high levels of Vitamin C in V. vitis-


https://paperpile.com/c/9auDfY/nblLN
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https://paperpile.com/c/9auDfY/ldQLD
https://paperpile.com/c/9auDfY/MCynl
https://paperpile.com/c/9auDfY/nblLN
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idaea, adaptation to mineral soils in V. tenellum and V. ovatum, winter-hardiness in V.
angustifolium and V. boreale, and drought tolerance in V. stamineum, to mention a few (Song

and Hancock 2011).

The genus Vaccinium is rich in traits and very diverse, but there are many constraints for
the development of interspecific hybrids among species, including the wide variety of ploidy
levels, ranging from diploids to hexaploids, as well as the lack of known, clear taxonomic
relationships (Vorsa and Johnson-Cicalese 2012). However, despite differences in ploidy, as well
as challenges due to pre- and post-fertilization barriers, interspecific hybridization between
several Vaccinium species has been successful (Song and Hancock 2011). The presence of 2n
gametes provides a possible way to overcome ploidy barriers, and these unreduced gametes
have been found in the pollen of 2x, 4x, and 6x species (Ortiz et al. 1992). Hybrids such as
Northern Highbush X Darrow’s Evergreen are thought by Sharp and Darrow (1959) to be the
result of unreduced gametes. Other examples of successful interspecific hybrids in blueberry
include the cross of V. constablei (6x) and V. ashei (6x). From this cross, a hexaploid hybrid was
produced, which was then crossed with V. darrowii (2x) to produce a tetraploid hybrid (Draper,
1977). Another example is the cross between V. ashei (6x) and V. tenellum (2x) that resulted in
the hybrid known as Beltsville 17 (Darrow, Scott and Derman, 1954) and the very successful
development of southern highbush varieties which have V. darrowi, V. elliotti, V. corymbosum
and V. virgatum in their background as is the case of the variety “Snowchaser” (Ballington
2008). Wide crosses have also been performed between cranberries and blueberries, using
cranberry sister species V. oxycoccos as a bridge, since direct crosses between V. macrocarpon

and V. corymbosum have failed to produce viable offspring (Vorsa et al. 2008). The crosses


https://paperpile.com/c/9auDfY/nblLN
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16

between V. macrocarpon and V. oxycoccos have been successful, and have yielded hybrids that
were able to successfully cross with V. darrowii, producing an offspring displaying an
intermediate phenotype (Vorsa and Polashock 2005, Vorsa et al 2009). Another constraint is
the lack of molecular tools available for non-cultivated species. Currently, blueberry and
cranberry breeding programs have generated multiple genetic resources such as molecular
markers (Boches 2005, Boches et al. 2005, Bassil et al. 2008, Zalapa et al. 2012, Fajardo et al.
2013, Bian et al. 2014, Schlautman et al. 2015, Bidani et al. 2016, Schlautman et al. 2017b),
linkage maps (Rowland et al. 2014, McCallum et al. 2016, Covarrubias-Pazaran et al. 2016,
Schlautman et al. 2017a, Daverdin et al. 2017, Schlautman et al. 2018), and sequencing data
sets (Polashock et al. 2014, Fajardo et al. 2014, Diaz-Garcia et al. 2019). Additionally, a recent
study found 93% synteny agreement between blueberry and cranberry simple sequence repeat
(SSR) maps, suggesting that species in this genus could be more closely related than previously
believed (Schlautman et al. 2018). Thus, molecular resources in Vaccinium species could be
applicable or transferrable to different species with desirable traits, making the development of

interspecific breeding programs possible.

Despite the proliferation of new sequence-based molecular markers, SSR markers
continue to be an inexpensive, simple, fast, and reliable method to assess diversity, test identity
(fingerprinting), and confirm pedigrees in both intraspecific and interspecific breeding programs
(zalapa et al. 2015). Also, SSR markers are well known to be transferable between closely
related species due to their highly-conserved flanking regions (Scott et al. 2003). In 2015,
Schlautman et al. developed a total of 697 V. macrocarpon novel polymorphic genomic and

Expressed Sequence Tags(EST) SSR markers, from which 541 SSRs were incorporated into a


https://paperpile.com/c/9auDfY/Ybelu
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https://paperpile.com/c/9auDfY/jtrMW
https://paperpile.com/c/9auDfY/8Igg4
https://paperpile.com/c/9auDfY/Pgn4B
https://paperpile.com/c/9auDfY/bp9GQ
https://paperpile.com/c/9auDfY/JnNji
https://paperpile.com/c/9auDfY/lo41x
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cranberry SSR linkage map (Schlautman et al. 2017a), and 147 SSRs were found to be shared
between blueberry and cranberry maps (Schlautman et al. 2018). Based on these and
previously developed markers (Boches et al. 2005, Zhu et al. 2012, Georgi et al. 2013), this
study seeks to test the transferability of the 507 moderate to highly polymorphic V.
macrocarpon SSR markers mapped by Schlautman et al. (2017a) in 15 other Vaccinium species.
Our goals are to increase the use and understanding of these other non-cultivated species and
provide a set of working markers for other breeders to use in these valuable and underused

species.

Materials and Methods

Plant Materials

This study used 46 individuals total (Table 1), representing sections Oxycoccus (12),
Pyxothamnus (4), Polycodium (1), Herpothamnus (2), Vitis-idaea (4) and Cyanococcus (25) of the
genus Vaccinium. All these individuals possess interesting breeding traits or share
morphological characteristics with species in other sections, as is the case of V. crassifolium,
which shows an intermediate phenotype among cranberries, lingonberries, and blueberries.
The plant materials consisted of frozen leaf tissue obtained from the Phillip E. Marucci Center
for Blueberry and Cranberry Research and Extension of Rutgers University, Chatsworth, NJ, the
United States Department of Agriculture National Clonal Germplasm Repository Corvallis, OR,

and the Cranberry Breeding Program at the University of Wisconsin-Madison, Madison, WI.
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DNA extraction, PCR and Fragment Analysis

Genomic DNA extractions were performed using leaf tissue per a CTAB method (Doyle and
Doyle 1987) modified in our laboratory to isolate high quality, clean DNA to ameliorate
amplification problems due to phenolic compounds present in Vaccinium species. Briefly, 10-
20mg of fresh tissue were ground by hand using liquid nitrogen and transferred to a 2.0mL
tube, and 700uL of 2% CTAB extraction buffer [20 mM EDTA, 0.1 M Tris-HCI pH 8.0, 1.4 M NaCl,
2%CTAB] was added and mixed by inversion. The solution was then incubated at 65 °C for 45
min. After incubation, 700 pL of a chloroform-isoamyl alcohol (24:1) solution was added to the
tubes and gently mixed by inversion for 30s. Samples were then centrifuged for 5 min at 14,000
rom, 500 uL of the supernatant was transferred to a fresh 2.0 mL tube. A volume of 700puL of
the chloroform-isoamyl alcohol (24:1) and 50uL 10% CTAB buffer was added to the
supernatant, and the solution was gently mixed by inversion. The mixture was then centrifuged
for 5 min at 14,000 rpm, and the supernatant was then transferred to a fresh 1.5mL tube with
750uL of cold isopropanol (70%), and then incubated from 2 to 24 hours at a temperature of -
20 °C. Samples were gently mixed by inversion and centrifuged at 14,000 rpm for 30 min. After
centrifugation, the supernatant was discarded and the resulting pellet was air-dried for 5
minutes. The pellet was then washed with 700 uL of cold 70% ethanol (- 20 °C) to clean the
DNA. The solution was then vortexed and centrifuged at 14,000 rpm for 4 min, the ethanol was
discarded, and the pellet was air-dried for 5 minutes to 24 hours. The DNA was then re-
suspended in 100 pL TE 10:1 buffer (10 mM Tris-HCI pH 8.0, 1 mM EDTA pH 8.0) plus 5 uL of
ribonuclease (RNAse 10 mg mL-1) in each tube, and was incubated at 37 °C for 2 hours prior to

storage at -20 °C. DNA was then quantified using a Nanodrop ND-1000 spectrophotometer.


https://paperpile.com/c/9auDfY/De5BI
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Samples were then diluted to 10ng/uL with deionized distilled water for simple sequence

repeat (SSR) amplifications.

All SSR markers and sequences used in this study were previously designed and analyzed
by Schlautman et al. (2015). Forward primers were appended with the M13 sequence (5'-
CACGTTGTAAAACGAC-3') to allow for indirect fluorescent labeling of PCR products (Schuelke,
2002). The PIG sequence (5'-GTTTCTT-3') was appended to the reverse primers to promote
uniform non-templated “A” addition and to facilitate downstream genotyping (Brownstein et
al. 1996). PCR reactions were performed in 8 ulL total volume using 3.5 pL 1x JumpStart REDTaq
ReadyMix (Sigma, St. Louis, MO, USA), 1.0 pL of 15 ng/uL DNA, 2.0 pL of ddH20, 0.5 pL of 5 uM
forward primer, 0.5 pL of 50 uM reverse primer, and 0.5 pL of 0.5 uM M13-FAM, M13-HEX, or
M13-NED primer. Thermocycling conditions included a 3 min melting step of 94 °C, followed by
33 cycles of 94 °Cfor 155, 55 °C for 90 s, and 72 °C for 2 min, and a final extension step of 72 °C
for 30 min. One microliter each of FAM, HEX, and NED-labeled PCR product was mixed with 10
uL formamide and a carboxy-X-rhodamine (ROX) ladder, and the pool-plexed mix was sent to
the University of Wisconsin Biotechnology Center DNA Sequencing Facility for fragment analysis
using an ABI 3730 fluorescent sequencer (Pop-6 and a 50 cm capillary array; Applied
Biosystems, Foster City, CA, USA). Allele genotyping was performed using the GeneMarker

software v 1.91 (SoftGenetics LLC, State College, PA, USA).
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Data Analysis

The data obtained from the allele genotyping was formatted as a GenAIEx (Peakall and Smouse
2012) input file and then converted to a geneclone object to run in the R statistical software (R
Core Team 2018) package Population Genetics in R (poppr) (Kamvar et al. 2014). Using poppr,
we estimated the observed number of private alleles (PA), number of alleles (Na), mean
number of alleles (N,,) and Bruvo’s (Bruvo et al. 2004) genetic distance, as well as the ploidy
information and tree visualizations. To help analyze and visualize our data, the packages
adegenet (Jombart 2008), ade4 (Dray et al. 2007), magrittr (Bache and Wickham 2014), pegas

(Paradis 2010) and ape (Paradis et al. 2004) were also used.

Results and Discussion

Cross transferability of markers across 46 species of the genus Vaccinium

A total of 507 SSR markers (Supplementary Materials File) developed from V. macrocarpon
(Boches et al. 2005, Zhu et al. 2012, Georgi et al. 2013, and Schlautman et al. 2015; Schlautman
et al. 2018) were selected for this study based on their high polymorphism information content
value or their presence in a cranberry linkage map. This array of markers was used to test their
transferability among 17 species from six different sections of the genus Vaccinium (Table 1).
Liu et al. (2014) considered a cross-transfer successful if one or more different size PCR
products were observed in at least one accession per species. Based on these criteria, our
results show that out of 507 SSR markers 90% worked in Cyanococcus, 59% in Herpothamnus,
78% in Pyxothamnus, 48% in Polycodium, 64% in Vitis-idaea, 99% across all V. oxycoccos, and

98% in V. microcarpum (Table 2). These results are comparable to those found by Bassil et al.
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(2008) in a reverse analysis, in which 84% of markers developed in blueberry transferred to
cranberry and 84.6% to V. oxycoccos. Amplification success percentages and other statistics by
loci and species are provided in Table 2 and a Supplementary Materials File, respectively. A
total of 61 (12%) SSR markers amplified consistently in all 46 individuals tested (Table 3). A full
list of marker transferability by species can be found in the Supplementary Materials File. These
markers amplified in 75% or more of the samples within each species tested. The high
proportion of transferred markers among the Oxycoccus section suggests a very close genetic
relationship between these species, as has been demonstrated before by Zalapa et al. (2015),
Smith et al. (2015), Schlautman et al. (2018), and Diaz-Garcia et al. (2019). The number of
markers transferred for other Vaccinium, although relatively high, could have been affected by
problems during PCR amplification caused by high levels of phenolic compounds present in
Vaccinium species, which make it difficult to isolate clean and high-quality DNA (John 1992,
Bujor et al. 2018, Hokkanen et al. 2009, Cesoniené et al. 2006). Another problem that could
affect the transferability of markers to other Vaccinium species in our study is the use of
markers designed specifically for cranberry for the amplification of several Vaccinium species,
across multiple levels of ploidy (2x to 6x), which may result in changes in the original
amplification patterns and lower amplification rates due to deletions or point mutations

(Barbara et al. 2007).
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Table 1. List of plant materials used for the transferability of Vaccinium macrocarpon simple

sequence repeat (SSR) markers in 46 individuals representing 17 Vaccinium species Vaccinium

Traits of
Section/Species Id PI* Accession/Cultivar name Location . raits o
interest”
Section Cyanococcus
V. angustifolium CAN2 Pl 554666 Augusta NCGR® Tolerance to
T - blossom
V. angustifolium CAN1 PI 554665 Brunswick NCGR frost, Cold
V. angustifolium 1 N/A Blomidon PEMCBCRE® | hardiness.
Tolerance to
V. ashei N/A Rabbiteye blueberry PEMCBCRE drought. Fruit
firmness.
V. corymbosum US-E3 P1 554789 Ashworth NCGR
V. corymbosum US-E2 Pl 554804 Grover NCGR Low chilling
requirements
V. corymbosum US-E1 PI 554831 Harding NCGR , Resistance
to stem
V. corymbosum 2 P1 618033 Bladen NCGR canker.
V. corymbosum 1 N/A N/A PEMCBCRE
V. darrowii US-E2 Pl 638325 Johnblue NCGR
V. darrowii US-E1 Pl 638326 Everblue NCGR Tolerant to
heat, exhibit
V. darrowii US-E3 PI 554904 Florida 4B NCGR late ripening.
V. darrowii 1 N/A N/A PEMCBCRE
V. elliottii US-E2 P1554912 Oleno Yellow (V. elliottii) NCGR Adapted to
high pH,
V. elliottii US-E3 PI 613650 V. elliottii NC 95-8-4 NCGR '8h P
Tolerant to
V. elliottii 1 N/A NJ88-07-41 PEMCBCRE drought.
V. virgatum US-S1 P1 554695 Hagood NCGR Low chilling
i t
V. virgatum US-S4 PI 554710 Myers NCGR requirements
, Tolerant to
V. virgatum US-S3 PI 554714 Suwannee NCGR drought.
Cold
V. boreale N/A NJ89-3-19 PEMCBCRE hardiness,
Tolerand to

blossom
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frost.
V. hirsutum N/A NJ90-54-13 PEMCBCRE Fruit color*
Adaptability
to mi |
V. tenellum N/A NJ87-52-61 PEMCBCRE © rminera
soils, Late
ripening.
Cold
V. myrtilloides N/A N/A PEMCBCRE hardiness,
Low acidity.
Section Herpothamnus
V. crassifolium 2 PI1 554900 Well's Delight NCGR Intermediate
morphology
V. crassifolium 1 N/A NC83-9-8 PEMCBCRE | I'Mteresting
for breeding*
Section Oxycoccus
V. oxycoccos US-M P1 555194 V. oxycoccos Minnesota NCGR
V. oxycoccos RS Pl 641321 V. oxycoccos HVSC-050 NCGR
V. oxycoccos Jp P1 638486 V. oxycoccos J31 NCGR
V. oxycoccos US-W1 P1 660961 V. oxycoccos Dinger Lake NCGR Cold
V. oxycoccos 20 N/A V. oxycoccos WI Wild population uwmca* hardiness
V. oxycoccos 270 N/A V. oxycoccos WI Wild population UWMCB
V. oxycoccos 137 N/A V. oxycoccos WI Wild population UWMCB
V. oxycoccos 156 N/A V. oxycoccos WI Wild population UWMCB
V. macrocarpon-Ben Lear N/A Ben Lear UwmMmCB Large leaf,
\ -Cri fruit, and
V. macrocarpon-Crimson N/A Crimson Queen PEMCBCRE !
Queen seed number.
Exhibit high
V. macrocarpon-Stevens N/A Stevens UwmMmCB antioxidant
content
V. microcarpum N/A V. oxycoccos diploid PEMCBCRE Cold
’ p - OXY P hardiness.
Section Polycodium
Tolerant to
V. stamineum N/A B-59 PEMCBCRE drought,
adaptability

to mineral
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soils.
Section Vitis-Idaea
V. vitis-idaea SWE1 P1 657175 Ida NCGR
High benzoic
V. vitis-idaea USAL2 P1 613680 V. vitis-idaea KHCW 96-04-02 NCGR acid,
resistance to
V. vitis-idaea USAL1 P1 555374 V. vitis-idaea Finland NCGR bacterial fruit
rot.
V. vitis-idaea 1 N/A ‘Koralle’ PEMCBCRE
Section Pyxothamnus
V. ovatum US-W2 P1 618200 Morris-1 NCGR
. Adaptability
V. ovatum US-W1 P1618203 Morris-4 NCGR to mineral
V. ovatum US-S PI 660969 Trentberry NCGR soils, late
ripening.
V.ovatuml N/A N/A PEMCBCRE

'Plant Introduction Number, “National Clonal Germplasm Repository, Corvallis OR, 3Phillip E. Marucci Center for
Blueberry and Cranberry Research and Extension, The State University of New Jersey, Chatsworth, NJ, 4University
of Wisconsin Madison, Cranberry Breeding Program, Madison, WI . ASource: Ballington (1990), Luby et al. (1991),
Galletta and Ballington (1996), Jacquemart (1997), Vander Kloet and Dickinson (1999), Suda (2003), Hancock et al.
(2008), Song and Hancok (2011) * UWMOCB particular interest.

The 507 SSR markers used in this study revealed a total of 11,735 amplification
fragments (hereinafter referred to as alleles) ranging from 3 to 61 and with a total N, of 23.14.
When analyzing the data by sections, we found that Cyanococcus, which was represented by
(n=23) species with different ploidy levels (2x-6x), had alleles ranging from 1 to 46 with a N, of
13.56 and a total N of 6157. For section Herpothamnus (n=2), represented by V. crassifolium,
we encountered alleles ranging from 1 to 7 with a N, of 2.15 and a total N, of 652 alleles. In the
section Polycodium (n=1) for V. stamineum, the number of alleles ranged from 1 to 4 with a N,
of 1.65 and a total N of 405. Section Pyxothamnus, which was represented by V. ovatum (n=4),
exhibited alleles ranging from 1 to 11 with a N, of 4.16 and a total N5 of 1667. In section Vitis-
idaea (n=4) the N, ranged from 1 to 11 with an N, of 3.12 and a total Ny of 1021

(Supplementary Materials File). The high numbers of alleles observed per locus for the different
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sections in our study are comparable to those found by Boches (2005), where a total of 627
alleles were detected after analyzing wild and domesticated blueberry germplasm. Other
studies reporting high number of alleles in Cyanococcus (Liu et al. 2014) and other Vaccinium
sections can also be explained by the polyploid and outcrossing nature of the species analyzed

(Schlautman et al. 2017b).

Table 2. Number of Vaccinium macrocarpon simple sequence repeat (SSR) successfully

transferred across seventeen Vaccinium species

Number of Working SSR %

Cyanococcus 445 90
Pyxothamnus 400 78
Vitis-idaea 327 64
Polycodium 245 48
Herpothamnus 303 60
Oxycoccos

V. microcarpum 499 98
V. oxycoccos 504 99
V. macrocarpon 507 100

Overall across all species

61 11

Additionally, we are particularly interested in transferrable and consistent markers

amplifying in section Oxycoccus, since it includes cultivated cranberry and its two wild relatives,


https://paperpile.com/c/9auDfY/cZHQJ
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V. microcarpum (2x) (n=1) and V. oxycoccos (4x) (n=8). Therefore, we further analyzed the
representatives of the section Oxycoccos by species. Vaccinium oxycoccos Np ranged from 1 to
24 alleles per loci with a N, of 10.74 and a total N, of 5415. V. microcarpum, for which we only
had one individual, alleles ranged from 1 to 3 with a N_A of 1.73 and a total N, of 867. For V.
macrocarpon, which the SSRs were originally designed on, based on three samples analyzed

here, alleles ranged from 1-5 per loci with a N, of 2.79 and a total N, 1410.

Overall, our results are comparable to those obtained by small scale transferability
studies conducted by Zalapa et al. (2015) and Bian et al. (2014), who found similar allele counts
in both wild and cultivated cranberries, with species with larger sample sizes and polyploid
species such as V. oxycoccos naturally possessing more alleles. An important impetus for testing
the transferability of markers across several species was to provide a working set of useful SSR
markers across Vaccinium sections for fingerprinting, breeding, and diversity studies. Table 3
provides the sequences of the 61 SSRs that consistently amplified and produced scorable bands

across seventeen Vaccinium species.

Table 3 List of 61 Vaccinium macrocarpon simple sequence repeat (SSR) markers which

amplified consistent and scorable DNA fragments across seventeen Vaccinium species tested

Primer ID PIC Forward Primer Reverse Primer
1TRIMCONTIG326802 | 0.82 TTTTCAGAGCAAGAGGAAAG CTGTCTGTATCATGGAACTCAT
1TRIMCONTIG443603 | 0.92 TGCACCTCCTCTCTCTCTAA GGTTATGATGGTGGGAAAG

214102_K63 0.45 GGTAATAGCTTTGTGATCTTGC GGGTAAAATGACTGCCAAC
313928 K70 0.89 CAATTATCAAGGAGGCAATC TCACAAATGAGGATCTACACAC
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ct130570 0.74 GTTCACAATCTGCATCTCCT ACGTAATAGATCAAGAACAGGG
ct174735 0.9 CTTATTTGTATGGCCTTCCT GCAGCATATATTGTCCAGTTC
SCF109660 0.87 CCCCAAACTGTCGTATAAAA TAGAGTACAGGAAAAGCCCTAA
SCF112540 0.69 CAGTAGTGGTATTTCACAATCG TTTAATGCTTTTGGAAGAGG
SCF132922 0.93 TTAGACGCTTTATGTCCATTC GAGTGTCCTTGTCTTTGTTGTA
SCF138394 0.92 AAGCCCAGAAGAAATAACCTA TGCAAATGTTAGGAACTGTGT
SCF138607 0.96 CATATAGAATACTGGACGGACA TTCTGCCATCTCCTTTCTC
SCF144748 0.95 ATTTCCAATCCTTTCCTCTC CTCTGACACCTTCTGACACATA
SCF192715 0.94 CTCTGCCTTGTTCGTCTCT AACCAATCGAAGGTGACAA
SCF208883 0.89 GAGGAGTGAAGAGCCAGTAA GACATTTCAAGTCCCACACT
SCF30816 0.71 GTCCAAAATAGCATCGAAAG CGCATTACTTCTTCACTATACG
SCF32727 0.95 ATGTAACGGTCTCCACTTTCT TAGTATCTTCGTGGTCAGAGGT
SCF34513 0.69 TACTAATCTTCTGGTTTGGGC GTACACCACTCCTGATGGC
SCF43145 0.77 TGGTTTTGGATACACACTTG AAGAACAAGATCACCACTCTG
SCF74458 0.96 GCAGGAAGCTATGATTAAGGTA TTGAATAGTGTCAGTGGAGAAG
SCF804 0.94 CAGTCAACAGAGAATACACCAC TTCCCTATGAAAATCCACAC
SCF92414 0.92 GTTATCCTCCCTTTGATATGTG AAGAGCAACAAGATGGGTACT
SCF965 0.39 GTAAACTAACAAGCAACGATCC GATTTAGCTGATGCAGAGTCAT
172672_K70 0.95 GATAGTTGTATGCGCTGTAAGA GTTACCCGAATGAACAGGT
198358_K70 0.93 AATCGTCTGTTGCTCAATGT AACCATACTTACCACAACCAGT
1TRIMCONTIG440230 0.94 ACACTTTGTAGGTGGTGGTTAT ATTAGCAGTAGTCCAATCGGT
409500_K63 0.95 GATTCCTGGGTGTAGTTCTGT CTTAGTCTTTAATGCTGGCTCA
416328_K63 0.72 GTATGCCCAGAATATCCATTAC TAGTCACGAGGAAAGCTAAAGT
SCF111145 0.93 TTAGTCTGGCTGGTTTTAGTTT TTGTACCTATTGTTGGATTGTG
SCF124927 0.9 CGAGTGTCATTAGCAACAGA TATCACTTTAGATCGAGCAGAC
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SCF145739 0.57 AAATCCTCCTGTTTTAGACTCC CCTCAAGTCATCATTCCCT
SCF213102 0.42 GTGAAGATACAGTGGAGAGCA ATGGTAGTTGTTGACCTGATG
scf21n 0.91 ACCAATTCCCTCCCAAGTTC CCCTGGATATTTGCTTGCAT
scf275d 0.94 GCTTTTCTGAAGCGATTTGC CCGCATACACGGCGTACTA
scf2882 0.93 CGCTACCATTGTCAGCTTCA ACACTCAAAAGCAGGTGGCT
scf306f 0.94 GGGCAAGGATAAAGGGTTGT TGCATGCAACTTCCTAGTCCT
SCF3427 0.96 GCAAGACATCATCACAAACA CTTATCCCAGTCCTTCAACTTA
SCF37628 0.94 ACCAGCTCAGATAACAATGC GAGTAGGATACCTCCACACCTA
SCF6926 0.91 ACATGCACTTCAAATAGTACCC TTACAACTTACACAGGAAGCAG
SCF85946 0.94 TGTGAACAGAACCTACCACTAA AAAGAGCCCCGTAGATAGAT
281884 _K70 0.94 TCCACTATCTTTAGAATCCCAC AGAGGATGGAGTTCCTTGATA
409618_K63 0.9 CTTCTCCTTCCCTTCACTTTA TTAGTGTTAGTGTTGGTGTTGG
418596_K63 0.94 CGTGAGTTTGAGTGAGTAATTG AGGACATGGTGAGTTGAGAAT
SCF10514 0.92 GTACTCTTTGTCGGATGTTTTC GTTTCACTCCCACCTCTTAAT
SCF110757 0.94 TCATATCAACCTAACAATCGG CACAAACAAGGAAATTAAGACC
SCF150919 0.93 TTGTTAGCACTTAGCATAACCC GCTTCATCTCCACCAATACAT
SCF153094 0.94 TGTCATTAGGGTTCCTCAAA CACCTAGACAACATCGAAACTA
SCF192219 0.9 GAATTTTGTCGTTCCAGAGA AAAAGAAGAAGAGGAATGGC
SCF26697 0.84 TCGTAACTATTCAGTGGGTGT GGAGCAGTAGAGATTAAACGAC
SCF27755 0.93 GAAGTGAGAGTAGGAATCGAAG CCACAACACAAAACCCTAAT
SCF28509 0.89 GCAAACACCACACTATATGAGA ATAGAGAACCACAGAACAGGAC
SCF30010 0.96 CTCAAATCAACGATCAAGAC GAAAGAGACAACAAAACCCT
SCF48414 0.96 GTAGGGAAACAAGAATTGGAC ACTGTGAGATTGGTGTGATATG
SCF53750 0.96 GTTTCATAGAGATGGGTTTCTG CTTGGTTCCCTAAGCTACATT
SCF56816 0.61 CGGATTGACTAATTTCTGTCTC CTCTTATTCCACCAAACGAA




29

SCF58861 0.88 GTTGACTAAAAGGCATTGGA GACTACTATTTTCTGCACAGGG
SCF60761 0.91 ACTTAAACATCGGTCCATAGAG AGAGTCGTGTCCTTTCTTTTC
SCF88396 0.94 ATAGAGGTTAATTGGTCCTCG GACGAAGAACGACAGGTAGAT
SCF88902 0.94 GTGTTGTAGGATGAACCGAT GATTTCCAGCATTTGATCTC
SCF89447 0.92 TAAATAAGACCTTCTGCTGACC AATATGCTCACCACCAGTAAAG
SCF95754 0.97 CAGTGAGACTTCAGCTTGATAC ATTGGTGACTTAGGAGTGAGAC
SCF9815 0.77 CATAGGAAGATTGCCTTGAG GCCTGTTCACATAGATGGAG

One of the biggest interests of our breeding program is to better understand the genetic
relationship between V. macrocarpon and its wild relatives V. oxycoccos and V. microcarpum.
These species easily intercross and produce fruits and viable seeds, and they also share multiple
morphological traits such as vegetative and reproductive growth, berry color, and tart taste
(Rodriguez-Bonilla L, unpublished). Due to these similarities, we were interested in learning
more about their genetic relationship in terms of private alleles (Pa) and other unique diversity
in each species. We found that V. oxycoccos (4644 P,) possessed the largest number of alleles,
followed by V. macrocarpon (1181 P,), and V. microcarpum (639P,). When more closely looking
at the private allele data, V. macrocarpon and V. microcarpum shared more alleles with each
other than with V. oxycoccos. Although our sampling of alleles was limited by the samples size
in each species, our data does not support the hypothesis that V. oxycoccos arose as a hybrid of
the two diploid taxa, V. macrocarpon and V. microcarpum (Darrow and Camp, 1945) or that V.
oxycoccos derived as an autopolyploid descendant of the diploid V. microcarpum species (Mahy
et al., 2000). Moreover, a recent V. macrocarpon and V. microcarpum comparative analysis
revealed that the two species are more similar than expected, with little to no variation in their

organelle whole genome sequences, likely due to common ancestry (Diaz-Garcia et al. 2019).
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Looking at the differences in ploidy level (Fig.1) present in our samples, we found that,
based on SSR data, they ranged from diploid to hexaploid, as was expected. We also observed
that some of the SSRs in species such as V. ovatum, V. elliottii, V. darrowii, V. vitis-idaea, and
some instances in V. corymbosum demonstrated an abnormal amplification pattern, with more
alleles per locus than expected for their ploidy. These could be due to issues during the
amplification process in which other similar non-target sequences may have amplified, resulting
in non-specific products, as in plants such as Aracauria (Scott et al. 2003; Hosseinzadeh-Colagar

et al. 2016).

Fig. 1 Plot depicting the observed ploidy level of 46 Vaccinium species based on 507 Vaccinium

macrocarpon simple sequence repeat (SSR) markers
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Genetic distance

The markers used to analyze these accessions were found to be highly informative and
transferrable (Schlautman et al. 2015); therefore, we were interested in testing their ability to
also provide a clear picture of the genetic relationship among individuals of different sections in
the Vaccinium genus. To do this, a Neighbor-Joining cluster analysis, based on Bruvo’s genetic
distance (Bruvo et al. 2004) was performed (Fig.2). This distance was chosen due to the model’s
capability to compare and estimate genetic distances of individuals from different ploidy. In
the tree, we can observe two main groups, one containing the majority of the Cyanococcus
(blueberry) species, and a second group subdivided into Polycodium (deerberry), Pyxothamnus
(huckleberry), Vitis-idaea (lingonberry), and Oxycoccus (cranberry). These results show a similar
grouping pattern as observed by Liu et al. (2014) and Schlautman et al. (2017b). The analysis
placed the blueberries atop the tree, further away from members of the section Oxycoccus.
Also, section Vitis-idaea clustered closer to Oxycoccus than to Cyanococcus as previously
reported by Kron et al. (2002), results which could explain the morphological similarities
between Vitis-idaea, Oxycoccus, and Cyanococcus. Interestingly, V. crassifolium, which is the
only representative of the Herpothamnus section, and is described as a blueberry, also
clustered close to Vitis-idaea and Oxycoccus species; this species exhibits intermediate

morphological traits similar to cranberries and lingonberries.
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Fig. 2 Neighbor Joining Tree based on Bruvo’s Genetic Distance of 46 species of Vaccinium

based on 507 Vaccinium macrocarpon simple sequence repeat (SSR) markers

Neighbor Joining Tree based on Bruvo's Distance
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Additionally, the SSR markers clearly separated cranberries from their wild relatives V.
oxycoccos and V. microcarpum, while still clustering them close together, as has been described

before (Zalapa et al. 2015; Schlautman et al. 2017b). The proximity of these species could
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provide breeders a guide for which species could be useful and more successful for interspecific

hybrid development and trait introgression into cranberry.

Conclusion

This analysis provides a set of transferrable markers between species from different sections of
the genus Vaccinium. The 61 markers shared across species can facilitate more in-depth genetic
diversity studies in multiple non-cultivated or understudied Vaccinium species that possess
uniqgue and interesting traits, but for which resources are still limited, as is the case of
huckleberries, deerberries, and lingonberries. For species such as V. oxycoccos and V.
microcarpum, the transferred markers will serve for future comparative mapping, trait
introgression, and genetic fingerprinting, along with efforts to develop linkage mapping
populations and experiments that aim to increase the genetic base for cranberry breeding

programs.
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Abstract

Successful breeding programs utilize available germplasm to increase vyield, biotic and abiotic
stress tolerance, and other desirable traits. Knowledge of the range, genetic relationships, and
diversity among crop wild relatives (CWR) is crucial for more efficient use. In cranberries, most
cultivars or experimental populations share genetic background based on few wild selections.
With increasing challenges due to climate change and pest pressures, there is a need to
incorporate new and enhanced traits to the cranberry breeding pool. Therefore, we studied 36
wild populations of Vaccinium macrocarpon and Vaccinium oxycoccos across Wisconsin and
Minnesota using 32 simple sequence repeat (SSR) markers. Although early molecular marker
studies to understand the diversity of these species found low genetic variation, we found high
levels of heterozygosity for both species. In V. macrocarpon, we found a total number of 294
alleles and moderate to high levels of heterozygosity (Ho=0.51, Hr=0.66). As expected for an
outcrossed polyploid species, we found higher levels of heterozygosity (Ho=0.81, Hy=0.83) in V.
oxycoccos (4x) than in V. macrocarpon. We compared a group of cultivated and experimental
hybrids with wild V. macrocarpon and found that there is a clear demarcation between both
groups suggesting there is much more diversity in the wild that needs to be explored and
incorporated into breeding programs. Our results could be useful for making in-situ
conservation decisions to protect valuable CWR of one of the few crops native to North
America.

Keywords: cranberry breeding, crop wild relatives, SSR, genetic diversity



41

Introduction

Plant breeding is crucial for food production and food security; however, multiple cycles of
selection can result in the loss of genetic diversity (Cheema 2018). This genetic diversity loss
leads to crop homogeneity, which makes food systems vulnerable to biotic and abiotic stresses
(National Research Council 1993; Dempewolf et al. 2017). An option to minimize this threat is
to find, characterize, and use wild plant genetic resources as a source of crop traits (Brozynska
et al. 2016). Crop wild relatives (CWR) have provided wild germplasm with many valuable traits
for breeding cultivated crops such as resistance to pests (Anh et al. 2018), tolerance to biotic
and abiotic stress (Zhang et al. 2017), and traits influencing yield and fruit quality (Brozynska et
al. 2016).

In the US, very few species used for food production are native to North America and even
fewer have CWR in nature (Khoury et al. 2013). The American cranberry (Vaccinium
macrocarpon Ait.) is a diploid, woody perennial species native to North America with vast
amounts of unexplored wild populations and wild relatives sharing overlapping ranges and
environments (Darrow and Camp 1944; Vander Kloet 1988). V. macrocarpon can be found
growing in swamps, upland meadows, and sphagnum bogs (Aaseng 2003), among other acid
environments, and has a distribution extending from eastern Canada to parts of the Midwest
and north-central US and as far south as North Carolina and Tennessee (Hummer et al. 2019).
Cranberry domestication and cultivation began in the 1800s with several documented wild
selections (Chandler and Demoranville 1958; Dana 1983; Eck 1990), and with the first hybrids
developed from wild selections in the 1950s (Eck 1990). Most cultivated cranberries share a

similar genetic background; in fact, all hybrid cultivars released in the history of cranberry
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breeding have been derived from ‘Early Black’, ‘Howes’, ‘McFarlin’, and ‘Searles’, the “Big
Four,” and a few other native selections (Eck 1990). Recently, a survey published by Gallardo et
al. (2018) identified the needs and goals for cranberry breeding. Breeding needs varied
considerably by growing location, but some of the most salient needs across locations included
disease resistance and fruit quality, including anthocyanin content, fruit size, and flavor due to
acid and sugar content. Additionally, in contrast with other cranberry growing regions,
Wisconsin, which is the most important cranberry producer in the world with 20,000 acres from
a total of 50,000 acres worldwide, faces pests such as the cranberry fruit worm (Acrobasis
vaccinii) and temperature challenges in terms of extreme summer heat and winter cold, and
fluctuating winter temperatures leading to permanent frost risk (Dana 1983; Roper and Vorsa
1997).

Vaccinium oxycoccos is mostly a tetraploid species, which grows as a small evergreen
perennial vine that produces small over-wintering berries with a similar flavor profile to
cranberries and exhibit a superior antioxidant profile (Vander Kloet 1988; Jacquemart 1997;
Cesonieneé et al. 2011; Brown et al. 2012). As one of the V. macrocarpon wild relatives in the
continental US, V. oxycoccos provides great potential for developing interspecific hybrids to
transfer desirable traits into cranberry, such as tolerance or resistance to abiotic stressors.
Because V. oxycoccos has a circumboreal distribution, adaptability to higher latitudes and the
ability to endure harsh winters (AreskeviciGté et al. 2006), the species could be an excellent
source of cold hardiness genes, as is the case of other wild relatives to crops such as rice

(Shakiba et al. 2017) and potato (Hamernik et al. 2009).
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Exploring, studying, and using wild cranberry diversity can impact cranberry breeding by
identifying and transferring needed traits into cultivated cranberries. Identifying diversity in V.
oxycoccos could lead to the development of cultivated hybrids with novel traits (Vorsa et al.
2008). In the US, little has been done to analyze and understand the wild genetic diversity of
native crops such as V. macrocarpon and V. oxycoccos. This study is the most comprehensive
analysis of wild populations of cranberries in Wisconsin and the first insight into the diversity
present in Minnesota. Knowledge about the distribution of genetic diversity in the vastly
unexplored wild populations in Wisconsin and Minnesota will allow us to identify valuable
diversity pockets to collect, preserve, and use germplasm in breeding programs. The germplasm
collected in this study will be kept ex-situ and housed in the USDA-ARS, Vegetable Crop
Research Unit in Madison, WI and selected accessions will be added to the National Clonal
Germplasm Repository (NCGR) collection.

Materials and Methods

1. Plant Materials

Plant material of 572 samples of wild cranberries (putatively collected as V. macrocarpon or V.
oxycoccos) was obtained from 36 locations across Wisconsin (22) and Minnesota (14) (Table 1).
The locations visited were public lands, Department of Natural Resources State Natural Areas,
State Scientific Areas, or Forest Service lands. Permits were obtained to sample and collect in
locations in both states. Using satellite imagery in Google Earth Pro and data provided by the
DNR of both states, we located potential collection sites. In the sites, coordinates were logged
per sample and cuttings of a single vine of about 20 cm long were obtained to ensure that plant

tissue collected for each sample came from a single plant. Plant tissue was stored in a bag with
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wet towels, labeled, and kept in a cold bag. A total of 20 plants were collected by location when
possible based on the geography and environmental conditions. Leaf material was then stored
at -4C for DNA extractions. Plant material from cultivated V. macrocarpon was obtained from

the USDA-ARS, Vegetable Crop Research Unit, Cranberry Genetics and Genomics Laboratory at

the University of Wisconsin-Madison.

Table 1. Cranberry (Vaccinium macrocarpon and V. oxycoccos) populations and individuals

collected in Wisconsin and Minnesota

Pop. name Pop. N Species Latitude Longitude State
code

Botany Bog BB 20 V. oxycoccos 47.36802402 -93.60217603 MN

Big Lake BLM 13 V. oxycoccos 47.51002704 -94.59074297 MN

Minnesota

Beltrami BRR 20 V. oxycoccos 48.26355502 -94.10271504 MN

Road

Beltrami BRRM 20 V. oxycoccos 48.30934301 -94.24009804 MN

Road M

Chippewa Chip 20 V.macrocarpon 47.65851497 -94.47189102 MN

National

Forest MN

Hole in the HB 19 V. oxycoccos 47.31079901 -94.21872402 MN

Bog

Iron Springs ISB 3 V. oxycoccos 47.25367801 -95.24143497 MN

Bog

Lova Lake LL 15 V.macrocarpon/V. 46.57545104 -94.55575397 MN

oxycoccos

Long Lake B LOLB 20 V. oxycoccos 46.650917 -93.46198099 MN

Long Lake M  LOLM 20 V.macrocarpon 46.647796 -93.46040502 MN

Little Rice LRL 20 V.macrocarpon / V. 47.70827103 -92.439135 MN

Lake oxycoccos

Pennington PB 20 V. oxycoccos 47.49936501 -94.47868899 MN

Bog

PF-River Road PRF 20 V. oxycoccos 48.42440198 -94.90923098 MN

TF-River Road TR 21 V. oxycoccos 48.42439402 -94.89678302 MN
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Bear Lake

Chippewa
River
Flambeau
Forest
Frog Lake

Goblers Lake

Gypsy Lake R

Hayward
Jaquet Lake

Kelley Lynn
Bog
Kemp Road

Lincoln/Onei
da
Land O' Lakes

Manitowish
Waters
N-Bradley

Powell Marsh
SNA

Powell Marsh
Wildlife
Refuge
Spread Eagle
Barrens

Shelp Lake

Swamp Road

Wabaso Lake

BL

CHPR

FBF

FRLK

GL

GYPL

HW
JL

KLB

KMP

Locp

LOL

MWB

NB

PMS

PMW

SEB

SHPL

SR

WABL

18

16

18

33

12

21

12

30

16

20

23

17

11

17

39

V.macrocarpon / V.

oxycoccos

V. oxycoccos

V. oxycoccos

V.macrocarpon / V.

0Xycoccos

V. oxycoccos

V.macrocarpon / V.

oxycoccos

V.macrocarpon

V. oxycoccos

V. oxycoccos

V. oxycoccos

V. oxycoccos

V. oxycoccos

V. oxycoccos

V. oxycoccos

V. oxycoccos

V.macrocarpon / V.

oxycoccos

V.macrocarpon / V.

oxycoccos

V.macrocarpon / V.

0Xxycoccos

V. oxycoccos

V.macrocarpon / V.

oxycoccos

45.609398

46.00559

45.69066002

46.12128

45.6328

45.80585

46.05793

45.793367

45.45832

45.845886

45.46933

46.1414

46.13512

45.5397

46.09658

46.08051

45.86595

45.776667

45.406667

45.9726

91.81301

-90.8275

-90.77997297

-90.0073

-89.8744

-89.49159499

-91.7306

-88.625817

-89.2752

-89.662259

-89.3226

-89.4917

-89.7373

-89.814333

-89.909

-89.8815

-88.18705

-89.020617

-89.796233

-90.0009

Wi

Wi

Wi

Wi

Wi

Wi

Wi

Wi

Wi

Wi

Wi

Wi

Wi

Wi

Wi

Wi

Wi

Wi

Wi

Wi
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Winchester WIN 2 V. oxycoccos 46.19062 -89.9051 Wi

2- DNA Extraction

Genomic DNA extractions were performed using leaf tissue per a CTAB method (Doyle and
Doyle 1987) modified in our laboratory to isolate high quality, clean DNA. A total of 10-20mg of
frozen tissue were ground by hand using liquid nitrogen and transferred to a 2.0mL tube, and
700uL of 2% CTAB extraction buffer [20 mM EDTA, 0.1 M Tris-HCl pH 8.0, 1.4 M NaCl, 2%CTAB]
was added and mixed by inversion. The solution was then incubated at 65 °C for 45 minutes.
After incubation, 400 pL of a chloroform-isoamyl alcohol (24:1) solution was added to the tubes
and gently mixed by inversion. Samples were then centrifuged for 5 min at 14,000 rpm, 500 pL
of the supernatant was transferred to a fresh 1.5mL tube containing 50uL of 10% CTAB buffer
and mixed by inversion. 750uL of cold isopropanol (100%) was added, and then samples were
incubated from 2 to 48 hours at a temperature of -20°C. Samples were gently mixed by
inversion and centrifuged at 14,000 rpm for 20 min. After centrifugation, the supernatant was
discarded, and the resulting pellet was air-dried for 5 minutes. The pellet was then washed with
700 pL of cold 70% ethanol to clean the DNA. The solution was then vortexed and centrifuged
at 14,000 rpm for 4 minutes, the ethanol was discarded, and the pellet was air-dried for 24
hours. The DNA was then re-suspended in 100 pL TE 10:1 buffer (10 mM Tris-HCl pH 8.0, 1 mM
EDTA pH 8.0) plus 5 pL of ribonuclease (RNAse 10 mg mL-1) in each tube, and was incubated at
37 °C for 2 hours prior to storage at -20 °C. DNA was then quantified using a Nanodrop ND-1000
spectrophotometer. Samples were then diluted to 10ng/uL with deionized distilled water for

simple sequence repeat (SSR) amplifications.
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3- SSR Markers and Multiplex PCR Conditions

A total of 32 markers (Supplementary Materials-1) previously designed and assessed for
transferability between V. macrocarpon and V. oxycoccos were used in this study (Schlautman
et al. 2015; Rodriguez-Bonilla et al. 2019). Markers proven to have a consistently clear pattern
of amplification across species were chosen and at least two markers per cranberry linkage
group were selected. The multiplex panels were designed by developing SSR primer-pairs.
These pairs were clustered into combinations of one to three markers, considering non-
overlapping allele ranges and annealing temperatures based on previous studies (Rodriguez-
Bonilla et al. 2019; Zhu et al. 2012; Georgi et al. 2012; Schlautman et al. 2015). To boost the
potential of our combinations and maximize resources for our fragment analysis, each reaction
was combined with 4 PCR multiplex reactions and a fluorescent dye (M13-FAM, HEX, NED, or
PET labeled primers). The forward primers were designed with the M13 sequence (5-
CACGTTGTAAAACGAC-3) for fluorescent labeling of PCR products (Schuelke 2000), and the PIG
sequence (5-GTTTCTT-3) was attached to the reverse primers to promote full adenylation of
SSR fragments during PCR (Brownstein et al. 1996). The development of primers with an
attached M13 sequence and a fluorescently labeled M13-tail is more cost effective than using
direct fluorescent primer labeling (Guichoux et al. 2011) By not using this direct fluorescence,
we created any marker combinations and indirectly label them with any fluorescence needed.
The PCR contained 3.5ul of 1x Jumpstart RedTaq Ready Mix (Sigma, St. Louis, MO, USA), 2.0 ul
of 10 ng/ul DNA, 0.5 pL of 5 uM forward primer, 0.5 uL of 50 uM reverse primer, and 0.5 pL of
0.5 uM M13-FAM, M13-HEX, M13-NED and M13-PET primer. The 1.5 ul of forward and reverse

primer was divided by the number of multiplexed SSRs (i.e. 1pL or 0.75 uL of forward and
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reverse primer mix from each SSR were added when 3 or 4 markers were multiplexed together,
respectively). Thermocycling conditions consisted of 94°C for 3 min, [94°C 15s, 55°C for 1 min,
72°C for 2 min] x 33, 72°C for 30 min, 4 o=. PCR products were visualized on a 1% agarose gel
and then 1 to 3 plL of multiplexed PCR product from each of the four M13 dyes were pooled
using the DY632 ladder from BioVentures, Inc. A total of 25 ul in 1,500 pl of formamide (Hi-Di
Formamide from Life Technologies) were added per plate of 96 wells. The poolplexed mixture
was sent to the University of Wisconsin-Madison Biotechnology Center DNA sequencing facility
for fragment analysis using an ABI 3730 fluorescent sequencer (Applied Biosystems, Foster City,
CA, USA). Allele genotyping was performed using GeneMarker v2.63 (SoftGenetics LLC, State
College, PA, USA).

4- Data Analysis

The allelic information obtained from the genotyping was formatted as a GenAlEx (Peakall and
Smouse 2012) input file. This file was then converted to a geneclone object to run in the R
statistical software (R Core Team 2018) package Population Genetics in R (poppr) (Kamvar et al.
2014). Using poppr, we estimated the observed number of private alleles (PA). For the PCA, the
packages ade4 (Dray et al. 2007) and adegenet (Jombart 2008) were used based on the missing
allele replacement method, which replaces missing data with the mean allele frequencies. The
package factoextra (Kassambara and Mundt 2016) was used to visualize the PCA. The packages
magrittr (Bache and Wickham 2014), pegas (Paradis 2010) and ape (Paradis et al. 2004) were
also used to visualize the data. For the genetic distance based PCA’s the package polysat was
used to calculate a distance matrix based on Bruvo’s genetic distance (Bruvo et al. 2004; Clark

and Jasieniuk 2011) package ggfortify (Tang et al. 2016) was used to visualize the PCA.
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Calculations of genetic diversity statistics such as number of alleles, HO, Gst, G'st(Nei),
G'st(Hed),D_est and Gis were obtained from the software GenoDive (Meirmans and Van
Tienderen 2004). For the dendrograms, the R stats package (R Core Team 2018) was used to
obtain Euclidean genetic distance and clustering. The dendrograms were then visualized using
the packages dendextend (Galili 2015) and circlize (Gu et al. 2014).

5- Tissue Culture

Plant material collected was genotyped and selected for in-vitro culture. Specifically, runners
were pruned from greenhouse plants. Runners were chosen because they were fast growing,
vegetative stems. Tissue culture media was prepared by dissolving 20 g of sucrose and 2.41 g of
Lloyd & McCown Woody Plant Basal Medium with Vitamins in 400 mL of DI water (Lloyd and
McCown 1980). The pH of the solution was then adjusted by gradually adding 1M KOH to a pH
of 5.58. A second solution was prepared simultaneously by dissolving 6 g of agar in 500 mL of
boiling deionized (DI) water. Once both solutions were prepared they were combined, and the
volume of the final solution was brought to 1L with DI water. 5 mL of the media solution was
then dispensed into borosilicate glass tissue culture test tubes 20 x 150 mm with a round
bottom and capped. The tubes of media were autoclaved for 20 minutes and then allowed to
cool and jellify before tissue culture. A laminar flow hood was sterilized previous to the tissue
culture process by spraying 90% then 70% ethanol. The runner tissue collected was trimmed
into smaller pieces to fit into capped test tubes for sterilization and rinsed in a solution
containing 2 drops of molecular biology non-ionic Tween 20 soap and DI water for two minutes
while gently mixed by inversion. This solution was then poured out of the tubes inside of the

sterile laminar flow hood, and the test tubes were then filled with a 20% bleach solution and
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rinsed for 5 minutes while gently mixed by inversion. The bleach solution was then poured out,
and runners are rinsed 3 times with sterile water, filling the tube with the water, inverting it,
and pouring out the rinsed water. Sterile procedure was maintained, and any tool that left the
work area was sterilized with 70% ethanol before it could enter the area again. Each piece of
tissue was trimmed on both ends to remove dead tissue cause by exposure to the bleach. The
healthy tissue was then cut into pieces using the sterilized scissors in the laminar flow hood,
each about an inch long with at least two nodes. Explant was then placed in tissue culture tubes
containing 5ml of media, proximal end down. The tubes were then sealed with parafilm to
prevent water loss and limit contamination. Plants were stored at 20 °C on a 16 hr photoperiod.
Results

Genetic relationships of wild populations of cranberries

V. macrocarpon and V. oxycoccos are sympatric and can occur at the same time in the same
space (Vander Kloet 1983). Therefore, we found nine populations in which both species were
present throughout our sampling. While all samples were putatively classified into species in
the field based on leaf morphology, we determined species membership, as V. macrocarpon
and as V. oxycoccos, using genetic relationships based on 32 SSR markers. A dendrogram based
on Euclidean genetic distance was constructed (Fig.1-A), and we observed a clear
differentiation between samples identified as V. macrocarpon and samples identified as V.
oxycoccos. To further confirm our results, we performed a PCA and again observed a clear
differentiation between the two species. Based on these results, we divided our data into two
main groups (V. macrocarpon and V. oxycoccos individuals) to further study and obtain diversity

statistics by species.
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Fig 1. Euclidean distance dendrogram and PCA cranberry (Vaccinium macrocarpon and V.

oxycoccos) wild accessions

3 B PCA of wild ¥, macrecarpon vs V. oxycoccos

* b

¥ marpansen

Overall genetic diversity of wild cranberries

When comparing the two species (Table 2), we observed that V. oxycoccos had the highest
number of mean alleles per locus (28.18), private alleles (583) and heterozygosity indexes (Ho,
Hs, Hr) with values close to 0.81. V. macrocarpon had a mean number of alleles per locus of
8.87, 25 private alleles and heterozygosity values (Ho, Hs, Hy) ranging from 0.50 to 0.64. Both
groups had low levels of inbreeding demonstrated by the low inbreeding coefficient values (Gjs)
of 0.00 for V. oxycoccos and -0.03 for V. macrocarpon. In terms of the levels of fixation, which
measures population differentiation caused by genetic structure, both groups had low values,
with V. macrocarpon having slightly higher values for Gst (0.22), G'st (Nei) (0.24), G'st (Hed)

(0.48) and D_est (0.32).



Table 2. Overall genetic diversity statistics for two cranberry (Vaccinium macrocarpon

and V. oxycoccos) species

NA

Num

PA

Ho

Hs

Glst(Nei)

Glst(Hed)

V. oxycoccos

433

902

28.18

583

0.81

0.81

0.83

0.00

0.02

0.02

0.12

0.10

V. macrocarpon

284

8.87

25

0.51

0.49

0.64

-0.03

0.22

0.24

0.48

0.32

139

Total individuals per species

Total number of alleles

Mean number of alleles

Private alleles

Observed Heterozygosity

Heterozygosity Within
Populations

Total Heterozygosity

Inbreeding coefficient

Fixation index

Nei, corrected fixation index

Hedrick, standardized fixation
index

Jost, differentiation

Genetic diversity in wild V. macrocarpon
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In V. macrocarpon the total number of alleles was 284. All the markers were polymorphic, and

the number of alleles per locus ranged from 2 to 18 with a mean value of 8.87 (Fig. 2-A). The
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observed heterozygosity per locus ranged from 0.08 to 0.97 with a mean value of 0.51 (Fig. 2-
B). The total heterozygosity per locus values ranged from 0.08 to 0.89 with a mean value of 0.64
(Fig. 2-C). The inbreeding per locus coefficient ranged from -0.42 to 0.60 with a mean value of -
0.01 (Fig. 2-D). The values of heterozygosity within populations per locus ranged from 0.05 to

0.77 and a mean value of 0.50 (data not shown).

Fig 2. Genetic diversity statistics per locus for Vaccinium macrocarpon
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Table 3. Genetic diversity statistics per population of Vaccinium macrocarpon

Population

BL
Chip
FRLK
GYPL

HW

LL

LOLM
LRL
PMW
SEB
SHPL

WABL

N

13

20

3

13

20

17

6

1

1

37

Num

2.28

2.50

1.65

3.25

NA*

341

2.38

3.13

2.25

NA*

NA*

3.31

Ho

0.30

0.51

0.58

0.58

NA*

0.55

0.43

0.48

0.58

NA*

NA*

0.55

Hs

0.29

0.34

0.37

0.52

NA*

0.59

0.39

0.52

0.49

NA*

NA*

0.53

Ht

0.29

0.34

0.37

0.52

NA*

0.59

0.39

0.52

0.49

NA*

NA*

0.53

Gis

-0.01

-0.49

-0.55

-0.10

NA*

0.07

-0.09

0.07

-0.18

NA*

NA*

-0.05

1- Number of samples, 2- Mean number of alleles, 3- Observed Heterozygosity, 4-
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Heterozygosity within populations, 5- Total Heterozygosity, 6- Inbreeding Coefficient, *- Low

sample number, not calculated.

The populations with the highest levels of genetic diversity were FRLK, GYPL, and PMW with

values of 0.58 (Table 3). Populations with only 1 to 2 samples after individuals were sorted into

species were not analyzed.

A PCA based on Bruvo genetic distance (Fig 3) showed a clear separation between V.

macrocarpon individuals from Minnesota (blue) and Wisconsin (red). In both populations, we
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saw a wide genetic spread of the individuals as suggested by the levels of heterozygosity in

Table 3.

Fig 3. PCA of Vaccinium macrocarpon based on Bruvo genetic distance
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Genetic diversity in wild V. oxycoccos
In V. oxycoccos the total number of alleles was 902. All the markers were polymorphic, and the
number of alleles per locus ranged from 3 to 56 with a mean value of 28.18 (Fig. 4-A). The
observed heterozygosity (Ho) per locus ranged from 0.41 to 0.98 with a mean value of 0.81 (Fig.
4-B). The total heterozygosity (HT) values ranged from 0.45 to 0.95 with a mean value of 0.83
(Fig. 4-C). The inbreeding coefficient (Gis) ranged from -0.34 to 0.40 with a mean value of 0.08

(Fig. 4-D). The values of heterozygosity within populations ranged from 0.48 to 0.94 and a mean
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value of 0.81 (data not shown). When looking at the genetic diversity by population in V.
oxycoccos, most exhibited very high levels of genetic diversity averaging 0.80 when compared
to V. macrocarpon. In the PCA of V. oxycoccos accessions (Figure 5), we observed some spatial
separation by state, we it was less population than in V. macrocarpon.

Fig 4. Genetic diversity statistics per locus for Vaccinium oxycoccos
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Table 4. Genetic diversity statistics per population of Vaccinium oxycoccos

Population N Num? Ho3 H54 HT5 G.s6
BL 5 6.06 0.86 0.82 0.82 -0.04
FBF 7 6.18 0.81 0.75 0.75 -0.08
GL 18 11.3 0.82 0.82 0.82 0

GYPL 20 10.56 0.86 0.81 0.81 -0.05



JL
KLB
KMP
Locp
MWB
PMS
PMW
SEB
SHPL
SR
WABL
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LRL 3
PB 20
PRF 20
TR 21
FRLK 13
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0

0

0.01
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1- Number of samples, 2- Mean number of alleles, 3- Observed Heterozygosity, 4-
Heterozygosity within populations, 5- Total Heterozygosity, 6- Inbreeding Coefficient, *- Low
sample number, not calculated.

Fig 5. PCA of Vaccinium oxycoccos based on Bruvo genetic distance
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When comparing the diversity present in the wild V. macrocarpon population samples in

Wisconsin and Minnesota versus a collection of cultivars and wild selections from the US, we
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found high levels of heterozygosity and mean allele numbers (Table 5). We found higher levels
of observed heterozygosity and lower inbreeding index for wild populations (Ho=0.99, G;s=0.69)

than for cultivated cranberries (Ho= 0.69, G;s=0.15).

Table 5. Genetic diversity comparison among wild V. macrocarpon Wisconsin and
Minnesota and cranberry cultivars.

1 5 6
Population N Num? Ho? Hs* Hy Gis
wild 139 10.87 0.99 0.76 0.76 -0.31
Cultivated 197 19.25 0.69 0.82 0.82 0.15

1- Number of samples, 2- Mean number of alleles, 3- Observed Heterozygosity, 4- Heterozygosity within populations, 5-
Total Heterozygosity, 6- Inbreeding Coefficient

We performed a PCA using eight SSR markers to compare existing cranberry cultivars and
breeding selections diversity to wild V. macrocarpon diversity identified in the current study
(Fig. 6). Interestingly, our results showed a clear differentiation between our Wisconsin and
Minnesota wild accessions and cultivars such as all the major cultivars, wild accessions (mostly
eastern wild germplasm), and breeding selections (Fajardo et al. 2013; Zalapa et al. 2015;
Schlautman et al. 2018). We observed higher heterozygosity and more differentiation and

spread in the PCA in the Wisconsin and Minnesota wild samples compared to the cultivated.
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Fig. 6 PCA comparing cultivated vs wild individuals of Vaccinium macrocarpon

PCA of wild vs. cultivated V. macrocarpon

wild cultivated

Development of an ex-situ wild cranberry collection
We successfully introduced to tissue culture a total of 359 genetically unique genotypes from
our collection sites in Wisconsin and Minnesota. At least 2-3 copies per genotype have been

kept as backup for a total of 1305 plants (Supplementary Materials-2)

Discussion

Although cranberry is a perennial fruit crop of great importance with economical and human
health benefits, breeding has been hampered by the narrow phenotypic and genetic diversity of
cultivars and breeding materials (Diaz-Garcia et al. 2019). Since the majority of cultivars used in
breeding were developed from a few native selections more than half a century ago, there is

great need to incorporate new traits to enhance current materials (Eck 1990). Because of this,
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we studied several unexplored wild cranberry populations in Wisconsin and Minnesota to
understand the genetic diversity for future conservation purposes, which will serve to increase
the availability of germplasm for cranberry breeding programs.

Overview of the genetic relationship and diversity of wild V. macrocarpon and V. oxycoccos
populations in Wisconsin and Minnesota

V. macrocarpon and V. oxycoccos share many morphological traits, which make identification in
the field challenging. Therefore, we designated field cuttings as V. macrocarpon and V.
oxycoccos to each of the species based on leaf size and shape (Smith et al. 2015) and then
corroborated these classifications using genetic information based on 32 SSR markers. We
constructed a Euclidean distance-based dendrogram and a PCA of all the accessions collected
(Fig. 1 A-B). In both, we clearly saw a differentiation between the two species. This clear
differentiation between V. macrocarpon and V. oxycoccos has been previously reported using
AFLPs (Smith et al. 2015) and SSRs (Zalapa et al. 2015). The striking differentiation among the
two species could be due to their different, but interconnected, evolutionary histories, where V.
macrocarpon could be an ancestral diploid species while V. oxycoccos is a more recently
derived, mostly allotetraploid species. We looked at the number of private alleles present in
both species and found that V. oxycoccos had the highest number of private alleles (598)
compared with V. macrocarpon with only 25. The high number of private alleles in V. oxycoccos
could be explained by its putative allopolyploid origin resulting from the hybridization of the
two know ancestral species, V. macrocarpon and V. microcarpum, or from the polyploidization
with a 3" species that could now be extinct (Darrow and Camp 1944; Diaz-Garcia et al. 2019).

The involvement of V. macrocarpon in the speciation of V. oxycoccos is further demonstrated


https://paperpile.com/c/mwGIHQ/PMZak
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by the number of private alleles present when compared with V. oxycoccos. Similar results were
observed using allozymes in which they found that V. oxycoccos shared predominant alleles
with V. macrocarpon (Mahy et al. 2000) (Table2).

In terms of overall genetic diversity for both species, we observed that V. oxycoccos, as
expected due to its polyploid (4x) and outcrossing nature, was highly diverse with high
heterozygosity (Ho, Hy, Hs) levels. Such high levels of heterozygosity have been observed in
other crops such as sweet potato and cassava (Fregene et al. 2003; Rodriguez-Bonilla et al.
2014). V. macrocarpon populations were quite heterozygous for a diploid plant that can self-
pollinate and reproduce (Bruederle et al. 1996), although highly heterozygous V. macrocarpon
(Ho=0.5) exhibited lower levels of heterozygosity than those observed for V. oxycoccos
(Ho=0.8). The high diversity observed in wild populations of cranberries may be the result of
different mechanisms allowing cranberries to maintain and enrich their genetic diversity.
Cranberries provide pollen and nectar to pollinators such as bumblebees, which are able to
transfer it between cranberry flowers. This pollen movement can result in new genetic
combinations (Ortwine-Boes and Silbernagel 2003). Aside from pollinators potentially
increasing diversity in undisrupted natural areas, open spaces are inviting for bird species such
as cranes as well as other animals. These animals that consume wild cranberry fruits and then
move or migrate to other locations can disperse the cranberry seeds (Barzen et al. 2018).
Cranberries are often found near large and interconnected bodies of water, and when fruit
become detached from a cranberry plant, they float due to their locular cavities and travel long
distances, which can result in chance seedlings increasing migration and diversity among

populations.
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V. macrocarpon genetic diversity

Based on our results, we found that V. macrocarpon is more diverse than previously thought by
Bruederle et al. (1996) and Stewart and Excoffier (1996). We found high numbers of alleles per
locus ranging from 2 to 18 (Fig. 2-A) while other researchers found 1.13 to 2 alleles per locus
using RAPD’s (Novy and Vorsa 1995; Stewart and Excoffier 1996) and allozymes (Mahy et al.
2000). These results could be explained by the large number of hypervariable and codominant
SSR markers used in this study as well as the large number of samples collected. When looking
at the data by population, we also found that most populations were moderately to highly
diverse, and diversity levels and alleles per loci were comparable to the six Wisconsin wild
populations described by Zalapa et al. (2015). Previous research in cranberries suggested that
the low levels of heterozygosity and diversity could be explained by self-pollination and
inbreeding, especially after several inbreeding cycles (Bruederle et al. 1996; Zalapa et al. 2015).
However, our results indicate that wild populations of V. macrocarpon likely outcross leading to
moderate to high levels of heterozygosity (Table 2). This can be further confirmed by the low
levels of inbreeding observed suggested by the G5 values (-0.55-0.07).

The low levels of heterozygosity observed in some populations could be due to sampling bias,
long-term evolutionary forces, and recent environmental events. For example, (Stewart and
Excoffier 1996) and (Bruederle et al. 1996) believed a genetic bottleneck during the Pleistocene
glaciation accounted for the low levels of diversity found in the wild populations they studied.
Additionally, low levels of diversity could be the result of recent events, including
environmental changes due to agriculture, urbanization, and other anthropogenic activities. For

example, the declining number and health or fitness of pollinators in an area due to human
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activity such as a nearby construction or principal road disrupting the area has been observed
to have an effect in other plant species resulting in lower fruit set in Halimium halimifolium
(Suarez-Esteban et al. 2014). Previous studies that found low levels of genetic variation in wild
populations of cranberry were surprised by their low diversity results. Although V. macrocarpon
can self-pollinate and can resist some levels of inbreeding, inbreeding in cranberry often results
in low fertility rates and inbreeding depression, signaling that cranberry is mostly an
outcrossing species (Bruederle et al. 1996). Therefore, as demonstrated by our results, natural
cranberry genetic variation is actually much higher than observed in previous studies. Such
diversity was not detected mostly due to the use of molecular markers with low power and
clonal sampling complications (Stewart and Excoffier 1996; Mahy et al. 2000).

In the Bruvo genetic distance PCA (Fig 3), we observed that most individuals grouped together
based on geographical location (Minnesota versus Wisconsin). We observed some minor
clustering among some individuals in some populations that could be explained by the low
fixation indexes (0.2-0.3) in those populations, indicating inbreeding.

V. oxycoccos genetic diversity

V. oxycoccos is one of the wild relatives of cranberries, which are one of the few crops native to
North America. Therefore, V. oxycoccos may be a source of genotypic traits useful for the
development of new breeding lines for cranberry production. As demonstrated in Table 2 by
the high number of alleles per locus (28), high levels of heterozygosity (0.8), and low levels of
inbreeding (-0.019), the studied wild V. oxycoccos Minnesota and Wisconsin populations were
highly diverse. As mentioned before, the polyploidization of multiple species and the

outcrossing nature of V. oxycoccos has been crucial to maintain and enrich the genetic diversity
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of the species (Darrow and Camp 1944; Diaz-Garcia et al. 2019). Mahy et al. in (2000) analyzed
the genetic diversity of V. macrocarpon and V. oxycoccos population using allozymes and
observed that for several loci V. oxycoccos exhibited higher levels of heterozygosity (i.e. 0.5-0.6)
than V. macrocarpon. Our study is the first to use codominant SSR markers to investigate
diversity of the species using multiple populations. The previous study only used one
population consisting of 31 individuals to test cross-amplification of eight SSR markers and
differentiation of the two species, but diversity statistics were not given besides similar number
of alleles per locus and total number of alleles (Zalapa et al. 2015). Diversity statistics were
comparable as in other polyploids species such as sweet potato (Rodriguez-Bonilla et al. 2014)
and cassava (Fregene et al. 2003). Cesoniené et al. (2013) analyzed the genetic diversity of V.
oxycoccos clones in Lithuanian reserves using RAPD markers on two populations and found
considerable levels of genetic diversity, suggesting that V. oxycoccos could be a promising crop
for cultivation in different locations across central Europe. This study also demonstrates that
there could be invaluable resources for breeding in in-situ collections and reserves as well as
the wild locations surveyed in this study. In the Bruvo genetic distance PCA for V. oxycoccos, we
observed a closer relationship among V. oxycoccos individuals than in V. macrocarpon (Figure
5). This could be explained by cranberries colonization history. It has long been believed that
most wild cranberry populations resulted from a bottleneck that occurred in the Pleistocene
and that they eventually populated receding glacial areas. More extensive sampling of new
locations, for example, in the driftless area, should be performed to investigate the possibility

of a bottleneck and possible colonization and cranberry spread (Stewart et al. 1995).
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Comparing the relatedness between wild and cultivated V. macrocarpon

Most cranberry cultivars today come from wild selections made decades ago. Therefore, most
cultivars share the same genetic background (Eck 1990). Because of this, we were interested in
assessing how much of the diversity present in the wild has been harnessed for breeding.
Zalapa et al. (2015) used 12 SSR markers and observed that there were considerable levels of
genetic diversity present in wild populations compared to cultivars based on the number of
private and unique alleles, as well as levels of observed heterozygosity. In our study, we
compared 139 wild accessions collected in Wisconsin and Minnesota, with 195 cultivars, wild
accessions, and breeding selections mostly from eastern origin (Fajardo et al. 2013; Zalapa et al.
2015; Schlautman et al. 2018). We found higher levels of observed heterozygosity in wild
populations than in cultivars and breeding selections. As expected, we observed lower levels of
inbreeding in wild populations than in cultivars. In the wild, cranberries are mostly outcrossing,
which is not the case of plants used in breeding programs (Bruederle et al. 1996). As selection
cycles occur more genetic diversity is lost, as has been the case of many crops, such as maize
(Whitt et al. 2002).

To further compare between cultivated breeding materials and wild V. macrocarpon accessions,
we performed a PCA in which we observed a clear separation between species on PC 1 (Fig. 6).
Although all cultivated cranberries derive from wild selections made about 70 years ago, these
plants have been consistently bred to have desirable traits and vigor using a small genetic pool.
The reduction of diversity is an inevitable consequence of developing cultivars adapted to
homogenous production environment (Zalapa et al. 2015). The wild populations, as previously

mentioned, are naturally outcrossing in an open environment that allows for chance seedlings,
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not in a homogeneous environment such as a cranberry bed. These results, as well as the levels
of heterozygosity, highlight how little of the present diversity is currently being used in
cranberry breeding.

Development of an in-vitro cranberry collection

Conservation of plants in the field or greenhouse condition present formidable challenges,
many times resulting in the loss of plant genetic resources conserved (Engelmann 2011).
Therefore utilizing tissue culture techniques is of great use to propagate and conserve
germplasm (Engelmann 1991). We successfully introduced hundreds of unique genotypes from
vastly unexplored cranberry regions of Wisconsin and Minnesota to tissue culture, and the
majority of our unique genotypes and will be available for breeding in the USDA-ARS, Vegetable
Crop Research Unit in Madison, WI, Cranberry Genetics and Genomics Lab. Additionally,
selected accessions will be added to the National Clonal Germplasm Repository (NCGR)
collection.

Conclusions

In this study, we used a set of markers capable of distinguishing between V. macrocarpon and
V. oxycoccos. We demonstrated the presence of untapped and previously undiscovered
cranberry diversity in natural areas of the states of Wisconsin and Minnesota. The plant
material used in this study was also composed of cranberry crop wild relatives, which may
possess genotypic traits useful for the development of new breeding lines for cranberry
production. Particularly, since all of these populations were sampled in Minnesota and
Wisconsin, they might possess unique adaptations to the largest cranberry production area in

the world, central Wisconsin. Due to the lack of exploration, Wisconsin growers have been
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forced to use cranberry cultivars developed for other growing areas. Therefore, the challenges
faced by growers in our state are unique and include intense frost risk and cranberry fruit
worm, among others. This study demonstrates the vast diversity and range of cranberry
populations in two mostly unexplored and underutilized Midwest states. We believe that there
could be many other states that possess wild areas with unique and unexplored populations
that could be excellent targets not only to establish a germplasm collection, but also for
characterization and as in-situ conservation areas.
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Tissue culture wild germplasm from MN and WI collection inventory
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Abstract

Human activities such as urbanization have resulted in many environmental challenges
including the loss of biodiversity. This loss can affect the distribution, diversity, and availability
of crop wild relatives. Many of these wild relatives display more genetic variability than
cultivated varieties, and have been used as a source of useful genes to confer resistance to
biotic and abiotic stress. Vaccinium macrocarpon is one of the few species native to the United
States and Canada with wild relatives still available in nature. Because of all the qualities
exhibited by wild relatives, we studied 35 wild populations of Vaccinium macrocarpon and V.
oxycoccos across their native range using 32 simple sequence repeat (SSR) markers. We found
high levels of heterozygosity for both species across populations and private alleles ranging
from 0 to 16. In V. macrocarpon, we found a total number of 613 alleles and high levels of
heterozygosity (Ho=0.99, H;=0.75). We also observed high numbers of alleles (881) and levels of
heterozygosity (Ho=0.71, Hr=0.80) in V. oxycoccos (4x). The known range of V. macrocarpon
extends west to Minnesota, however, we found a wild V. macrocarpon population in
Washington, indicating there could be more unknown populations in other areas in the western
US. Therefore, exploring new locations and better understanding their genetic diversity and
population structure can help us prioritize conservation. Our results will inform conservation
efforts of the United States Forest Service and aid in the development of policy to protect and

designate diverse and unique areas as in-situ reserves for wild cranberries.

Keywords: cranberry breeding, crop wild relatives, SSR, genetic diversity
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Introduction

Historically, anthropogenic activities such as urbanization and the use of natural landscapes for
cultivation have produced great environmental challenges (Munshi-South et al. 2016).
Examples of these include an unprecedented loss of biodiversity, the eradication of wild
relatives of important food crops, and the reduced abilities of natural populations to endure
stressors, in both short and long terms (Griffin et al. 2009; Engelhardt et al. 2014). The
destruction of the environments that house Crop Wild Relatives (CWR) can result in genetic
erosion or loss of genetic diversity, leading to irreparable damage to the wild genetic resources
that will be necessary to ensure food security (Debnath 2016). Estimators of genetic diversity,
such as number of private alleles; heterozygosity, and population differentiation, can be used
to inform conservation decisions, such as prioritizing protection (Jost et al. 2018). Therefore,
understanding the genetic diversity of wild populations is vital for the future of agricultural

production.

Crop Wild Relatives, aside from being an important part of the ecosystems, can serve as
a resource for crop improvement programs. These wild relatives often display more genetic
variability than their cultivated counterparts, and their evolution in the wild is dynamic, driven
by their interactions with both biotic and abiotic stressors (Greene et al. 2018). Cultivated
plants become more homogenous after several cycles of selection, in an effect known as
“domestication bottleneck,” and in a controlled environment, the ability of cultivated plants to
evolve could be reduced, leaving them vulnerable to emerging threats (Olsen and Gross 2008).

When problems arise in cultivated environments, CWR can be a source of useful genes to cope
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with new challenges, as has been the case of potato wild relatives used to introduce pathogen
resistance into cultivated varieties (Marfil et al. 2015). The use of these resources is constantly
growing in breeding programs, which are using molecular biology to characterize and

incorporate CWR (Khoury et al. 2013).

To protect natural diversity, two main strategies have been used. In-situ conservation (Li and
Pritchard 2009), refers to the preservation of reproducing organisms in nature, specifically in
their native environment (Wang and Zhang 2011). It allows populations to evolve and adapt to
different biotic and abiotic stresses. In this strategy, the whole population is preserved, rather
than individuals. The second strategy, ex-situ conservation, refers to the preservation of
germplasm (i.e., seeds and living plants) in human-made sites, such as gene banks (Wang and
Zhang 2011). It acts as a “backup” for individuals that represent the genetic diversity found in
nature, and helps provide easy access of germplasm for researchers. Some of the constraints of
ex-situ conservation are the cost, time, and difficulty of maintaining the material. Also, plants
collected represent only genetic adaptation exclusive to the location and the point in time it
was collected, and in vitro plants are not able to evolve under natural conditions (Greene et al.
2018). The United States and Canada contain only about 7% of the world’s flora. A few of these
plants are wild relatives to cultivated crops, including sunflowers, blueberries, and cranberries

(Khoury et al. 2013).

The American cranberry (Vaccinium macrocarpon) is a diploid perennial species with a natural
distribution ranging from Newfoundland to the Appalachian Mountains and extending to

Minnesota (Song and Hancock 2011). In the US, the cranberry industry is valued at around $3.5
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billion. This value increases each year due to the high demand for cranberry products,
particularly innovative products such as pills, sweetened and dried cranberries, wine, and
sparkling water (Alston et al. 2014). This increase in demand is in part due to high nutritional
and antioxidant properties of cranberry, including the highest antioxidant profile among other
fruits such as grapes and blueberries (Yan et al. 2002; McKay and Blumberg 2007; Brown et al.
2012). Thus, breeding programs are actively searching for large collections of wild cranberries
and closely-related species to serve as gene banks, or “libraries,” of desirable traits. Cranberry
breeding programs aim to develop new and improved cultivars with increased fruit quality,
nutrition, and sugar content, coupled with enhanced environmental adaptations such as cold

tolerance.

Vaccinium oxycoccos is morphologically very similar to cultivated cranberry and grows as a
small, evergreen, perennial vine. The species is mostly tetraploid, but can also be diploid, which
is known as V. microcarpum, or hexaploid, which is known as V. hagerupii (Porsild, 1938;
Hagerup, 1940; Bruederle et al., 1996; Mahy et al., 2000). The species produces small, over-
wintering berries that have a similar flavor to cultivated cranberry, but exhibit superior
antioxidant profile and cold hardiness (Vander Kloet 1988; Jacquemart 1997; Brown et al.
2012). As the closest relative to the cultivated cranberry, V. oxycoccos has great potential for
interspecific crosses to transfer desirable traits. Particularly, since V. oxycoccos has a
circumboreal distribution and is adapted to growing in higher latitudes and enduring harsher
winters than V. macrocarpon (Areskevicitté et al. 2006), the species could be an excellent
source of cold hardiness genes, as is the case of wild relatives in rice (Mao et al. 2015; Shakiba

et al. 2017) and potato (Hamernik et al. 2009).
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In the US, little has been done to analyze and understand the wild genetic diversity of native
crops such as cranberry species, i.e., V. oxycoccos and V. macrocarpon. Knowledge about the
state and distribution of genetic diversity in the wild will allow the development of efficient
conservation strategies to protect and utilize wild genetic resources that may harbor valuable
pockets of diversity. For this reason, in collaboration with the USDA and the Forest Service, this
project provides the most comprehensive analysis of the state of the genetic diversity of wild
cranberries ever conducted using Simple Sequence Repeats (SSR) markers. SSR markers have
been identified across many plant species, and some have been used to analyze diversity in
different crops, such as apple (Hokanson et al. 2001), melon (Fukino et al. 2007), papaya (Asudi
et al. 2013), cranberry (Zalapa et al. 2015), and sweet potato (Rodriguez-Bonilla et al. 2014).
Results from genetic diversity analysis have provided sufficient information to aid conservation
efforts in several species, such as Borderea chouardii, an endangered plant from Spain (Segarra-
Moragues et al. 2005), as well as wild accessions of corn in Mexico (Louette et al. 1997) and

wild potatoes in Argentina (Marfil et al. 2015).

In cranberry, there is a need to understand the genetic diversity of wild populations in their
native range. Our aim is to gain knowledge about the genetic diversity and population structure
of these species to help guide and stimulate the conservation of natural sources of wild
cranberries. To best conserve the full range of genetic variation of wild cranberries, we have
identified several populations in national forests across the species’ native range in order to
assess the amount of diversity present and then implement long-term management plans to
designate in-situ reserves in National Forests, as well as ex-situ conservation in the US National

Germplasm System.
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Materials and Methods

1. Plant Materials
Online herbarium records were searched for known populations of V. macrocarpon and V.
oxycoccos on United States Forest Service National Forests throughout the United States.
Scientific staff at the National Forests provided additional information on locations of
populations. The collection sites ranged from a small seep (14 m?) to large bogs and fens
covering hundreds of thousands of square meters. In the eastern US, V. macrocarpon and V.
oxycoccos were often found growing together on the same site. In the western US, all
populations were V. oxycoccos, except one that was determined to be V. macrocarpon.
Samples were collected by Agricultural Research Service employees, usually accompanied by

USFS personnel, or in a few cases by USFS personnel working alone.

Multiple samples of leaf tissue were collected at each site. Each sample was an upright (i.e.,
reproductive branch) or a runner (i.e., vegetative branch) containing at least 20 leaves from a
single plant. When found together at the same site, V. macrocarpon and V. oxycoccos were
sampled separately. Following the technique utilized by Zalapa et al. (2015), samples for each
species were collected at least 5 m apart to reduce the likelihood of collecting the same clone
more than once. As much as possible the entire population was covered by taking samples in a
grid pattern. Latitude and longitude were determined for each sample and recorded on the

paper coin envelope. All samples for each site were placed in large paper envelope.

Each collection site was documented with location, physical characteristics, associated species,

and descriptions of the populations and plants being sampled (available upon request).
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Latitude, longitude and altitude were recorded using a Garmin GPSMAP 64st or other global

positioning unit and /or altimeter (Table 1).

Herbarium vouchers were deposited in the USDA National Arboretum in Washington, D.C. and

the USDA National Germplasm Repository in Corvallis, Oregon.

2. DNA Extraction
Genomic DNA extractions were performed using leaf tissue per a CTAB method (Doyle and
Doyle 1987) modified in our laboratory to isolate high quality, clean DNA. A total of, 10-20mg of
frozen tissue were ground by hand using liquid nitrogen and transferred to a 2.0mL tube, and
700uL of 2% CTAB extraction buffer [20 mM EDTA, 0.1 M Tris-HCl pH 8.0, 1.4 M NaCl, 2%CTAB]
was added and mixed by inversion. The solution was then incubated at 65 °C for 45 min. After
incubation, 400 pL of a chloroform-isoamyl alcohol (24:1) solution was added to the tubes and
gently mixed by inversion. Samples were then centrifuged for 5 min at 14,000 rpm, 500 pL of
the supernatant was transferred to a fresh 1.5mL tube containing 50uL of 10% CTAB buffer and
mixed by inversion. 750uL of cold isopropanol (100%) was added, and then samples were
incubated from 2 to 48 hours at a temperature of -20°C. Samples were gently mixed by
inversion and centrifuged at 14,000 rpm for 20 min. After centrifugation, the supernatant was
discarded, and the resulting pellet was air-dried for 5 minutes. The pellet was then washed with
700 pL of cold 70% ethanol to clean the DNA. The solution was then vortexed and centrifuged
at 14,000 rpm for 4 min, the ethanol was discarded, and the pellet was air-dried for 24 hours.
The DNA was then re-suspended in 100 pL TE 10:1 buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA

pH 8.0) plus 5 pL of ribonuclease (RNAse 10 mg mL-1) in each tube, and was incubated at 37 °C
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for 2 hours prior to storage at -20°C. DNA was then quantified using a Nanodrop ND-1000
spectrophotometer. Samples were then diluted to 10ng/uL with deionized distilled water for

simple sequence repeat (SSR) amplifications.

3. SSR Markers and Multiplex PCR Conditions
A total of 32 markers previously designed and assessed for transferability between V.
macrocarpon and V. oxycoccos were used in this study (Schlautman et al. 2015; Rodriguez-
Bonilla et al. 2019; Supplementary Materials). Markers proven to have a consistently clear
pattern of amplification across species were chosen, and at least two markers per cranberry

linkage group were selected.

The multiplex panels were designed by developing SSR primer-pairs. These pairs were clustered
into combinations of one to three markers, considering non-overlapping allele ranges and
annealing temperatures based on previous studies (Rodriguez-Bonilla et al. 2019; Schlautman

et al. 2015a; Zhu et al. 2012; Georgi et al. 2012; Schlautman et al. 2017).

To boost the potential of our combinations and maximize resources for our fragment analysis,
each reaction was combined with four PCR multiplex reactions and a fluorescent dye (M13-
FAM, HEX, NED, or PET labeled primers). The forward primers were designed with the M13
sequence (5-CACGTTGTAAAACGAC-3) for fluorescent labeling of PCR products (Schuelke 2000),
and the PIG sequence (5-GTTTCTT-3) was attached to the reverse primers to promote full
adenylation of SSR fragments during PCR (Brownstein et al. 1996). The development of primers
with an attached M13 sequence and a fluorescently labeled M13-tail is more cost-effective

than using direct fluorescent primer labeling (Guichoux et al. 2011) By not using this direct
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fluorescence, we are able to create any marker combinations and indirectly label them with any
fluorescence needed. PCR Reactions contained 3.5ul of 1x Jumpstart RedTaq Ready Mix (Sigma,
St. Louis, MO, USA), 2.0 ul of 10 ng/ul DNA, 0.5 pL of 5 uM forward primer, 0.5 pL of 50 uM
reverse primer, and 0.5 pL of 0.5 uM M13-FAM, M13-HEX, M13-NED and M13-PET primer. The
1.5 ul of forward and reverse primer was divided by the number of multiplexed SSRs (i.e. 1uL or
0.75 pL of forward and reverse primer mix from each SSR were added when 3 or 4 markers
were multiplexed together, respectively). Thermocycling conditions consisted of 94°C for 3 min,
[94°C 15s, 55°C for 1 min, 72°C for 2 min] x 33, 72°C for 30 min, 4 o=. PCR products were
visualized on a 1% agarose gel, and then 1 to 3 pL of multiplexed PCR product from each of the
four M13 dyes were pooled using the DY632 ladder from BioVentures, Inc. A total of 25 pul in
1,500 pl of formamide (Hi-Di Formamide from Life Technologies) were added per plate of 96
wells. The poolplexed mixture was sent to the University of Wisconsin-Madison Biotechnology
Center DNA sequencing facility for fragment analysis using an ABI 3730 fluorescent sequencer
(Applied Biosystems, Foster City, CA, USA). Allele genotyping was performed using GeneMarker

v2.63 (SoftGenetics LLC, State College, PA, USA).

4-Data Analysis

The allelic information obtained from the genotyping was formatted as a GenAlEx (Peakall and
Smouse 2012) input file. This file was then converted to a geneclone object to run in the R
statistical software (R Core Team 2018) package Population Genetics in R (poppr) (Kamvar et al.
2014) to estimate the observed number of private alleles (PA). Calculations of genetic diversity

statistics, such as number of alleles, Ho, G'st(Nei), and G5, as well as a Principal Component
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Analysis (PCA) per species, were obtained from the software GenoDive (Meirmans and Van
Tienderen 2004). To visualize the PCAs, the package ggplot2 was used (Wickham 2011). For the
dendrograms, the R stats package (R Core Team 2018) was used to obtain Euclidean genetic
distance and clustering. The dendrograms were then visualized using the packages dendextend
(Galili 2015) and circlize (Gu et al. 2014). Population structure analysis was performed using the
Structure 2.3.4 with K’s 1 to 36, 150,000 MCMC (Markov Chain Monte Carlo), and 50,000 burn-
in period (Pritchard et al. 2000). The estimations of deltaK were obtained with Structure
Harvester (Evanno et al. 2005; Earl and vonHoldt 2012). Data obtained from structure was
processed and visualized using the R package pophelper 2.2.9 (Francis 2017). To geographically

visualize our forest locations we used the package maps (Becker et al. 2013).

Figl. Map depicting the locations of the national forests used as collection sites for wild

cranberries (Vaccinium macrocarpon and V. oxycoccos)

Locations of wild V. macrocarpon and V. oxycoccos populations across the United States
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Table 1. Description of sample collection locations for cranberries (Vaccinium macrocarpon and

V. oxycoccos)

Pop Code

#

2 GPVA

3 JBCTN
4 OBCTN
5 BBKPNC
6 IGSPNC
7 BRBWV
8 RRBWV
9 BeRBWV
10 LRLSMN
11 SPBMI
12 ALCNWI
13 ANFP

Species

V. macrocarpon

V. macrocarpon

V. macrocarpon

V. macrocarpon

V. macrocarpon

V. macrocarpon &
V. oxycoccos

V. macrocarpon &
V. oxycoccos

V. macrocarpon &
V. oxycoccos

V. macrocarpon &
V. oxycoccos

V. macrocarpon &
V. oxycoccos

V. macrocarpon &
V. oxycoccos

V. macrocarpon

State

Virginia

Tennessee

Tennessee

North Carolina

North Carolina

West Virginia

West Virginia

West Virginia

Minnesota

Michigan

Wisconsin

Pennsylvania

Area

George Washington
National Forest

Cherokee National
Forest

Cherokee National
Forest

Pisgah National
Forest

Pisgah National
Forest

Monongahela
National Forest

Monongahela
National Forest

Monongahela
National Forest

Superior National
Forest

Keweenaw Bay
Indian Community

Chequamegon-
Nicolet National
Forest

Allegheny National
Forest

Location

Green
Pond

John's Bog

Osborne
Bog

Black
Balsam
Knob

Investor
Gap Seep

Big Run
Bog

Red Run
Bog

Bear Rocks
Bog

Little Rice
Lake

Sand Point
Bog

Atkins Lake

Allegheny
National

Latitude

37.94087

36.52908

36.48826

35.32943

35.34345

39.11805

39.07227

39.06535

47.70847

46.79143

45.64951

41.81581

Longitude

-79.0526

-81.964

-81.9652

-82.8782

-82.8697

-79.5845

-79.4784

-79.3051

-92.4411

-88.4669

-89.0397

-78.7341

Regional

Group

East

East

East

East

East

East

East

East

Central

Central

Central

East



14

15

16

17

18

19

20

21

22

23

RLSNMN

CLSNMN

GLCNWI

PERLOMI

SCHMI

NHHMI

WFRHMI

ESHHMI

CG1IMWV

CG7MWV

V. oxycoccos

V. macrocarpon

V. macrocarpon &
V. oxycoccos

V. macrocarpon &
V. oxycoccos

V. macrocarpon &
V. oxycoccos

V. macrocarpon

V. oxycoccos

V. oxycoccos

V. macrocarpon &
V. oxycoccos

V. oxycoccos

Minnesota

Minnesota

Wisconsin

Michigan

Michigan

Michigan

Michigan

Michigan

West Virginia

West Virginia

Superior National
Forest

Superior National
Forest

Chequamegon-
Nicolet National
Forest

Ottawa National
Forest

Hiawatha National
Forest

Hiawatha National
Forest

Hiawatha National
Forest

Hiawatha National
Forest

Monongahela
National Forest

Monongahela
National Forest

Forest

Rice Lake

Cranberry
Lake

Glocke
Lake

Pond east
of Raven
Lake

South side
FR2268 to
east of
H94, 0.
miles south
of Stutts
Creek
crossing

North of
Haywire
Trail,
unmarked
two track
West of
Highway 94

West Side
of FR13,
north of
FR2447

East Side of
Highway
13, north
of FR2020

Cranberry
Glades 1

Cranberry
Glades 7

47.56709

47.51161

45.33362

46.22302

46.29175

46.29177

46.1807

46.06647

38.19939

38.20603

-92.3689

-92.0166

-88.5702

-89.4389

-86.455

-86.454

-86.4242

-86.6438

-80.272

-80.2773

Central

Central

Central

Central

Central

Central

Central

Central

East

East
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24

25

26

27

28

29

30

31

32

33

34

35

36

CG5MWV

CGAMWV

UILCWWI

CPMHWOR

QIROPWA

GPSPWA

MHLCMOR

GPMMWA

OCBVWA

IPHLWA

OWFLBWA

IPHLID

MBSWA

V. macrocarpon

V. oxycoccos

V. macrocarpon

V. oxycoccos

V. oxycoccos

V. oxycoccos

V. oxycoccos

V. oxycoccos

V. oxycoccos

V. oxycoccos

V. macrocarpon

V. oxycoccos

V. oxycoccos

West Virginia

West Virginia

Wisconsin

Oregon

Washington

Washington

Oregon

Washington

Washington

Idaho

Washington

Idaho

Washington

Monongahela
National Forest

Monongahela
National Forest
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Results

Exploring the genetic relationships of wild cranberries across their native range

Species of the section Oxycoccos of the genus Vaccinium, cranberries (V. macrocarpon) and
small cranberries (V. oxycoccos), can colonize some of the same environments, although V.
oxycoccos also has a circumboreal distribution that extends to Canada and across Northern
Europe and Asia. Since these plants can coexist together in our collection sites in the US, and it
sometimes can be difficult to differentiate the two species, we explored their genetic
relationships using a dendrogram based on Euclidean genetic distance using a UPGMA
clustering method. We found both species separate clearly into two main groups, and all the
filed classifications made by botanist collectors were correct (Fig.2 A). The UPGMA tree
contained one branch with all the accessions identified in the field as V. oxycoccos, and another
branch with all the V. macrocarpon individuals. Interestingly, no wild V. macrocarpon
populations have ever been reported west of Minnesota, but our field classification identified a
population in Washington state as V. macrocarpon, which was corroborated by the genetic
analysis. To confirm our findings, a PCA of all the populations was produced, in which we also
saw a clear separation between the two species (Fig. 2 B). In the PCA, we saw that in the V.
macrocarpon accessions there is a clearer spatial grouping among species from east (TN, NC,

PA, WV), central (WI, MI, MN), and west (OR, WA, ID).
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Fig2. Wild cranberry (Vaccinium macrocarpon and V. oxycoccos) species separation based on

genetic distance

A- Dendrogram based on Euclidean genetic distance using B- PCA of V. macrocarpon and V. oxycoccos populations in the US
UPGMA Clustering of V. macrocarpon and V. oxycoccos
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An overall comparison of genetic diversity estimators among all the individuals of the two
species demonstrated high levels of heterozygosity. Observed heterozygosity levels ranged
from 0.71 to 0.99 (Ho), total heterozygosity (H;) values ranged from 0.75 to 0.80, and
heterozygosity within populations (H<) ranging from 0.51 to 0.72 between species (Table 2). V.
oxycoccos had the highest number of alleles with a total of 881 alleles (n = 539) and a mean
value of alleles per locus of 27.51. Also, V. oxycoccos had low levels of inbreeding, as
demonstrated by the Gis value of 0.02, as well as a low fixation index (0.09). Overall, V.
macrocarpon had a mean value of 19.15 alleles per locus and a total of number of alleles of 613
(n =388). V. macrocarpon also exhibited low levels of inbreeding (Gis -0.09), but higher values

of the fixation index (0.33) than V. oxycoccos (Table 2).



96

Table 2. Genetic diversity statistics per cranberry species (Vaccinium macrocarpon and V.

oxycoccos)
V. oxycoccos V. macrocarpon

Total alleles 881 613

N! 539 388

Num? 27.51 19.15

Ho® 0.71 0.99

Hs* 0.72 0.51

Ht 0.80 0.75

Gis® 0.02 -0.95

G'st(Nei)’ 0.09 0.33

1- Number of samples, 2- Mean number of alleles, 3- Observed heterozygosity, 4- Heterozygosity within populations, 5- Total

heterozygosity, 6- Inbreeding Coefficient, 7- Nei’s fixation index.

When analyzing the number of private alleles per population, we found that the value ranged

from 0 to 16. Populations such as Little Rice Lake in Superior National Forest in MN (13),
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Cranberry Glades Site 1 in Monongahela National Forest in West Virginia (16), Little Crater
Meadow in Mount Hood National Forest in Oregon (15), and Fish Lake Bog in Okanogan-
Wenatchee National Forest in Washington (13) possessed the highest numbers of private

alleles among the populations analyzed (Fig. 3).

Fig 3. Number of private alleles per population of wild cranberries (Vaccinium macrocarpon and

V. oxycoccos)
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Genetic diversity estimators and population structure of V. macrocarpon

We found that the number of alleles per population ranged from 2 to 6.4 in V. macrocarpon.
Also, we observed high levels of all genetic diversity estimators (Ho, Hs, Ht), ranging from 0.21
to 1. Meanwhile, levels of inbreeding were very low, varying from -1 to -0.46 (Table 3). The
majority of the populations exhibited large values of observed heterozygosity, but low levels of

within population heterozygosity.

Table 3. Genetic diversity statistics per population of Vaccinium macrocarpon

Population N? Num? Ho? Hs* Ht Gis®

2-GPVA 11 3.25 1 0.43 0.43 -1.28
3-JBCTN 16 231 1 0.23 0.23 -3.20
4-0BCTN 7 2.4 1 0.33 0.33 -2.01
5-BBKP NC 6 2 1 0.21 0.21 -3.58
6 - IGSP NC 15 2.2 1 0.33 0.33 -2.03
7 - BRB WV 18 4.10 0.99 0.55 0.55 -0.79

8 - RRB WV 24 573 0.99 0.66 0.66 -0.48



9 - BeRB WV

10 - LRLS MN

11 -SPB Ml

12 - ALCN WI

13 - ANF PA

15 - CLSN MN

16 - GLCN WI

17 - PERLO MI

18 - SCH Ml

19 - NHH Ml

22 - CGIM WV

24 - CG5M WV

26 - UILCN WI

20

31

21

38

25

21

17

31

15

16

14

NA

4.46

7.156

5.31

3.45

4.64

5.37

4.75

6.40

3.96

NA

5.34

6.06

NA

NA

0.99

NA

0.55

0.68

0.62

0.52

0.60

0.60

0.51

0.63

0.51

NA

0.62

0.66

NA

0.55

0.68

0.62

0.52

0.60

0.60

0.51

0.63

0.51

NA

0.62

0.66

NA

-0.81

-0.46

-0.60

-0.89

-0.65

-0.66

-0.93

-0.56

-0.94

NA

-0.58

-0.49

99
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35 - OWFLB 35 3.12 0.97 0.48 0.48 -1

WA

1- Number of samples, 2- Mean number of alleles, 3- Observed heterozygosity, 4- Heterozygosity within populations, 5-

Total heterozygosity, 6- Inbreeding Coefficient.

A PCA was performed to understand the genetic relationships of the populations (Fig. 4). We
saw a clear differentiation between the samples from Fish Lake Bog in Okanogan-Wenatchee
National Forest in WA (34-OWFLBWA), which were genetically identified as V. macrocarpon in
the Euclidean distance dendrogram, and the other locations. We observed a separation
between central and eastern locations. We also observed a large clustering spread in the PCA
among the eastern populations, which have been historically considered the most ancient

populations of V. macrocarpon (Stewart et al. 1995).


https://paperpile.com/c/INrRho/DgwyV
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Fig 4. PCA of Vaccinium macrocarpon wild populations

PCA of V. macrocarpon wild populations

Location
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Structure analysis was performed to visualize population clustering (Fig.5). Based on Evanno’s
deltakK, we found that K=16 was the most likely number of populations based on our data
(Evanno et al. 2005; Earl and vonHoldt 2012), with the majority of the clusters forming based on
geographical locations. Populations from West Virginia formed distinct clusters (WV-7, WV-8,
and WV-(22-25)), and we observed similar patterns for populations from Minnesota (MN-10,
MN-15), Wisconsin (WI-12, WI-16, WI-26), and Michigan (MI-11, MI-17,MI-18), with population

MI-18 (Hiawatha National Forest) being highly admixed (Tablel, Fig 5.).


https://paperpile.com/c/INrRho/xrQgt+GT7Sy
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Fig 5. Structure analysis of Vaccinium macrocarpon populations (K=16)
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Genetic diversity estimators and population structure of V. oxycoccos

The number of alleles per population for V. oxycoccos ranged from 2 to 11. The levels of
heterozygosity for all three indexes (Ho, Hs, Hy) ranged from 0.45 to 1 while the levels of
inbreeding (G;s) ranged from -0.31 to 0.23 (Table 4). The populations with the highest diversity
indexes for V. oxycoccos were Pond East of Raven Lake (17 - PERLO MI) located in Ottawa
National Forest in Michigan, and Glocke Lake in Chequamegon-Nicolet National Forest (16)

(Table 1).

Table 4. Genetic diversity statistics per population of Vaccinium oxycoccos

Population N! Num® Ho’ Hs* Ht Gis®

7 - BRB WV 19 6.43 0.75 0.73 0.73 -0.02
8 - RRB WV 10 4.75 0.72 0.83 0.83 0.12
9 - BeRB WV 26 8.12 0.64 0.74 0.74 0.12
10 - LRLS MN 20 8.81 0.69 0.74 0.74 0.06

11 -SPB Ml 32 11.32 0.69 0.77 0.77 0.10



12 - ALCN WI

14 - RLSN MN

16 - GLCN WI

17 - PERLO Ml

18 - SCH Ml

20 - WFRH Ml

21 - ESHH M

22 - CGIM WV

23 -CG7TM WV

25 - CGAM WV

27-CPMHW OR

28 - QIROP WA

29 - GPSP WA

30-MHLCM OR

31-GPMM WA

32-OCBVWA

33 - IPHLWA

35-IPHLID

36 - MBS WA

23

19

20

16

16

24

25

30

16

20

49

24

49

16

29

13

19

15

11

9.16

9.81

9.06

6.5

9.65

9.65

10.32

8.78

9.93

7.25

4.66

9.45

6.25

5.06

9.54

2.71

4.78

4.96

0.70

0.70

0.79

0.80

0.73

0.74

0.75

0.74

0.77

0.75

0.68

0.45

0.75

0.70

0.76

0.71

0.67

0.72

0.71

0.77

0.78

0.79

0.77

0.70

0.77

0.76

0.76

0.76

0.77

0.65

0.59

0.69

0.66

0.69

0.68

0.51

0.64

0.65

0.77

0.78

0.79

0.77

0.70

0.77

0.76

0.76

0.76

0.77

0.65

0.59

0.69

0.66

0.69

0.68

0.51

0.64

0.65

0.09

0.10

-0.00

-0.03

-0.03

0.03

0.01

0.01

-0.01

0.02

-0.05

0.23

-0.08

-0.07

-0.11

-0.03

-0.31

-0.11

-0.10

1- Number of samples, 2- Mean number of alleles, 3- Observed heterozygosity, 4- Heterozygosity within populations, 5- Total

heterozygosity, 6- Inbreeding coefficient.
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Fig 6. PCA of Vaccinium oxycoccos wild populations

PCA of V. oxycoccos wild populations
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A PCA was constructed to observe any groupings among V. oxycoccos samples (Fig. 6). As in the
V. macrocarpon PCA (Fig. 4), we observed a clear geographical separation among the samples
from the west, central and eastern locations. The distribution of the PCA was closer than the
one observed for V. macrocarpon, suggesting a closer relationship among V. oxycoccos

individuals.

We performed a population structure test of the V. oxycoccos populations to analyze if any
other grouping was occurring and found that K=2 is the best clustering representation for this

group (Fig. 7). The two clusters consisted of all the accession collected in eastern and central US
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and those collected in the Western US, with populations Quinault Indian Reservation (28-QIROP

WA) and Idaho Panhandle National Forest (35-IPHLID) showing some levels of admixture.

Fig 7. Structure analysis of Vaccinium oxycoccos populations (K=2)
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Discussion

Historically, the use of CWR for breeding has been crucial to advance crop production. Wild
relatives of corn, wheat, cassava, banana, and other crops have contributed multiple traits,
such as disease and abiotic stress tolerance for cultivar development (Hajjar and Hodgkin
2007).. Yet, very little is known about the state of the genetic diversity of wild cranberry
populations across their native range. For example, in cranberry, problems such as frost risk
(Roper and Vorsa 1997) and cranberry fruit rot (Physalospora vaccinii) can severely affect
production (Gallardo et al. 2018). In order to confront climate change and other emerging
challenges while increasing yield and producing quality fruit, we need to truly understand and
safeguard cranberry genetic resources, both ex-situ and in-situ, which may hold genetic

variation to help overcome challenges faced by the industry.


https://paperpile.com/c/INrRho/vIymV
https://paperpile.com/c/INrRho/vIymV
https://paperpile.com/c/INrRho/dzM7t
https://paperpile.com/c/INrRho/CeLaU
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Exploring the genetic relationships of wild cranberries across their native range

In nature, V. macrocarpon can be found growing sympatrically with V. oxycoccos, its wild
relative (Vander Kloet 1983). Therefore, we investigated how samples from wild populations
grouped based on genetic distance and morphological identification, which was of interest as
some populations had both species present at the same location (Table 1). To observe these
relationships, we performed a dendrogram using Euclidean distance with UPGMA clustering. In
Fig. 2 A, we observed two main clusters, one which contained all V. oxycoccos individuals and
one that encompassed all V. macrocarpon samples. To further corroborate our results, a PCA
was developed and we observed similar results depicting species separation as well as some
geographical clustering (Fig. 2 B). Clear separation between the two species has been previously

observed using AFLP (Smith et al. 2015) and SSR markers (Zalapa et al. 2015).

Genetic parameter estimates for V. macrocarpon and V. oxycoccos showed very high
levels of heterozygosity (Ho, Hr, Hs), ranging from 0.5 to 0.9 (Table 2). These findings are
comparable to those found by Zalapa et al. (2015) and Rodriguez-Bonilla et al. (2019), who
found high levels of heterozygosity ranging, from 0.5 to 0.8, in wild populations in Wisconsin
and Minnesota. Furthermore, these results are supported by cranberry biology, which favors
outcrossing through dichogamy and inbreeding fertility reduction (Bruederele et al., 1996).
Moreover, natural hybridization can result in new genetic combinations due to chance
seedlings (Llacer et al. 2003). Polyploidy offers another source of diversity for V. oxycoccos, as in
other polyploid crops including cassava and sweet potato (Montero-Rojas et al. 2011;

Rodriguez-Bonilla et al. 2014). We also found that V. macrocarpon exhibited a much higher


https://paperpile.com/c/INrRho/gYnlW
https://paperpile.com/c/INrRho/EU9JP
https://paperpile.com/c/INrRho/YK2KO+CKGMf
https://paperpile.com/c/INrRho/YK2KO+CKGMf
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fixation index (0.4) and population structure compared to V. oxycoccos (0.09), which was highly
panmictic (Balloux and Lugon-Moulin 2002). Many authors believe that some populations of V.
macrocarpon are relics of the Pleistocene Ice Age, and therefore more differentiation among

populations is expected (Stewart 1993; Stewart et al. 1995; Bruederele et al., 1996).

Insight into the genetic diversity of wild populations of V. macrocarpon

Our results demonstrate that wild populations of V. macrocarpon harbor greater diversity than
previously observed in other studies using markers such as RAPDs and allozymes (Novy and
Vorsa 1995; Stewart and Excoffier 1996; Mahy et al. 2000). Codominant markers such as SSRs
have proven to provide great insight into the genetic diversity of several species including rice
(Kalyan Chakravarthi and Naravaneni 2006), lima bean (Montero-Rojas et al. 2013), and sweet

potato (Rodriguez-Bonilla et al. 2014).

In our study, most populations of V. macrocarpon exhibited high levels of genetic
diversity, low levels of inbreeding, and moderate levels of within-population heterozygosity
(Table 3). Zalapa et al. (2015), Schlautman et al. (2018) and Rodriguez- Bonilla et al. (2019) also
found considerably high levels of heterozygosity and low levels of inbreeding in wild
populations found in Wisconsin and Minnesota. Other diploid species such as roses have also
been found to be highly heterozygous for a diploid organism (Raymond et al. 2018). In
cranberries, like in other crops such as cassava, the outcrossing preference and the production
of chance seedlings in nature likely contributes to the preservation of high levels of genetic

diversity in wild populations (Bruederle et al. 1996; Fregene et al. 2003).


https://paperpile.com/c/INrRho/LBBtz
https://paperpile.com/c/INrRho/aBsoC+DgwyV
https://paperpile.com/c/INrRho/DgF8b+dWa91+l65br
https://paperpile.com/c/INrRho/DgF8b+dWa91+l65br
https://paperpile.com/c/INrRho/qklkU
https://paperpile.com/c/INrRho/vQ4Sl
https://paperpile.com/c/INrRho/7Son
https://paperpile.com/c/INrRho/nMWCT+r3H3K
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We identified three main PCA clusters: one containing the accessions from western US,
one containing accessions from eastern US, and one composed of all central US accessions (Fig
4). To further explore the structure of these populations, we performed a cluster analysis, for
which K=16 was our best K based on Evanno’s deltak method (Evanno et al. 2005) (Figure 5).
These results were expected based on the result obtained from the fixation index (0.3).
Structure results showed a more in-depth differentiation of populations than observed in the
PCA. We identified several populations from the same state that clustered separately, as was
the case of populations found in WV, WI, MI, and MN (Fig. 5). These results suggest that these
locations, although still genetically similar, have undergone genetic differentiation, potentially

caused by isolation by distance (Van Strien et al. 2015).

V. macrocarpon is thought to be distributed mostly in the eastern US and Canada and
found only as far west as Minnesota. However, we found a population in the Okanogan-
Wenatchee National Forest in Washington (35 - OWFLBWA), which upon field visual inspection,
appeared to be V. macrocarpon (Vander Kloet 1988). We genetically confirmed that the 35 -
OWEFLB population was V. macrocarpon. The population clearly clustered away from V.
oxycoccos and with V. macrocarpon in the combined analysis (Fig. 2 A and B). Clustering in the
V. macrocarpon analysis separated the 35 - OWFLB population almost completely from the rest
of the populations. Cranberry cultivation is very localized in Washington, and the 35 - OWFLB
population was very isolated and not near any commercial or cultivated marshes. Additionally,
the 35 - OWFLB population was well-differentiated with vast diversity and unique alleles.
Therefore, the 35 - OWFLB population is likely not derived from cultivated cranberries derived

from east or central wild populations. In terms of the origin of 35 - OWFLB, a recent organellar


https://paperpile.com/c/INrRho/xrQgt
https://paperpile.com/c/INrRho/jze7s
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genome sequencing study of V. macrocarpon and its wild relative V. microcarpum (the diploid
form of V. oxycoccos) demonstrated that an Alaskan accession of V. microcarpum shared near
identical organellar genomes with the cultivated cranberry (Diaz-Garcia et al. 2019). One theory
to explain this finding is that V. microcarpum from Alaska is the progenitor of cultivated
cranberries. According to this idea, the expansion of V. microcarpum to the North East
happened through the North American ice-free corridor during the deglaciation periods. This
expansion possibly involved human, wildlife, or even water-mediated movement of plants and

seeds through the ice-free corridor (Heintzman et al. 2016).

This is the first report of a unique wild V. macrocarpon population west of Minnesota in the US.
The existence of a V. macrocarpon population outside of the known native range of the species
indicates that there could be other populations in the western bogs of Oregon, Washington,
Idaho, and other locations. If V. macrocarpon expanded from northern areas such as Alaska
through the North American ice-free corridor, the range of V. macrocarpon could have been
widespread at one point. As the glaciers receded and environmental changes ensued, making
the West arid and uninhabitable for V. macrocarpon, populations in eastern and central US and
Canada could have found desirable habitats to colonize and expand in. In conclusion, regardless
of origin, our findings indicate that V. macrocarpon populations are more widespread than
previously believed and could be present in western locations of the US and Canada, and higher

latitudes than previously believed.


https://paperpile.com/c/INrRho/hQaH
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Insight into the genetic diversity of wild populations of V. oxycoccos

Wild populations of V. oxycoccos exhibit high levels of heterozygosity and alleles per population
and low levels of inbreeding. In comparison to V. macrocarpon, V. oxycoccos had higher levels
of within-population heterozygosity and total heterozygosity (Table 4). The PCA obtained
showed good separation among accessions from the different geographical areas, although the
grouping seemed closer together than for V. macrocarpon (Fig. 6). Similar results were obtained
in a study of European V. oxycoccos, in which they observed great genetic variability among two
populations. Studies of wild populations of V. oxycoccos in Wisconsin and Minnesota found
comparable levels of heterozygosity, ranging from 0.7 to 1, and low levels of inbreeding

(Rodriguez-Bonilla et al. 2019).

To better understand the population structure present in V. oxycoccos, we performed a
structure analysis with K=2 based on Evanno’s deltaK (Evanno et al. 2005) (Fig. 7). This analysis
showed a clear geographical separation between the east and central populations, and the
western populations, but further differentiation was not observed as expected from the
obtained fixation index (0.09). Similar structure has been observed before in switchgrass
ecotypes from different regions clustered based on geographical distribution (Zhang et al.
2011). We observed some levels of admixture in individuals from populations located in
Quinault Indian Reservation (28-QIROP WA) and Idaho Panhandle National Forest (35-IPHLID).
These results could be due to potential human plant exchange or migrating birds spreading

seeds west.


https://paperpile.com/c/INrRho/xrQgt
https://paperpile.com/c/INrRho/kqIuK
https://paperpile.com/c/INrRho/kqIuK
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Implications for the conservation and designation of in-situ reserves for wild cranberries

Plants provide humans with fuel, medicine, and food, but excessive habitat destruction
constantly threatens their environments (Khoury et al. 2019). Because of this, science-based
policy to protect crop wild relatives is needed moving forward. With that in mind, our goal was
to understand the genetic variation of wild cranberries in National Forests across their native
range. This would provide the USDA-ARS and USDA Forest Service with the genetic information

needed to designate in-situ genetic resources reserves for two species of wild cranberries.

We looked at three diversity and uniqueness indicators: private alleles, heterozygosity, and
population structure, since most populations exhibited low levels of inbreeding. Private alleles
are those found in one population among a group of populations, and are a great measurement
of uniqueness, and therefore important for us to base our recommendations (Szpiech and
Rosenberg 2011). We looked at the populations with the highest number of private alleles and
found that Little Rice Lake in Superior National Forest in Minnesota (10-LRLSMN), all Cranberry
Glades sites in Monongahela National Forest in West Virginia (22-CG1IMWYV, 23-CG7TMWYV, 24-
CG5MWYV, 25-CG4MWYV), Little Crater Meadow in Mount Hood National Forest in Oregon (30-
MHLCMOR), Fish Lake Bog in Okanogan-Wenatchee National Forest in Washington (34-
OWFLBWA), Upper Island Lake in Chequamegon-Nicolet National Forest in Wisconsin (26-
UILCWWI), and South Prairie in Gifford Pinchot National Forest in Washington (29-GPSPWA)
had the highest numbers (Fig. 3). These populations also demonstrated high levels of genetic

variation based on their heterozygosity values for one or both species (Table 3, Table 4).


https://paperpile.com/c/INrRho/zl88d
https://paperpile.com/c/INrRho/KL6Tb
https://paperpile.com/c/INrRho/KL6Tb
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However, for populations like Cranberry Glades (22-CGIMWYV, 23-CG7TMWYV, 24-
CG5MWYV, 25-CG4AMWYV), a more thorough collection of V. macrocarpon individuals would be
desirable, as we had low numbers of samples (Fuerst and Maruyama 1986). In the structure
analysis, we found that these populations also separated into their own clusters independently
from other groups of the same geographical location. This is especially true for the populations
containing V. macrocarpon, since for V. oxycoccos we were only able to discriminated among

east and central populations compared to west populations (Fig. 5, Fig. 7).

Based on these results, we propose that the aforementioned populations be included in the
designation of in-situ genetic resources for cranberries in National Forests. They possess
interesting genetic profiles, are distributed across the US, and the high levels of genetic

variation could be translated into potentially useful traits for breeding (Steiner et al. 2019).

Conclusion

Our study elucidated the genetic diversity and population structure of wild populations of
cranberries located in National Forests. Most of these accessions are distributed across the US
and exhibit unique allelic combinations that could be useful for breeding. Therefore, based on
their genetic diversity and structure, we provided recommendations for the establishment of

certain populations as in-situ genetic resources reserves in National Forests.
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Chapter IV
The development of cranberry/blueberry interspecific hybrids and V. microcarpum mapping
populations.
Abstract

The genus Vaccinium houses over 450 individual species with rich and diverse traits with
cranberries and blueberries leading Vaccinium production. Therefore, using Vaccinium
resources to develop interspecific hybrids in newer crops such as cranberry can be useful in
moving the industry forward. To date, several interspecific hybrids have been developed
between blueberry species. Crosses between V. macrocarpon and V. microcarpum have also
been successful and further used as a bridge to cross with V. darrowii. However there are no
documented successful V. macrocarpon x blueberry hybrids to date. Therefore, we tested the
cross-ability of a wild cranberry collection with blueberry species that possess interesting traits.
We successfully crossed V. macrocarpon and V. oxycoccos against a mix of blueberry pollen (V.
darrowii (2n=2x), V. corymbosum [2n=2x and (2)2n=4x], V. stamineum (2n=2x), V. crassifolium
(2n=2x), and V. elliottii (2n=2x). We obtained fruit and viable seeds for both species, although
the V. oxycoccos x blueberry cross produced a much larger amount of viable seeds that were
successfully transferred to soil. Potential hybrids of this cross exhibited an intermediate
phenotype between V. oxycoccos, V. elliottii, and a V. corymbosum (4x) accession that has V.
elliottii in its background. Our next steps include testing for paternity using molecular markers
that successfully transfer among Vaccinium species. Also, developed a self F; population of V.
microcarpum, a sister species of V. macrocarpon, to develop a linkage map and perform

comparative genetics studies.
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Introduction

The genus Vaccinium houses over 450 individual species with rich and diverse traits. (Vander
Kloet 1988). The majority of the berry production in this genus comes from sections
Cyanococcus and Oxycoccus, which includes all blueberries, cranberries, and their wild relatives
(Galletta and Ballington 1996). The use of wild relatives, secondary, and tertiary gene pools can
provide breeders with new and interesting traits, such as cold tolerance and resistance to biotic
stress (Dwivedi et al. 2008). Therefore, using such resources to develop interspecific hybrids in
newer crops such as cranberry can be useful in moving the industry forward.

In Vaccinium, there have been many successful instances in which interspecific hybrids
have been developed. This has been possible because of the presence of 2n gametes in
Vaccinium species. These gametes have been observed in 2x to 6x pollen, and serve as a way to
help overcome ploidy barriers (Ortiz et al. 1991). Examples of these interspecific hybrids include
blueberry Northern Highbush x Darrow’s Evergreen (Sharpe et al. 1960), V. ashei (6x) and V.
tenellum (2x) to produce the Beltsville 17 (Darrow et al. 1949), and southern highbush varieties,
which include V. darrowii, V. elliottii, V. corymbosum, and V. virgatum in their background
(Ballington 2008).

Crosses between cranberries and blueberries have not been as successful as blueberry
interspecific hybrids have been. Crosses of V. macrocarpon and V. corymbosum have failed to
produce offspring (Vorsa et al. 2008). Vorsa et al. in 2008 successfully developed a V.
macrocarpon x V. oxycoccos hybrid which was then used as a bridge to cross with V. darrowii.

The offspring of this cross resulted in an intermediate phenotype with flowers with three to five
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petals, some of them partially fused. Our lab has previously attempted and successfully made
crosses between cranberries and blueberries (Covarrubias-Pazaran, 2016). However, the
offspring of these crosses have been very few and weak and all have died very easily, which
points to the need of trying different crossing combinations that may allow vigorous seedlings.

Very little is known about the true genetic relationship and taxonomy of V. macrocarpon
(2x) and its sister species V. oxycoccos. There has been much debate about whether the species
is one of two distinct species, 2x as V. microcarpum (Turcz.) and 4x as V. oxycoccos L (Mahy et
al. 2000), or a single species with different ploidy levels, V. oxycoccos (2x, 4x) (Vander Kloet
1983). Smith et al. 2015 found morphological and phenological differences between V.
microcarpum (2x) and V. oxycoccos, such as flowering time, petal length, anther length, and
style length, and suggested the plants be treated as separate species.

Whether V. oxycoccos and V. microcarpum are different species is still under debate as
are in general the evolutionary relationships among section Oxycoccus. Authors such as Vander
Kloet (1983) and (Darrow and Camp 1945) suggest that V. macrocarpon is the most primitive
species. Recent studies seeking to sequence the organellar genomes of V. macrocarpon and V.
microcarpum found identical organelles in both species (Diaz-Garcia et al. 2019). These findings
further confirm how little we know about the evolution and domestication of cranberries.

In order to better understand the origin and evolution of these species, we developed V.
microcarpum mapping populations for linkage mapping and comparative genomics. A V.
macrocarpon linkage map developed by (Schlautman et al. 2015) can be used as a base for
comparison between the two species to test collinearity, candidate gene selection, and QTL

mapping as has been suggested for other plants, such as Arabidopsis (Schlautman and Diaz-
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Garcia 2018, Kuittinen 2004). Finally, based on previous cranberry x blueberry hybridization
attempts in our lab (Covarrubias-Pazaran, 2016), we tested several crosses using the germplasm
collected in Wisconsin and Minnesota as mothers to blueberry fathers to develop our own
populations of interspecific hybrids. Cross-transferability studies in this thesis of simple
sequence repeat (SSR) markers among species of Vaccinium species and a recent comparative
genetic mapping revealing synteny and collinearity between the cranberry and diploid
blueberry genomes (Schlautman et al. 2018) both point to the possibility of successfully
developing cranberry/blueberry hybrids.

Materials and Methods

Plant Materials for the development of interspecific hybrids

Wild V. macrocarpon and V. oxycoccos germplasm collected in Wisconsin and Minnesota were
used as mothers to develop interspecific hybrids. Blueberry species were either wild or free
cultivars, including V. darrowii (2n=2x), V. corymbosum [2n=2x and (2)2n=4x], V. stamineum
(2n=2x), V. crassifolium (2n=2x), and V. elliottii (2n=2x). Pollinations were performed on 2 to 3-
year-old plants (mothers), and pollen was collected from 4 to 5-year-old blueberry species.
Blueberry pollen was harvested, and a pollen mixture was developed using the aforementioned
6 blueberry species and stored at 4° C in microcentrifuge tubes. Flowers were emasculated 2 to
3 days before anthesis, and the stigmas were pollinated with the pollen mix. Fruits that were
completely developed and colored were collected in bags and stored at 4°C for 3 months to
fulfill the vernalization period required prior to germination.

Seed germination and sterilization for interspecific hybrid seeds

Media Preparation
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To prepare 20 100-mm square petri plates, 1 L of WPM seed germination media was prepared
[0.60 g woody plant basal medium (WPBM), 6 g of agar, pH 5.58]. Media was then sterilized 30
minutes and allowed to cool to 60°C before pouring into plates. To obtain the seeds, fruits were
placed on a flat surface and using a razor blade, shallow cuts around the equator of the fruits
were performed. Seeds were removed using forceps and were separated from any traces of
fruit flesh.

Seed sterilization

Six-well microtiter plates with filters (previously sterilized) were sprayed with 95% ethanol and
allowed to dry. Plates were then aligned in the laminar flow hood so that there were 4 columns
and 3 rows of wells. The left-most column was 2/3 full with a 20% dilution of commercial bleach
and the remaining wells were 2/3 full with sterile water. Before moving to the laminar flow
hood, seeds were separately placed in labeled filters. Filters were then moved into the laminar
flow hood, and placed into separate bleach wells. Seeds were placed in the bleach solution for
10 minutes, agitating every 2 minutes. The filters were then transferred from the bleach
solution to the first column of water wells. Seeds were then rinsed for 1 minute before moving
to the next columns with sterile water. The process was repeated for the second and third
water rinses. After the third water rinse, each filter was set on sterile filter paper and allowed
to dry briefly. Using sterile forceps, the seed were places in horizontal rows, 3 cm from the
bottom of the plate, and 1 cm apart from each other and the edges of the plate. Each seed was
slightly pressed into the gel, and the plates were sealed with parafilm and labeled (Fig.1). Plates

were then placed upside down in an incubator set to 27-29° C for 3 days.
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Fig 1. Example of seed and seedlings in media plates

Seed germination
Plates were then stored in a room at 20°C (24-h photoperiod, 350 mol m-2 s-1, daylight
fluorescent tubes). After germination plants were then transferred into small square pots and

kept in a room at 20°C (16-h photoperiod, 350 mol m-2 s-1, daylight fluorescent tubes)

Plant Materials for V. microcarpum mapping populations

The V. microcarpum material used for this work was provided by Nicholi Vorsa from the

Philip E. Marucci Center for Blueberry and Cranberry Research and Extension in Chatsworth, NJ.
Cuttings from V. microcarpum were planted in fall 2014 in 96 plant starting cells and
transferred into a tub after their root systems were developed (Fig.2). Three-year-old plants
from V. microcarpum were self-pollinated during spring of the years 2017 and 2018. Fruits that
were completely developed and colored were collected in bags and stored at 4°C for 3 months
to fulfill the vernalization period required prior to germination.

Seed germination and sterilization for V. microcarpum mapping populations

Fruits were placed on a flat surface and using a razor blade, shallow cuts around the equator of
the fruits were performed. Seeds were removed using forceps and separated from any traces of

fruit flesh. Seeds were then placed in 1.5 mL micro-centrifuge tubes and stored at 4°C until



128

ready to sterilize. The seeds were placed in a metal mesh leaf tea infuser and dipped into a 20%
concentrated commercial bleach solution for 3 minutes, stirring every 30 seconds. Seeds were
then rinsed 3 times with sterile water.

Fig 2. Vaccinium microcarpum plant materials and fruit

After sterilization, seeds were placed in 60 x 15 mm plastic petri dishes containing a circle of 7.0
cm P5 filter paper. A total of 10 seeds were placed per petri dish with 7 mL of sterile water. All
seeds were floating in the water and not caught on the side of the dish or clumped together
with other seeds. This ensured that seeds were moist, and that once germinated, the seedlings
would be easier to plant by preventing root entanglement. The petri dishes were then closed
and sealed with two layers of parafilm around the edge of the dish.

Growing Conditions for V. microcarpum mapping populations

Plants were then transferred into 96 plant starting cells and kept in a room at 20°C (16-h

photoperiod, 350 mol m-2 s-1, daylight fluorescent tubes)
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Results

Development of interspecific hybrids with V. macrocarpon

After several rounds of pollinations using our blueberry pollen mix on several plants from V.
macrocarpon, we obtained putative hybrid seeds. The majority of the crosses yielded non-
viable seeds, and from those that were viable, only five genotypes germinated, and 8 seedlings
out of the 10 were successfully transferred to soil (Table 1). From the ones that germinated,
only one of the plants was a cultivar, HyRed, while the rest of the plants were wild germplasm
(Fig.3).

Fig. 3 Vaccinium macrocarpon/blueberry potential hybrids




Table 1. Vaccinium macrocarpon-blueberry potential hybrid seeds

Mother Fruit Viable seed | Non-viable Number of Number of
number number seed germinated plants
number seeds
BLO5 4 4 6
Chip 01 4 0 6
Chip 05 5 2 8
HWO05 9 0 19
LLO8 1 0 3
Ben Lear 1 1 0
WC12-055 6 2 21
WC12-101 22 3 27
WC12-104 8 3 13
WC12-110 14 3 17
WC12-114 2 1 8
WC12-221 2 0 5
W(C12-280 2 2 6
WC12-288 4 0 66
WC12-306 4 0 45
WC12-357 4 1 9
WC16-007 2 0 5
WC16-010 3 0 8
WC16-011 3 2 6
WC16-013 3 0 3
WC16-016 3 11 1
WC16-018 15 5 25
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WC16-023 1 0 3
WC16-032 3 0 7
WC16-043 2 0 2
WC16-055 1 0 3
WC16-061 5 5 7
WC16-062 1 2 3
WC16-070 1 0 3
WC16-072 1 0 3
WC17-001 18 0 29
WC17-002 1 0 8
WC17-003 2 0 1
WC17-004 6 7 6
WC12-112CC | 8 3 18
WC12-131CC |10 10 18
Yellow Bell CC | 1 5 2
J-21 1 8 0
Tetraploid 17 |1 6 1
MGO07 2 3 2
MG12 2 1 4
YBS20 2 0 4
08-233-1 1 0 4
08-233-32 1 1 5
08-233-41 2 0 8
12-58-33 1 1 0
WC16-018 5 1 8
HyRed 2 1 33
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Total | 202 | 94 | 489 | 10 8

Development of interspecific hybrids with V. oxycoccos

The same blueberry pollen mix used on V. macrocarpon plants was used on several wild V.
oxycoccos plants. From the V. oxycoccos x blueberry crosses, we also obtained a large number
of non-viable seeds (Table 2). However, we had higher germination rates using V. oxycoccos as
a pollen recipient than V. macrocarpon. A total of 92 seeds germinated, and from those 49 have
been successfully transferred to soil (Fig. 4) and exhibit an intermediate phenotype between V.
oxycoccos and a potential parent (V. elliottii and a V. corymbosum 4x which has V. elliottii in its
background). The rest of the seeds are still growing on media and will be transferred to soil in

the next few weeks.



Fig.4 Vaccinium oxycoccos/blueberry hybrids

Table 2. Vaccinium oxycoccos-blueberry hybrid seeds

Mother Fruit Viable seed | Non-viable Number of Number of
number number seed germinated plants
number seeds
BLM10 4 1 1
BLM11 3 3 1
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BRR 08 1 0 2 0 0
BRRM 07 9 9 31 8 7
BRRM 17 3 1 4 0 0
LL11 3 4 0 3 3
LOLB19S 1 2 4 2 2
LOLB20 1 2 1 0 0
PBO2 1 0 3 0 0
PBO9S 5 4 7 3 0
PB10 30 60 102 28 10
PB14 1 2 9 1 0
PB15 5 5 10 4 1
PB16 6 19 18 13 7
PB17 13 37 42 31 17
Total 82 152 237 96 49
Table does not include seeds from PB18, PB20, TR 01, Oxy 2x-1, WC12-165, GLOL, GLO3, GLO6, GLO9, GL15, GL18, GL19, KLBO09, KLB11,
LocP04, LocPO5, LocP11, LocP28, PMS03, PMS14, PMS15, SHPLO8, SROS, SRO9 and SR13, as germination has not yet begun.

Development of V. microcarpum mapping populations
V. microcarpum plants flowered and were self-pollinated, producing a total of 465 fruit. From
those, we obtained a total of 1426 seeds, and a total of 1059 germinated and were successfully

transferred to soil (Table 3, Fig. 5-6).
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Fig.5 Vaccinium microcarpum self-fruits
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Table 3. Vaccinium microcarpum self-fruits

Number of Mean Mean
Number of fruit number of | number of Number of
Mother seeds L.
harvested seeds per seeds per | germinations
collected . .
small fruit large fruit
V. microcarpum 465 1426 2.8 3.9 1059
Discussion

Species in the genus Vaccinium are becoming more popular around the world. The increased

interest is also increasing the demand for new products. Therefore, there is a need to breed
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new and improved varieties. Historically, crosses between species of the section Cyanococcus,
which houses all blueberries, have been successful. This is in part due to the presence of 2n
gametes in the diploid parents (Ortiz et al. 1991). However, there has not been any
documented successful V. macrocarpon x blueberry crosses to date. V. oxycoccos x blueberry
have been successfully developed before (Covarrubias-Pazaran, 2016), but plants suffered from
outbreeding depression and died (Wiesman, personal communication, Lynch 1991;
Covarrubias-Pazaran 2016). A considerable number of our crosses among Vaccinium species,
including V. darrowii (2n=2x), V. corymbosum (2n=2x, (2)2n=4x), V. stamineum (2n=2x), V.
crassifolium (2n=2x), and V. elliottii (2n=2x) with V. macrocarpon and V. oxycoccos were
compatible and resulted in multiple viable seeds and seedlings.

Development of interspecific hybrids

To date, several interspecific hybrids have been developed between blueberry species. Crosses
between V. macrocarpon and V. microcarpum have also been successful and further used as a
bridge to cross with V. darrowii (Vorsa et al. 2008). As mentioned, there are no documented V.
macrocarpon x blueberry successful hybrids (Covarrubias-Pazaran, 2016). We observed that our
crosses yielded mostly non-viable seeds (Table 1). From a total of 92 viable seeds only 10
germinated and 8 were successfully transferred to soil (Fig. 3-7). Plants growing in soil exhibit
mostly a V. macrocarpon phenotype. However, individuals BLO5 and WC12-280 show
differences in leaf morphology, instead of having V. macrocarpon oval shape they exhibit a

more orbicular shape (Fig. 7).
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Fig. 7 Examples of the leaf morphology in potential Vaccinium macrocarpon x blueberry hybrid

4o

| WC12-280-7
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Our V. oxycoccos x blueberry crosses were highly successful in comparison to the V.
macrocarpon crosses. We observed high germination rates, with 49 already successfully
transferred to soil. For the plants growing in soil, at early stages, we were able to observe a
phenotype not present in V. oxycoccos. All of the offspring of the V. oxycoccos x blueberry
crosses have trichomes surrounding the leaf margin (Fig. 4). Although trichomes are not found
on V. oxycoccos, they are present in two of the blueberries included in the pollen mix (V. elliottii
and a V. corymbosum 4x with V. elliottii in its background) (Figure 8).

In our assessment of the cross-transferability of SSR markers among species of
Vaccinium, we identified multiple markers (and their genetic fingerprint) that transferred
among the species used in these crosses (Chapter 1). Once plants are more mature, leaf
material will be used to extract DNA and perform genetic fingerprinting to accurately identify

the parents.
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Fig. 8 Leaf margin of potential blueberry parents of Vaccinium oxycoccos x blueberry offspring

V. elliottii V. corymbosum 4x
with V. elliottii
Win the pedigree

Development of V. microcarpum mapping populations

We successfully developed an F; self-population of 1095 V. microcarpum individuals (Fig. 5).
Such high numbers were expected due to the tendency of species in the section Oxycoccos to
self-pollinate (Froborg et al. 1996). The amount of individuals obtained will allow us to develop
a linkage map using the SSR markers that were successfully transferred between V.
macrocarpon and V. microcarpum (Chapter 1). Linkage maps have been used in comparative
genetic studies to understand the evolutionary and genetic relationships among species.
Schlautman et al. 2018 constructed a V. macrocarpon and V. darrowii x V. corymbosum map
and observed high synteny and collinearity in the maps. These results suggested that the

species are very similar and have not undergone significant divergence. In 2019, Diaz-Garcia
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found identical organelles between V. macrocarpon and V. microcarpum, suggesting a closer
evolutionary relationship than previously thought for the sister species. Because of this, we are
interested in constructing a linkage map that could allow us to better explore and understand
the genetic relationships and evolution of V. macrocarpon and its wild relatives.

Conclusions

The increase in the demand for Vaccinium products is pushing breeders to explore new
breeding combinations. Here, we presented results from intersectional crosses made with V.
macrocarpon, V. oxycoccos, and several blueberry species. We successfully crossed, germinate,
and grew various putative hybrids of both V. macrocarpon x blueberry and V. oxycoccos x

blueberry. Future work includes using markers transferable among species for paternity testing.
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General Conclusion

The genus Vaccinium has a complex evolutionary history that is yet to be understood. Many
Vaccinium species produce edible berries, with cranberries being one the most popular
commercially produced. V. macrocarpon was a staple in Native American diets and passed on to
colonizers in the early 1600s (Eck 1990). The first selections were made in Massachusetts in the
early 1800s, and cultivation has grown ever since giving rise to an important America industry.
Cranberries have become the quintessential and iconic American fruit, its presence demanded
for holiday dinners, social gatherings, and in everyday life. Cranberries contain multiple
biochemical compounds such as vitamins and antioxidants, making it a great target for breeding
and nutraceutical production (Skrovankova et al. 2015). To supply the production and breeding
demands, the development of genetic resources such as sequences (Fajardo et al. 2014;
Polashock et al. 2014; Diaz-Garcia et al. 2019), markers (Zhu et al. 2012; Georgi et al. 2012;
Schlautman et al. 2017), and maps (Schlautman et al. 2015, 2017; Covarrubias-Pazaran et al.
2016) was crucial. Although all these resources are available to facilitate breeding in
cranberries, the availability of germplasm for breeding was narrow. As a result, it was necessary
to identify both new sources of germplasm and the genetic diversity of wild populations in
order to continue developing breeding programs in Wisconsin.

Our research was the first to identify, collect, genetically analyze, and conserve ex-situ a
germplasm collection of wild cranberries from Wisconsin and Minnesota. We found a
considerable amount of genetic diversity in wild populations of both V. macrocarpon and one of
its sister species, V. oxycoccos. Our results demonstrate the vast diversity present in the wild,

especially when compared to cultivars and breeding selections. These resources will allow our
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breeding program to grow and test new genetic combinations to accelerate breeding in
cranberry.

As one of the few crops native to North America, there is an interest in understanding
and protecting wild cranberry resources across the US. In collaboration with the USDA, USFS,
and ARS, we embarked on a quest to understand the genetic diversity and population structure
of wild populations on cranberries and wild relatives across their native range. Our results
demonstrated the magnitude of the genetic diversity present in the wild. The majority of the
accessions analyzed are distributed across the US and exhibit unique allelic combinations that
could be useful for breeding. One of these V. macrocarpon populations found outside of its
native range was the Okanogan-Wenatchee population. There are multiple genetically unique
locations, and based on their genetic diversity and structure, we provided recommendations for
the establishment of certain populations as in-situ genetic resources reserves in National
Forests.

Understanding the genetic diversity and incorporating germplasm into cranberry
breeding programs is one of the first steps to move breeding forward. Additionally, the
incorporation of secondary and tertiary genetic pools can create new and interesting
combinations while maximizing available resources. We, therefore, used markers developed in
V. macrocarpon, and tested their transferability among other non-commercial species of the
genus Vaccinium which exhibit unique and useful traits, as is the case of blueberries. Our results
demonstrated the ability of SSR markers to be transferrable among closely related species. We

provided a core set of markers shared among all species tested to facilitate genetic diversity
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studies and genetic fingerprinting. Having a suitable set of markers that transfer among species
can be very useful when breeding with poorly understood species such as V. elliottii.

The availability of plant genetic resources and genetic information can help to develop
crosses between V. macrocarpon x blueberry and V. oxycoccos x blueberry to generate
intersectional hybrids. Although not always successful, we obtained fruit with viable seeds, and
germinated and plant dozens of potential hybrids, the majority of which exhibited intermediate
phenotypes. Not only were we able to develop potential hybrids, but we also developed an F;
selfed population of V. microcarpum, another one of V. macrocarpon sister species. Both
species are closely related, share similar morphological traits and have identical organelles. This
population will make linkage mapping possible and could allow us to better understand the

genetic and evolutionary relationship between these two closely related diploid species.

Future work
The research presented in this dissertation gives us a basis upon which multiple other research
ideas could be built. Some of our recommendations for future work include:

e Expanding the area of collection to historically interesting areas, such as the driftless
area located in Wisconsin. This location is one of the few areas left unglaciated in
Wisconsin during the Pleistocene and could contain unique genotypes that help us
understand migration and evolution of cranberries.

e Exploring locations in the western US to search for new V. macrocarpon populations

that might exist outside of their native range.
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Sequencing individuals from all over the US to perform comparative genomic analysis to
try to elucidate the evolutionary history of species in section Oxycoccus.

Discussing our findings with the USFS and ARS scientists for the designation of locations
as in-situ reserves.

Phenotyping all the plants previously collected to detect any interesting morphological
traits that could be useful for breeding.

Germinating more potential hybrid seeds and using the markers analyzed in this
dissertation to test for paternity of the offspring.

Developing a V. microcarpum linkage map and performing comparative genetic studies.
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