ABSTRACT
HAYNES, BRIANNA NICOLE. Characterization of Fruit Composition of North Carolina
Strawberry Germplasm. (Under the direction of Dr. Gina Fernandez and Dr. Penelope Perkins-
Veazie)
Strawberry (Fragaria xananassa) fruits are highly desired for their attractive color, sweet flavor,
and nutritional benefits. North Carolina ranks third nationally in fresh market strawberry
production. The North Carolina strawberry breeding program was established with the primary
goal of developing new strawberry cultivars that are adapted to the regions climate and exhibit
improved fruit quality characteristics. Strawberry color and flavor are key components of fruit
quality to consumers, with fruit composition profiles consisting of physicochemical variables
including, soluble solids content (SSC), titratable acidity (Tacid), and pH and phytochemical
variables including, anthocyanin content, pigment profiles, and phenolic content. Although the
North Carolina strawberry breeding program encompasses advanced selections, commercial
genotypes, and first-year seedlings, the fruit composition profile of much of the germplasm is

largely unknown. The objective of this research was to characterize strawberry fruit composition

profiles of strawberry genotypes from the North Carolina breeding program.

The relative effects of location and germplasm on fruit composition, defined as SSC, Tacid, pH,
anthocyanin content and pigment profiles was determined using fruit from 17 strawberry
genotypes. Fruit were collected from replicated trials at three locations in North Carolina (Castle
Hayne, Clayton, and Salisbury) at three weekly harvest dates. The results of this study indicate
that field-grown strawberries in this South Atlantic climate are more influenced by genetics and
harvest date than by growing location. During the fruiting season, physicochemical variables

generally increased and phytochemical variables decreased. Pelargonidin 3-glucoside was the



dominant pigment in all genotypes, with some material high in pelargonidin 3-(6-

malonylglucoside), which is often thought of as a minor pigment.

Strawberry fruit were harvested from 268 genotypes that consist of North Carolina breeding
program’s core germplasm collection to evaluate fruit composition profiles. Four multivariate
statistical methods (Cluster, Correlation, MANOVA, and PCA) were used to determine genotype
diversity, characterize relationships among the genotypes and the fruit composition parameters,
and to visualize trends within the collection. Genotypes were split into four clusters based on
strawberry type, breeding program of origin, and overall fruit composition profile. The first two
principal components captured a significant portion of the variance, explaining 64.88%
collectively, with pH and Tacid being the primary driving forces for germplasm separation and

differentiation.

A final study was done to determine if rapid and nondestructive colorimetric methods, including
subjective ratings of 1 to 9, or a Konica-Minolta colorimeter CR400, would be useful as good
predictors of strawberry fruit anthocyanin and phenolic content for North Carolina germplasm.
Strawberry fruit from 31 genotypes from the Florida and North Carolina breeding programs was
evaluated for 21 fruit composition parameters. Neither method was useful in predicting total
phenolic content. Using a Konica-Minolta colorimeter to measure color in a 0.8 cm diameter spot
on the fruit, the colorimetric value of lightness (L*) was found to be the strongest predictor of
anthocyanin content, with a correlation of R?=0.9132. Additionally, 74.04% of the variability
seen within anthocyanin content could be explained by using subjective color ratings. Critically,

both colorimetry methods (CIE L*a*b* and subjective color variables) were reliable predictors



of anthocyanin content only when a full spectrum of strawberry color (white-dark red fruit) was

used in the regression models.

This work provided valuable preliminary information on fruit composition diversity and profiles
in North Carolina strawberry genotypes, the breeding program’s structure, and both genetic and
environmental influences on physicochemical and phytochemical compositional parameters.
These insights will help guide future breeding decisions and strategies regarding the
development of new commercial cultivars adapted to the North Carolina climate with improved

fruit quality.
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CHAPTER 1

Introduction
Strawberry
The cultivated modern strawberry (Fragaria xananassa Duch.) is a hybrid developed from two
wild American octoploid species, Fragaria virginiana Duch. and Fragaria chiloensis Duch.
(Heide et al., 2013; Hernandez-Martinez et al., 2023). In 2000, 4.6 million tons of strawberries
were produced globally, and this has almost doubled to 8.9 million tons produced in 2019
(Lépez & OImo, 2021). China has been the largest strawberry producer in the world since 1994,
producing over 3.3 million berries annually and accounting for up to 37% of the global
strawberry production. Although China also has the greatest global strawberry acreage, at
125,637 hectares, yields are low at 25 t/ha, compared to the United States and Mexico at 56.3
t/ha and 52.4 t/ha, respectively (Lopez & Olmo, 2021). The United States is the second largest
producer of strawberries at 1.5 million tons of strawberries in 2023, accounting for 12% of the

world total (Strawberry Production by Country 2024).

Within the United States, strawberries represent 13% of the total fruit production value in the
United States and are the leading berry crop as well as the third most important fruit (after apple
and grape) in volume (Yeh et al., 2023). California and Florida provide most of the winter and
summer strawberry supply, totaling to 90% of the total strawberry production, while the South
Atlantic region consisting of Alabama, Georgia, North Carolina, South Carolina, and Virginia
supplies spring-grown fruit (Samtani et al., 2019). Within this region, North Carolina is the top
producing state and, relative to California and Florida, ranks a distant third nationwide in fresh

market strawberry production.



North Carolina Strawberry Production

In 2017, roughly 485.6 hectares of strawberries were grown in North Carolina with fruit valued
at over $26 million to the industry (Samtani et al., 2019). North Carolina’s strawberry
production landscape is unique in that the state is highly decentralized with a few large farms
(>4.05 hectares) producing 50% of the crop and the remaining half grown on smaller, generally
family-owned, farms (0.41-1.21) hectares (Samtani et al., 2019). The state utilizes both
commercial and direct markets with all 100 counties selling strawberries at U-pick operations,

roadside stands, farmers markets, and other local sales (Hoffmann, 2020).

Open-field annual hill plasticulture is the most common production system in the state with
soilless substrate greenhouse-grown production on the rise. Field-grown strawberry plug or bare-
root plants are set in the fall (August—October) with fruit harvested the following spring (April—
June) in a relatively short 6-8 window, dependent on weather (Poling et al., 2005). Genotypes
can be classified as seasonal or June-bearing (short-day), ever-bearing (long-day), or a
combination of both (day-neutral) based on their response to photoperiod or daylength cycles
(Heide et al., 2013). Although all types of strawberries can be grown in North Carolina, growers
often plant June-bearing genotypes for field production, while ever-bearing and day-neutral
genotypes are more preferred for greenhouse production due to greater potential of longer

seasons.

National Strawberry Breeding Programs

Numerous strawberry breeding programs have been established globally with the goal of

developing new commercial cultivars adapted to regional climates with enhanced agronomic and



fruit composition traits to help meet the needs of growers, markets, and consumers (Zurn et al.,
2022). In 1902, the first strawberry breeding program in the United States was established in
Sitka, Alaska with strawberry breeding and research continuing up into the 1990s (Holloway,
1998). The ARS strawberry breeding program at the Genetic Improvement of Fruits and
Vegetables Laboratory in Beltsville, Maryland which was established in 1910, is currently the

longest active breeding program (Strawberry Fields, USDA).

Since then, other notable public, federal, and private strawberry programs have been established
throughout the United States, with the largest currently active programs residing in California,
Florida, New York, North Carolina, Oregon, and Washington (Table 1.1). The newest breeding
program was established at University of Wisconsin-River Falls in 1988 (Fruit Breeding
Extension and Research). Private strawberry breeding programs Driscoll’s and Lassen Canyon
Nursery in California lead the market (Strawberry). Other states do not have dedicated
strawberry breeding programs but are valuable strawberry research partners with some states
pursing strawberry work in controlled environment and jam industries (Ohio), genetics (New
Hampshire), hydroponics (Alabama, Arizona), production systems (Minnesota), sustainability

(Virginia), and vertical farming (Arizona) (Table 1.1).



Table 1.1. Historical and active public and private strawberry (Fragaria xananassa) breeding programs in the United States. States
with universities considered strawberry research partners that greatly contribute to strawberry extension and research also included.

States University, Location Program Type Activity
Alabama Auburn University, Auburn Research Partner Active
Alaska Alaska School of Agriculture and College of Mines, Sitka Public Historical
Arizona Arizona State University, Tempe Research Partner Active
Arkansas University of Arkansas, Fayetteville Research Partner Historical
California UC-Davis, Davis Public Active
Driscolls, Watsonville Private Active
Lassen Canyon Nursery, Redding Private Active
Cal Poly University, San Luis Obispo Research Partner Active
Florida UF/IFAS, Wimauma Public Active
Maryland USDA-ARS GIFVL, Beltsville Public Active
Michigan Michigan State University, East Lansing Public Historical
Minnesota UMN-Twin Cities, Twin Cities Public Historical
Missouri Missouri State University, Springfield Research Partner Historical
New Hampshire University of NH, Manchester Research Partner Active
New Jersey Rutgers University, New Brunswick Public Active
New York Cornell University, Geneva Public Active
North Carolina NC State University, Raleigh Public Active
Ohio Ohio State University, Columbus Research Partner Active
Oregon USDA-ARS NCGR, Corvallis Repository Active
HCPGIRU, Corvallis Public Active
Texas Texas Tech, Lubbock Research Partner Active
Texas A&M, College Station Research Partner Active
Virginia Virginia Tech University, Blacksburg Research Partner Active
Old Dominion University, Norfolk Research Partner Active
Washington Washington State University, Puyallup Public Active
Wisconsin UW-River Falls, River Falls Public Historical




The North Carolina strawberry breeding program was first established in the early 1900s with the
primary goal of developing strawberry germplasm adapted to the South Atlantic climate with
superior horticultural traits including increased disease resistance, adequate chilling hour
requirements, steady yield, improved flavor, good appearance, and increased post-harvest shelf
life (Fernandez, personal communication). Although DNA markers such as fruit and crown
anthracnose resistance markers are being developed and utilized in breeding efforts, the program
largely remains a traditional plant breeding program. The program currently houses over 300
genetically unique strawberry selections that the program has developed, along with commercial
genotypes that serve as standards for the program, maintained in a greenhouse (Salisbury, NC)
and in a micropropagation and respiratory unit (Raleigh, NC) part of the National Clean Plant
Network (NCPN) which provides certified pathogen-tested true-to-type material (NC State
Micropropagation and Repository Unit). To date, 12 commercial strawberry cultivars have been
developed through traditional breeding methods and released by the program, with ‘Rocco’ and

‘Liz’ being the latest releases in 2020.

Strawberry Fruit Composition

Strawberry fruit are highly desired for their attractive appearance, sweet flavor, and nutritional
benefits. Strawberries provide minerals (manganese, potassium, magnesium copper, iron, and
phosphorus), vitamins (C, B6, K, A, and E), folate, fiber, and several phytochemicals such as
phenolic and anthocyanin compounds (Giampieri et al., 2012; Tulipani et al., 2009; Voca et
al., 2014). With the development of high-yielding strawberry genotypes, year-round availably,
and increased consumer awareness of the health aspects offered by strawberries, consumption

has soared over the years from 0.91 kg per person in 1980, to 1.5 kg in 2000, and to 3.6 kg per



person in 2013 (Samtani et al., 2019). Strawberry production experienced a slight decline in
2013, dropping to 3.0 kg per person by 2017, before increasing again to reach the highest per
capita consumption per person in 2020 at 3.9 kg (Per capita consumption of fresh strawberries;

Yet et al., 2020).

Over the years, the plant breeding community has been quite successful in advancing genetic
improvements within berries while still maintaining industry standards and demand (Folta &
Klee, 2016). Despite increased fruit quality attributes of size, firmness and disease resistance,
most berries on the market today still do not satisfy consumer expectations in terms of general
sensory attributes (Fan et al., 2021; Folta & Klee, 2016). A consumer's initial impression of
fruit quality is dependent on appearance (fruit color, shape, and size), with repeat purchases
influenced by sweetness and overall flavor (Vocéa et al., 2014). However, consumers differ in

their fruit sensory preferences, primarily pertaining to opinions on color and flavor.

Strawberry Color and Phenolic Compounds

The external visual color of strawberry is diverse and can range from white to dark purple-red.
Color is considered one of the most critical quality measurements for strawberry fruit as it is
often associated with the ripeness of the fruit. Strawberry color is strongly related to the presence
and amount of phenolic compounds, particularly anthocyanin, in the flesh of the fruit
(Timberlake & Bridle, 1982). Phenolic compounds are naturally-occurring secondary
metabolites present in many plants with important functions in sensory and nutritional quality in
fruits and vegetables (Guiné et al., 2020). The largest and most diverse group of plant pigments

are the anthocyanins. Anthocyanins are water-soluble pigments that provide most of the visual



color for many fruits, vegetables, flowers, and plants. In addition to color, anthocyanins provide
numerous health benefits due to anti-inflammatory and antioxidant properties. Anthocyanin
pigments are synthesized through the complex phenylpropanoid pathway, with regulation
occurring at genetic and physiological levels (Figure 1.1). These compounds comprise an
anthocyanidin base aglycon bound to a sugar group (Jaakola, 2013). The six main classes of
anthocyanidin aglycons commonly found in plants contribute a different colored pigment:
cyanidin (red), delphinidin (blue-purple), malvidin (red-blue-purple), pelargonidin (orange-red),
peonidin (magenta), and petunidin (dark red-purple) (Khoo et al., 2017; Bhatia, 2019; Mattioli
et al., 2020). As anthocyanidins rarely occur in nature due to their instability (He & Giusti,
2010), sugar attachments often occur at the 3’ position to increase structural stability and provide
water solubility, transforming the anthocyanidins into anthocyanins (Belwal et al., 2020; De

Rosas et al., 2018).
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Figure 1.1. Anthocyanin biosynthesis pathway schematic of cyanidin, pelargonidin, and
delphinidin anthocyanidins. Image source: Chaves-Silva et al. 2018.

Most of the total anthocyanin in strawberry (50-80%) is represented by the dominant orange-red

pigment pelargonidin 3-glucoside (P3G) (Figure 1.1). Other notable anthocyanins in the profiles



of strawberry fruit are pelargonidin 3-rutinoside (P3R), pelargonidin 3-(6”-malonylglucoside)
(P3MG), and cyanidin 3-glucoside (C3G) (Dzhanfezova et al., 2020; Lopes da Silva et al.,
2007). Cyanidin provides a darker red color in strawberry fruit (Figure 1.1). The total
anthocyanin content reported among California and Florida commercial genotypes grown in
multiple sites across the U.S. ranges from 8.5 to 59.8 mg/100g (Anttonen et al., 2006; Chaves
et al., 2017; Fredericks et al., 2012; Kelly et al., 2016; Nunes et al., 2005; Pelayo-Zaldivar et

al., 2005; Van De Velde et al., 2013; Vinson et al., 2022).

Strawberry Flavor

Like anthocyanin, strawberry flavor is a complex system, affected by the amount and type of
sugars, amino acids, organic acids, and aroma volatiles (Fan et al., 2021; Jouquand et al.,
2008; Schwieterman et al., 2014). Sugars are the key components of overall strawberry flavor
and in general, fruit with high sugar and relatively high titratable acidity (Tacid) are required for
optimal strawberry flavor. Strawberry fruit with high sugars and lower titratable acidity have
been described as having an artificially sweet taste, fruit with low sugars and high Tacid have a
tart flavor, and strawberries containing low sugars and Tacid have little taste and are bland
(Kader, 1991; Mitcham et al., 1996). To estimate sugar in strawberry fruit, soluble solids
content (SSC) measured by refractometry is a quick method that provides an approximation of
sucrose, glucose, and fructose as well as other components like organic acids, amino acids,
pectins, phenols, and minerals that make up soluble sugars (Beckles, 2012; Fan et al.,

2021). Citric acid is the dominant organic acid in strawberry fruits accounting for up to 49-75%

of the total organic acid content (Fait et al., 2008).



The SSC reported among California and Florida genotypes grown in multiple sites across the
U.S. ranges from 5.3 to 14.5% (Aguero et al., 2015; Kader 1991; Menzel 2022; Perkins-
Veazie et al., 2016; Whitaker et al., 2011; Whitaker et al., 2015). The Tacid content of the
same genotypes ranged from 0.49% to 1.06% (Aguero et al., 2015; Kader 1991; Menzel 2022;
Perkins-Veazie et al., 2016; Whitaker et al., 2011; Whitaker et al., 2015). These differences
in sugar and acid content can be influenced by environmental factors such as air temperature and
rainfall during ripening and agronomic characteristics such as fertility. Additionally, both flavor
and anthocyanin components are heavily influenced by genetics, the relative stage of ripeness,
and environmental conditions (Camara et al., 2022), indicating that different genotypes of the

same species will likely have unique fruit composition profiles.

Previous Research on North Carolina Strawberry Germplasm

Two commercial genotypes developed and released by the North Carolina strawberry program
were previously evaluated for fruit physicochemical content and phytochemical profiles.
Strawberry cultivars, ‘Liz’ (previously NCS 10-038) and ‘Rocco’ (previously NCS 10-156),
grown in Salisbury, NC, were evaluated for soluble solids content, titratable acidity, anthocyanin
content and pigment profiles compared to commonly grown commercial genotypes, ‘Camarosa’
and ‘Chandler’ (Perkins-Veazie et al. 2016). In this study, fruit from ‘Liz’ and ‘Rocco’ had
greater titratable acidity (0.72-0.75%) and relative pelargonidin 3-(6”-malonylglucoside) (13.8—
14.1%) than fruit from ‘Camarosa’ (0.69%, 1.7%) and ‘Chandler’ (0.69%, 3.8%). Additionally,
‘Rocco’ berries were higher in SSC (7.8%) than those from ‘Camarosa’, ‘Chandler’, and ‘Liz’
(7.1%, 6.8%, and 7.1%, respectively), and ‘Liz’ berries were highest in relative cyanidin 3-

glucoside (11.6%) than the other genotypes (2.8—7.4%) (Perkins-Veazie et al. 2016).
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Research Hypotheses and Objectives

The overall objective of these experiments was to characterize the fruit composition of
strawberry germplasm in the North Carolina breeding program. Over the years, only a few
genotypes, such as ‘Liz’ and ‘Rocco’ have been evaluated for both agronomic and fruit
composition profiles. The NC breeding program encompasses advanced selections, parental
germplasm, and seedling trials. Here, field trials that included advanced selections and
established commercial cultivars were utilized to determine the relative importance of the
environment during ripening compared to genetic differences. The parental germplasm,
maintained in a plastic house, was utilized to determine relative genetic differences. A final study
was done to explore the potential of using quantitative reflective color values to estimate the

relative pigment (anthocyanin) in strawberry fruit.

In Chapter two, the complex interactions of genetics and environmental factors on strawberry
fruit composition were explored. Each year, the North Carolina strawberry breeding program
conducts replicated yield trials of several commercial genotypes, and both advanced and first-
year selections developed by the program, at three locations in North Carolina. This approach
offered the unique opportunity to investigate the effects of genetics, harvest date, and location
factors on the soluble solids content, pH, titratable acidity, anthocyanin content, and pigment
profiles of 17 genotypes from the North Carolina program. The hypothesis of this study was that
North Carolina-derived germplasm would show genetic differences in the four composition

parameters, and that harvest date will have the largest influence on composition responses.
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Chapter three is more exploratory in nature and expands on the investigation of fruit composition
and genetic diversity of North Carolina strawberry genotypes by profiling 268 genotypes
maintained in the North Carolina strawberry core germplasm collection. Soluble solids content,
pH, titratable acidity, and anthocyanin content from fruit grown in a more controlled greenhouse
environment were used. Four multivariate statistical methods were used to visualize, determine,
and characterize genotype diversity, relationships, program structure, and overall trends between
the fruit composition parameters and genotypes. This work represented the first instance where

the entire germplasm collection was assessed together in a single comprehensive evaluation.

Building off the results from the first two chapters, Chapter four transitions towards optimizing
the plant material screening process breeders undergo by evaluating the effectiveness of using
colorimetry methods to predict strawberry anthocyanin and phenolic content. As typical
phytochemical analyses are time-consuming, expensive, resource- and labor-intensive, and
impractical for hundreds to thousands of samples, the aim of this chapter was to potentially
provide a simplified method for accurately quantifying strawberry phytochemical content using
external non-destructive CIEL*a*b* measurements and subjective RosBREED color ratings. The
hypothesis of this study was that colorimeter measurements, specifically lightness (L*), would be
most helpful in accurately predicting the range of anthocyanin and phenolic content in

strawberry fruit.

Together, these chapters follow a progression of investigating the complex influences that
environmental factors have on North Carolina strawberry fruit composition to broader focuses on

the diversity in the parental strawberry population, and finally to evaluating a practical method to
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assist and streamline breeding efficiency within the North Carolina strawberry program. This
thesis expands the knowledge of North Carolina strawberry fruit composition profiles, genetics,
diversity, and the influences of environmental factors that can be used to develop improved

breeding strategies.
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CHAPTER 2
Influence of Germplasm, Location, and Harvest Date on Strawberry Fruit Physicochemical

Composition
Abstract
Strawberry fruit are highly valued for their sweet and flavorful taste. Fruit composition,
including soluble solids content (SSC) and titratable acidity (Tacid), affect flavor, while the
brightness and saturation of the red coloration of strawberries are mainly attributed to
anthocyanins. Together these fruit composition parameters impact consumer decisions. The
North Carolina strawberry breeding program frequently trials advanced selections and
commercial genotypes across multiple North Carolina locations to evaluate genotype
performance and quality. In this study, strawberry fruit from 17 commercial cultivars and
advanced selections were collected from replicated trials at three locations in North Carolina and
at three weekly harvest dates to determine the relative effects of location and germplasm on fruit
composition including, SSC, Tacid, pH, and anthocyanin. Among the strawberry genotypes,
eight had more than 8% SSC while 11 had less than 0.8% Tacid, minimum levels for recent
cultivar releases. Total anthocyanin content (TAC) ranged from 24.0 to 45.7 mg pelargonidin 3-
glucoside (P3G) equivalents/100 g FWT, with five genotypes >40 mg P3G/100 g FWT.
Pelargonidin 3-glucoside was the dominant pigment in all genotypes, followed by pelargonidin
3-rutinoside (P3R). Often thought of as a minor pigment, the percentage of pelargonidin 3-(6”-
malonylglucoside) (P3MG) was higher in ‘Liz’, NC19-022, NC20-055, NC20-099, ‘Rocco’, and
‘Ruby June’ fruit (12.92-17.33%) compared to other genotypes (0.07—1.60%). During the

fruiting season, TAC, pH, P3G, P3R, and P3MG generally decreased while SSC, Tacid, and
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C3G increased. Our results indicate that composition of field-grown strawberries in this mid-

Atlantic location were more influenced by genotype and harvest date than growing location.

Introduction

Strawberry Production

The modern strawberry (Fragaria xananassa) provides high amounts of dietary vitamin C (60—
70 mg/100 g) and is valued for its sweet flavor. Globally, 8.2 million metric tons of fruit are
produced annually, with more than 50% from China, the United States, and Mexico (AtlasBig,
2022). Florida and California provide most of the winter and summer strawberry supply in the
U.S., while the South Atlantic Region (Alabama, Georgia, North Carolina, South Carolina, and
Virginia) supplies spring-grown fruit for the eastern United States (Samtani et al., 2019). North
Carolina had 485.6 hectares of production valued at over $26 million in 2017 (Samtani et al.,
2019). Challenges for strawberry production in this humid area include disease-resistant
germplasm from the nursery through fruiting, moderate chilling hours, consistent fruit size,

marketable fruit shape, full color, excellent flavor, and good postharvest life.

Strawberry Physicochemical and Phytochemical Properties

The phytochemical and physiochemical properties of fruit, along with agronomic traits, can aid
the success of a commercial strawberry genotype. A consumer's initial impression of fruit quality
is appearance (fruit color, shape, and size), with repeat purchases dependent on sweetness and
overall flavor (Voc¢a et al., 2014). The concentration of anthocyanins in the flesh of the
strawberry fruit has been correlated to the color of the fruit (Timberlake & Bridle, 1982). These

water-soluble anthocyanin pigments provide most of the visual color of strawberries and range
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from 10 to >40 mg P3G equiv/100 g fresh weight (FWT) in strawberry. Most of the total
anthocyanin (TAC) in strawberry (50-80%) is from the orange-red pelargonidin 3-glucoside
(P3G), followed by pelargonidin 3-rutinoside (P3R), cyanidin 3-glucoside (C3G), and
pelargonidin 3-(6”-malonylglucoside) (P3MG) (Dzhanfezova et al., 2020; Lopes da Silva et
al., 2007). Anthocyanin content can be affected by germplasm, the relative stage of ripeness, and

the growing environment (Camara et al., 2022).

Like anthocyanin, strawberry flavor is a complex system, affected by the amount and type of
sugars, amino acids, organic acids, and aroma volatiles (Fan et al., 2021b; Jouquand et al.,
2008; Schwieterman et al., 2014). The estimation of soluble sugars and non-volatile organic
acids is often used as a rapid means of screening strawberry genotypes for flavor. Determination
of soluble solids content (SSC) is simple and is often used to provide an approximate value of
soluble sugars. The soluble sugars sucrose, glucose, and fructose make up 70-80% of the SSC
values, with organic acids, amino acids, pectins, phenols, and minerals contributing to the
remaining value (Beckles, 2012; Fan et al., 2021b). Perceived strawberry flavor and sweetness
depend largely on titratable acidity (Tacid) and SSC. Titratable acidity is an indicator of the total
amount of non-volatile organic acids within a sample. In earlier studies, target goals for
strawberry SSC and Tacid were set at a minimum 7.0% SSC and a maximum of 0.8% Tacid
(Kader, 1991; Mitcham et al., 1996; Fan et al., 2021b). However, recent findings suggest that
most strawberries still do not meet consumer expectations for sweetness, giving rise to
recommendations suggesting that the %SSC minimum for fresh strawberries be raised to 8.0—
9.0%, while maximum Tacid remains unchanged at 0.8% (Fan et al., 2021a; Fan et al., 2021b;

Kubota Lab, 2015).
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Environmental Influences on Strawberry Fruit Composition

Anthocyanin, sugar, and organic acids in strawberry fruit are all highly affected by preharvest
environmental conditions, such as air temperature, rainfall, and the amount and type of light. The
optimal strawberry fruit development temperature is 15 to 25°C, and elevated anthocyanin
content is associated with day/night temperatures of 20-25° C/15°C-22°C (Mao et al., 2022;
Wang & Zheng, 2001). Strawberry fruits are sensitive to low (<10°C) and high temperatures
(>30°) and both extremes have the potential to severely delay strawberry fruit development and
ripening, leading to lower anthocyanin content and uneven pigmentation (Mao et al., 2022;
Matsushita et al., 2016). The effects of temperature on strawberry color and fruit composition

have been previously evaluated (Kalt et al., 1993).

Influence of Harvest Date on Strawberry Fruit Composition

In addition to temperature, the effects of location, harvest date, and genetics on strawberry fruit
composition have also been previously studied. However, less literature exists that has
collectively examined all three factors. Harvest date effects on SSC, Tacid, TAC, and volatile
compound concentrations were examined in two studies conducted in Florida. The first study,
taking place in February—March 2006 and January—March 2007, assessed fruit from ‘Strawberry
Festival’, ‘Rubygem’, ‘Sugarbaby’, and five advanced genotypes from the University of Florida
strawberry breeding program (Jouquand et al. 2008). Fruit was collected monthly, and purees
from harvested fruit of each genotype were analyzed. Harvest date was strongly correlated with
SSC, with higher values observed when air temperatures were <20°C a week prior to harvest.
Fruit SSC decreased from 9.2 to 6.% throughout the fruiting season as temperatures increased

from 14.5°C to 20.6°C. Titratable acidity among genotypes also varied considerably throughout
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harvest dates and years. Fruit from the February 2006 harvest date ripened in a monthly average
temperature of 16.1°C and had a Tacid content ranging from 0.75 to 1.02%, while March fruit
ripened in a monthly average temperature of 17.2°C and was 0.58-0.70%. In 2007, January
harvested fruit ranged from (0.76-0.95%) and declined to (0.58-0.79%) in March (Jouquand et
al., 2008). In the second Florida study, conducted over a 6-week period from January to March
in 2012 and 2013, fruit from ‘Strawberry Festival’, ‘Florida Radiance’, ‘Winterstar’, and four
advanced genotypes were harvested twice weekly and fruit %SSC measured (Cayo et al., 2016).
Soluble solids content was significantly influenced by harvest dates, with harvested fruit in
January that ripened at average temperatures of 15°C having a higher SSC in both years than
those in February at 16-16.5°C temperatures. In general, TAC content increased during January
and decreased in February (Cayo et al., 2016). Lastly, a study taking place during the California
summer production season used juice from the fruit of ‘Aromas’, ‘Diamante’, and ‘Selva’
genotypes to assess SSC and TAC over two harvest dates (Pelayo-Zaldivar et al. 2005).
Although SSC was highest in May (8.4%) vs. August (7.2%) across all genotypes, genotypes
were widely different when averaged over harvest dates (6.0-10.1%). Anthocyanin content was
most affected by harvest date and was 14.1% higher for ‘Aromas’ and 48.9% higher for ‘Selva’
fruit collected in August than that of fruit collected in May. Fruit from ‘Diamante’ was similar in

TAC in both months (Pelayo-Zaldivar et al. 2005).

Influence of Location on Strawberry Fruit Composition

Although location has an important environmental influence on strawberry fruit composition,
few evaluation studies with multiple growing sites exist, likely due to limited resources and

space. However, one study in 2011-2012 evaluated strawberry fruit from five short-day
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genotypes from an Italian breeding program in three locations across Italy: Verona, Cesena, and
Scanzano Jonico (Cocco et al., 2015). Although harvest began in three separate months (March—
May) for each site, the average temperature 30 days before harvest began ranged from 12.2 to
13.1°C for each. In general, the highest %SSC was found in fruit from Scanzano J. (7.4-8.3) and
the lowest in Cesena (5.0-5.9), while Tacid (mEg/100 g FW) was highest in Verona (6.1-10.4)
and lowest in Cesena fruit (6.9-8.7). Total anthocyanin content ranged from 11.08 to 43.29 mg
P3G/100 g, also showing significant location differences. Three genotypes recorded the highest
TAC in Verona (15.93-29.82 mg/100 g) and two from Scanzano J. (26.81 and 43.29 mg/100 g).
Anthocyanin was often lowest in fruit harvested from Cesena. The concentration of P3G was
highest in Verona fruit, while the concentration of C3G was highest in Scanzano J. fruit (Cocco
et al., 2015). Kim & Shin. 2015 also found that location significantly affected strawberry fruit
SSC, Tacid, pH, and TAC, amongst other fruit composition parameters. Fruit from three
commercial Korean genotypes was harvested from plots at three locations in Korea, Gyeongsan,
Nonsan, and Daegu, in April of 2013. Nonsan fruit was most often greater in %SSC (10.0—
13.8%), while Gyeongsan fruit was most often greater in %Tacid (0.60-0.65) and higher in pH
(3.92-4.01) in all genotypes. Furthermore, anthocyanin content in fruit harvested from Daegu
was significantly greater (116.8-166.4 mg C3G/ kg) than that of Nonsan (85.6-125.2 mg C3G/

kg) and Gyeongsan (50.3-90.9 mg C3G/ kg) (Kim & Shin., 2015).

Influence of Genetic Variability on Strawberry Fruit Composition

Genetics is also responsible for the significant variation observed in fruit composition values
between genotypes and among different years. Although not a large contributor to variation in

%SSC and %Tacid, Jouguand et al., 2008 determined that genetics strongly influenced both
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volatile composition and perceived flavor in strawberry fruit. Similarly, Pelayo-Zaldivar et al.
2005 found that genetic variation outweighed harvest date effects for all variables tested: color,
firmness, SSC, pH, Tacid, TAC, organic acids, and aroma compounds. Cayo et al., 2016 also
found that genotype had the overall greatest effect on strawberry fruit composition and that
‘Winterstar’ fruit had the lowest Tacid values in both years (9.6 and 8.7% dry weight), while FL
10-47 had the highest values (14.7 and 14.1% DWT). Additionally, fruit from 2012 was
significantly higher in Tacid (12.4% dwt) and TAC (22 mg P3G/100 g) compared to those in
2013 (11.4%; 13 mg P3G/100 g DWT). Regarding anthocyanin profiles, Cocco et al., 2015
determined that TAC and the amount of P3G and C3G were more affected by genotype than by
location. Another Florida study evaluated multiple fruit composition parameters from Floridal27
(later to become ‘Florida Sensation’), ‘Strawberry Festival’, and ‘Florida Radiance’ genotypes
over two years (2013-2014) (Kelly et al., 2015). Fruit from ‘Florida Radiance’ had the highest
average TAC in both years (0.78 and 0.92 g/kg DWT), and Floridal27 had the lowest average
values (0.49 and 0.57 g/kg DWT), as well as lighter external and internal color. However,
Floridal27 also had the highest SSC values, with an average value of 70.9%, which was
significantly higher than that of the other two genotypes (Kelly et al., 2015). Additionally, it has
been noted that regardless of harvest date, high SSC levels have been consistently found in
Floridal27 compared to other genotypes in the Florida strawberry breeding program, further
emphasizing the impact genetic background has on fruit composition (Kelly et al., 2015;

Whitaker et al., 2015).



25

Previous Research on North Carolina Strawberry Germplasm

Two commercial genotypes from the North Carolina breeding program have been previously
evaluated for fruit composition profiles. Strawberry puree from ‘Liz’ (previously NCS 10-038)
and ‘Rocco’ (previously NCS 10-156) fruit grown in Salisbury, NC, was used to measure fruit
physiochemical and phytochemical contents and subjective quality ratings (Perkins-Veazie et
al. 2016). Fruit from both genotypes had higher titratable acidity readings (0.72% and 0.75%)
compared to the North Carolina industry standards ‘Camarosa’ (0.69%) and ‘Chandler’ (0.69%).
Additionally, ‘Rocco’ strawberries were noticeably higher in soluble solids content (7.8%) than
those from ‘Camarosa’, ‘Chandler’, and ‘Liz’ (7.1%, 6.8%, and 7.1%, respectively) (Perkins-
Veazie et al. 2016). ‘Liz’ strawberries had less total anthocyanin (28.9 mg/100 g FWT), with a
lower percent of pelargonidin 3-glucoside (69.4%) and higher cyanidin 3-glucoside (11.6%) than
‘Chandler’ (48.6 mg/100 g FWT; 83.6% P3G) or ‘Camarosa’ (41.3 mg/100 g FWT; 80% P3G).
Although ‘Rocco’ was higher in total anthocyanin (34.0 mg/100 g), it had the lowest percentage
of C3G (2.8%) of all materials tested. The percentages of pelargonidin 3-rutinoside were similar
between ‘Chandler’ (7.6%) and ‘Rocco’ (7.8%), but slightly lower than in ‘Liz’ (9.9%). The
percentage of pelargonidin 3-(6”-malonylglucoside) was significantly higher in ‘Rocco (14.1)
and ‘Liz’ (13.8) than in fruit from ‘Camarosa’ and ‘Chandler’ (1.7 and 3.8%) (Perkins-Veazie et
al. 2016). These results indicate that the anthocyanin profiles of North Carolina germplasm may

differ slightly from California germplasm.

Hypothesis and Objective

The North Carolina breeding program routinely screens material at three locations across the

state, offering a unique opportunity to investigate the relative effects of location, genotype, and
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harvest date on strawberry fruit quality and composition. This study incorporated a multi-
location assessment and multiple harvest dates for advanced selections and commercial cultivars
to follow the effects on fruit composition. This is the first instance where several North Carolina
breeding program genotypes were assessed together in a field-study evaluation spanning multiple
harvest dates and locations. Our hypothesis is that NC-derived strawberry germplasm will show
genetic differences in SSC, Tacid, TAC, and anthocyanin profiles relative to genotypes
developed in California and Florida, and that harvest date will significantly affect these
responses. In the April-June harvest season in North Carolina, air temperatures can range from
12 to 27°C, and rainfall can range from 20 to 200 mm. As strawberry fruit composition appears
to be sensitive to rain and air temperature, screening of germplasm across multiple locations and

harvest dates is critical to separate genetic and environmental influences.

Materials and Methods

Experimental Design and Plant Material

Seventeen strawberry genotypes (encompassing commercial cultivars and advanced selections)
were used in this study. All material was grown at three diverse locations in North Carolina over
one growing season. These locations include the Central Crops Research Station (CCRS), the
Piedmont Research Station (PRS), and the North Carolina State University Horticultural Crops
Research Station (HCRS) (Table 2.1). Plant plugs were obtained from the NCSU strawberry
breeding program, nurseries, and U.S. breeding programs. A completely randomized block
design was used at each location, with three plots per genotype and 20 plants per plot established
in an annual hill plasticulture system. Plugs were planted into raised beds covered with black

plastic in August—September of 2021. Preplant, fertigation, and chemical protocols followed
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Plasticulture Production Guide (Poling et al., 2005). Information on plant maintenance practices

regarding plant pest and disease control was collected (Appendix Table A.1). Additionally,

average air temperature (°C), total precipitation (mm), and average relative humidity (%) during

the harvest season were recorded at each research station (Appendix Figure A.1).

Table 2.1. Locations of replicated trials where fruit samples of each genotype were harvested for
the 2021-2022 season in North Carolina.

Planting Harvest

Station Longitude Latitude City Soil Type Date Dates
CRZEQ;;athCrops Wagram loamy
Station 35.66839° -78.50631°  Clayton sand (0-6% 10/11/21  4/25/22
(CCRS)? slope)
5/5/22
5/12/22
Horticultural Torhunta
Crops Research o i o Castle loamy fine
Station 34.32051 77.91533 Hayne sand (0-2% 10/26/21  4/28/22
(HCRS)? slope)
Sallings fine
sand (2% 5/5/22
slope)
5/9/22
Piedmont Llyod clay
Research 35.69501° -80.62939°  Salisbury loam (2-8% 9/1/22 4/25/22
Station (PRS)* slope)
5/2/22
5/12/22

ZCentral Crops Research Station (CCRS), Horticultural Crops Research Station
(HCRS), Piedmont Research Station (PRS).
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Sample Collection

Marketable fruit was collected from the field trials from April to June of 2022. Three harvests of
five fruit per plot and harvest were collected from each genotype at all locations when available.
The dates ranged from 4/25/2022 to 5/12/2022. Marketable fruit included those that were at least
10g in weight, free from visible defects such as disease, sunscald, water damage, and not
misshapen. Fruit were placed into plastic loc bags, frozen at -15°C at each respective location,
transported to the Plants for Human Health Institute in Kannapolis, NC, and held at -20°C until

time for analysis.

Fruit Compositional Analysis

Bags of fruit were thawed to room temperature and juice collected for fruit composition of
soluble solids content (SSC), pH, titratable acidity (Tacid), and anthocyanin (TAC). A 0.5 mL
aliquot of strawberry juice was placed on a handheld digital refractometer (Atago PAL-1,
Bellevue, WA, USA) to determine %SSC. The pH of strawberry juice was determined using a
pH meter (Thermo Scientific™ Orion Star™ A211, Waltham, MA, USA), and electrode
(Thermo Scientific™ Orion™ Ross, Walham, MA, USA). For titratable acidity, 0.5 mL of juice
was diluted with 24.5 mL of distilled deionized water, thoroughly mixed, and an aliquot placed
on a digital acidity meter (Atago PAL-BX/ACID F5, Bellevue, WA, USA), with measurements

expressed as % citric acid equivalents.

Anthocyanin Analysis

Samples for anthocyanin profiles were prepared using 0.4 mL of juice and 1 mL of UPLC-grade
methanol (Fisher Scientific, Fair Lawn, NJ, USA) acidified with formic acid (Sigma-Aldrich,

Burlington, MA) at a ratio of 337:1, following the method in Perkins-Veazie et al. (2016).
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Supernatants were filtered through 0.2 um PTFE filters (VWR International, Radnor, PA, USA)
into amber vials (Fisher Scientific, Rockwood, TN, USA) packed with N2, sealed with screw
caps (Fisher Scientific, Rockwood, TN, USA) and held at -80 C until analyzed. Anthocyanin
separation was performed using a Waters™ ACQUITY UPLC System (Waters, Milford, MA,
USA), equipped with a photodiode array PDA detector, sample manager (10°C), column
manager (45°C), and binary solvent manager. Empower 3 chromatography software (\Waters,
Milford, MA, USA) was used as the system run controller and for data processing. A 2 uL
injection volume was analyzed using a reversed-phase C18 column (ACQUITY UPLC BEH C18
um, 2.1 x 100 um, Waters, Milford, MA). The mobile phase consisted of 100% methanol (A1)
and 5% formic acid in water (B1), and with a flow rate of 0.3 mL/min using a gradient of 0 min,
100% B1; 7 min, 88% B1; 10 min, 84% B1; 15 min, 75% B1; 18 min, 60% B1; and 20 min,

100% B1.

Anthocyanin concentrations were estimated from standard curves generated by injecting 1uL of
0.00625-0.1 mg/mL preparations of pelargonidin 3-glucoside, pelargonidin 3-rutinoside, and
cyanidin-3-glucoside (Chromadex, Irvine, CA, USA; Sigma, St. Louis, MO, USA) as external
standards. Pelargonidin 3-(6”-malonylglucoside) was identified using previously published
reports (Cerezo et al., 2010; Fredericks et al., 2012; Lopes da Silva et al., 2007). Sample
anthocyanin content was reported as mg pelargonidin 3-glucoside/100 g fresh weight (FWT),

and total anthocyanins were the sum of identified anthocyanins.
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Statistical Analysis

The compositional analysis of strawberry samples was designed as a multi-factor, completely
randomized block design with three replicates per genotype across locations and harvest dates.
Independent variables consisted of genotype, location, and harvest date; replicates consisted of
plots. Statistical analysis was conducted to explore relationships among the independent
variables and the strawberry fruit composition parameters. Data was standardized, and all
statistical analyses and visualizations were performed using R (version 4.2.2, Vienna, Austria)

and RStudio (version 2022.12.0+353, Boston, Massachusetts).

As field production of strawberry fruit was variable, not all genotypes yielded marketable berries
at each date, leading to slightly unbalanced data. To ensure homogeneity and normality of
sample population distributions, Levene’s test for quality of variances and Shapiro-Wilk’s test
for normality were conducted. Effects demonstrating homogeneity and normality were analyzed
by analysis of variance (ANOVA), and significant differences were detected using Tukey’s post
hoc analysis. Nonhomogeneous effects were analyzed using Welch’s ANOVA and Games-
Howell post hoc analysis, while non-normally distributed effects were analyzed using Kruskal-
Wallis nonparametric ANOVA and Games-Howell post hoc analysis. Least significant

difference (LSD) values were also computed.

Correlation and clustering analyses were also conducted to determine and explore relationships
between the fruit composition parameters, the strawberry genotypes, and the interrelationships
between the two. The “ggplot2” (Wickham, 2016) R package was used for correlation analysis

to determine the strength and direction of relationships among the fruit composition variables,
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with results presented in Pearson correlation coefficients. To visualize how genotypes differed in
terms of fruit composition profile, a cluster heatmap was generated using the “factoextra”
(Kassambara & Mundt, 2020) and “pheatmap” (Kolde, 2019) R packages. Euclidean distance
and the Ward.D2 clustering method were used to determine distances between observations and
the linkage method. Additionally, the “NbClust” (Charrad et al., 2014) R package was used to

determine optimal cluster number.

Results

Strawberry fruit composition components were affected nonuniformly by location, harvest, and
genotype. Overall, genotype (collectively encompassing cultivars and selections) had the greatest
effect on fruit composition, followed by harvest date. Location effects were significant for
titratable acidity (Tacid), but not soluble solids content (SSC) or pH. Two-way interactions of
location x harvest date and location x genotype were significant for all variables. The interaction
between genotype x harvest date was not significant, indicating that genotypes had similar
results regardless of harvest date. A comprehensive analysis the impacts that location, harvest
date, and genotype have on strawberry fruit composition was investigated (Figures 2.1 and 2.2;

Tables 2.2-2.4).
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Dashed lines represent historical values before 2015 (7.0% SSC and maximum 0.8% Tacid) and
solid lines represent current breeding aims (8.0% SSC and average 0.8% Tacid). The least

significant different (LSD) values are listed at p<0.05. Blue and red represent low and high

Figure 2.1. (A) pH, (B) Titratable Acidity (% Tacid), and (C) Soluble solids content (% SSC).
genotypes.
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Strawberry Fruit Physicochemical Composition

Strawberry fruit pH varied the least among the components tested. Average juice pH values
ranged from 3.64-3.77 for NC20-002, NC20-008, and NC20-054 to 3.46-3.52 for ‘Liz’, NC19-
020, NC20-099, and ‘Chandler’, respectively (Figure 2.1A). ‘Camarosa’ juice pH averaged 3.60.
The response of germplasm was similar and insignificant across the three locations, with juice
pH decreasing from 3.64 to 3.49 with later harvest dates in all genotypes (Table 2.2). Juice pH
was lowest for 11 genotypes in fruit harvested from CCRS and highest for eight genotypes in
fruit harvested from PRS. The interaction of genotype X location was significant, suggesting that
the effect of genotype on fruit pH varies with location or that location differentially affects
strawberry fruit pH across genotypes (Table 2.2). For all genotypes, juice pH was lowest in fruit

harvested from the third (last) harvest than from previous harvests.

Strawberry Tacid was the most variable fruit composition component across all genotype,
location, and harvest date factors, ranging from 0.47 to 1.17% (Table 2.2). The highest Tacid
values were found in fruit from ‘Chandler’, NC19-018, NC19-022, NC20-058, ‘Rocco’, and
‘Ruby June’ (0.81-0.85%) (Figure 2.1B). Selections low in Tacid were NC19-020, NC20-008,
NC20-018, and NC20-054 (0.64-0.71%) (Figure 2.1B). Titratable acidity for ‘Camarosa’ was
0.74%. Fruit harvested from HCRS was often greatest in Tacid (15 genotypes), and titratable
acidity was usually least in fruit from PRS (14 genotypes). Fruit from the third harvest date had
the highest Tacid values across genotypes (0.79%), with the exception of NC19-018, NC20-002,
and ‘Ruby June’, which were highest during the first (Table 2.2). Sixteen genotypes had the
lowest Tacid during the second harvest (0.73%) (Table 2.2). Interactions between location x

harvest date and location x genotype were significant, suggesting the effect of location on Tacid



content was not consistent across harvest dates or strawberry genotypes. Overall, most of the
selections and genotypes had titratable acidity values less than or equal to 0.8% citric acid

equivalents.
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Table 2.2. Effect of location, harvest date, and genotype on mean levels of fruit composition
variables of 17 strawberry commercial genotypes and advanced selections grown at three
locations in North Carolina (2022).

pH Tacid (% as citric acid)? SSC (%)*
Source Categories mean + SD
LocationY CCRS? 358+0.15a 0.77+£0.13b 79+1.29a
HCRS? 357+0.11a 0.81+0.09 a 79+114a
PRS*? 3.60+0.14a 0.71+0.08 ¢ 78+134a
HDate* 1st 3.64+0.12a 0.76 £0.11 b 7.3+1.01c
2nd 3.63+0.12a 0.73+0.12¢c 7.7+£1.18b
3rd 349+0.10b 0.79+0.10a 86+1.19a
Genotype Camarosa 3.60 = 0.11 bede 0.74 + 0.10 bcde 7.9 £ 0.89 cdef
Chandler 3.52 + 0.10 def 0.81 £ 0.07 abc 8.2+ 0.79 bcde
Liz 3.46+0.10f 0.77 £ 0.09 abcd 8.1 £ 0.98 bcde
Miss Jo 3.63+£0.12 bcd 0.77 £ 0.07 abcd 7.9 £ 1.09 cdef
NC19-016 3.55 + 0.10 cdef 0.75 = 0.09 bcde 6.3£0.92¢g
NC19-018 3.52 + 0.10 def 0.82 £0.09 ab 7.2+£1.05f
NC19-020 3.61 +0.16 bcde 0.64 £0.09 f 6.1+£0.84¢
NC19-022 3.55 +0.12 cdef 0.81 £ 0.10 abc 8.8+ 0.95abc
NC20-002 3.67+0.10 ab 0.76 £ 0.09 abcde 7.8 £ 0.89 def
NC20-008 3.77+0.11a 0.68 +0.12 ef 8.4 +£1.38 abcd
NC20-018 3.62 +0.11 bcd 0.71 £ 0.12 def 7.5 £1.09 def
NC20-054 3.64 +0.13 bc 0.72 + 0.10 cdef 7.6 £ 0.61 def
NC20-055 3.60 + 0.13 bede 0.74 £ 0.11 bcde 8.3+ 1.13 bcd
NC20-058 3.57 £ 0.09 bcde 0.85+0.10a 8.81£0.94 ab
NC20-099 3.50+0.14 ef 0.75 £ 0.10 bcde 7.2+0.84f
Rocco 3.55 £ 0.10 cdef 0.81 £0.09 abc 93x11la
Ruby June 3.62 £0.11 bcd 0.81 +£0.10 abc 8.2+ 0.74 bcd
Location ns Fhx ns
Harvest Date fololel kel kel
Genotype *kx *k*k *k*k
Location x Harvest Date faleiel faleka faleka
Location x Genotype *x faleka faleka
Harvest Date x Genotype ns ns ns
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ZCCRS = Central Crops Research Station (Clayton, NC), HCRS = Horticultural Crops Research
Station (Castle Hayne, NC), PRS = Piedmont Research Station (Salisbury, NC), Tacid =

titratable acidity and SSC = soluble solids content.

YValues averaged within location. Different letters within treatment are significantly different at

P <0.05

*Values averaged within harvest date. Different letters within treatment are significantly different

at P < 0.05.

***p <0.0001, **P < 0.01, *P < 0.05
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Strawberry SSC varied most across genotypes and ranged from 4.8 to 13.5. In general, SSC
increased with later harvest dates (Table 2.2) across most genotypes. The highest SSC values
were found in fruit from NC19-022, NC20-008, NC20-058, and ‘Rocco’ (8.4-9.3%) (Figure
2.1C). Genotypes low in SSC were NC19-016, NC19-018, NC19-020, and NC20-099 (6.1—
7.2%) (Figure 2.1C). ‘Camarosa’ and ‘Chandler’, which are commonly grown in North
Carolina, had 7.9 and 8.2% SSC, respectively (Table 2.2). Although location was not significant
for SSC, values were lowest for 10 genotypes in fruit harvested from Piedmont Research Station
(PRS) and highest in fruit of 11 genotypes from Central Crops Research Station (CCRS).
Strawberry SSC increased from 7.3 to 8.6 between the first and third harvest dates for most of
the germplasm (Table 2.2). The interaction of genotype x location was significant, suggesting
that the effect of location on SSC was not consistent across strawberry genotypes (Table 2.2).
Strawberry SSC of selection NC19-018 was higher at HCRS and PRS (7.5-7.6) but lower at

CCRS (6.7).

Anthocyanin Pigment Profiles

Profiles of the individual anthocyanins were more affected by genotype rather than fruit harvest
location or harvest date. Pelargonidin-3-glucoside was the dominant anthocyanin in all
genotypes. Cyanidin-3-glucoside and pelargonidin 3-(6”-malonylglucoside) values differed
mostly with genotype. Some interactions were found with location and harvest date, indicating

differing genotype responses to these variables.
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Figure 2.2. (A) Total Anthocyanin content TAC (mg pelargonidin 3-glucoside (P3G) equiv/100

g FWT), (B) pelargonidin 3-glucoside P3G (mg/100 g FWT), (C) pelargonidin 3-rutinoside P3R
(mg/100 g FWT), (D) pelargonidin 3-(6”-malonylglucoside) P3MG (mg/100 g FWT), and (E)

cyanidin 3-glucoside C3G (mg/100 g FWT). Least significant different (LSD) values listed at

p<0.05. Blue and red represent low and high genotypes.
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A diverse range of total anthocyanin values and external strawberry color were found across
genotypes, spanning from 14.77 to 74.17 mg pelargonidin 3-glucoside (P3G) equivalents/100 g
FWT (Figure 2.3). Total anthocyanin content (TAC) is defined here as the sum of the individual
anthocyanins identified in strawberry germplasm by UPLC and was most affected by genotype.
Visually dark-colored genotypes ‘Camarosa’, NC19-016, NC19-018, and NC19-020 were
highest in TAC (40.06, 45.23, 44.23, and 45.73) mg P3G/100 g FWT, respectively (Figure
2.2A). The light-colored genotypes NC19-022, ‘NC20-002, NC20-058, and ‘Ruby June’ were
the lowest (23.02, 20.61, 24.00, and 24.09) mg P3G/100 g FWT, respectively (Figure 2.2A).
Furthermore, TAC varied across harvest dates, with fruit from the third harvest exhibiting the
lowest TAC across 13 genotypes, while fruit from the second harvest was highest across 10
genotypes. Location also heavily influenced TAC, with fruit from PRS having the highest levels
in 15 genotypes. The lowest values were recorded in fruit from CCRS and HCRS. Two-way
interactions of genotype x location and of location x harvest date were significant, highlighting
the non-uniform response anthocyanin content has among genotypes, harvest dates, and across

different locations, with the exception of the genotype x harvest date interaction (Table 2.3).

Figure 2.3. (A) Selection NC19-020 (left) and selection NC19-022 (right), and (B) Strawberry
fruit juice from different genotypes within the North Carolina Germplasm collection.
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Pelargonidin 3-glucoside (P3G) was the dominant anthocyanin in all strawberry genotypes, with
concentrations ranging from 11.31 to 57.44 mg P3G/100 g FWT (Figure 2.2B). The relative
content of P3G (as %P3G of total anthocyanin) varied from 60.21 to 90.67%. Both P3G and
%P3G levels were primarily influenced by genotype, followed by location (Tables 2.3-2.4).
However, genotypes with fruit highest in P3G were not always highest in %P3G. Visually dark
red selections ‘Camarosa’, NC19-016, and NC19-020 had high total P3G (31.53-38.52 mg/100 g
FWT), while genotypes highest in %P3G (86.42-87.89%) were NC19-018, NC20-002, and
NC20-054 (Tables 2.3-2.4). ‘Chandler’ and NC19-018 had high P3G and %P3G. A similar
pattern was found for low P3G and %P3G, as genotypes NC20-002, NC20-018, and NC20-058
had low P3G (17.83-20.87 mg/100 g FWT) but high %P3G (85.26-86.68%). Genotypes ‘Liz’,
NC20-099, and ‘Rocco’ were lowest in relative P3G (66.40-74.61%), while NC19-022 and

‘Ruby June’ low in both P3G and %P3G (Tables 2.3-2.4).

Eleven of the 17 genotypes harvested from PRS were highest in P3G and %P3G, while 10
genotypes were lowest in %P3G at CCRS. Additionally, eight genotypes harvested at both
CCRS and HCRS were lowest in P3G. Although P3G decreased on average from 28.30 to 24.42
mg/100 g FWT across genotypes from the first to the third harvest and differed with location and
harvest date, the amounts relative to total anthocyanin (%P3G) were not significantly different

among harvest dates (Table 2.4).

Of the pigments identified in this study, pelargonidin 3-rutinoside (P3R) varied most across
genotype, location, and harvest. P3R content ranged from 0.48 to 8.98 mg/100 g and relative

amounts of P3R were 2.35 to 22.12% (Figure 2.2C). The highest content (4.24-6.49 mg/100 g
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FWT) and relative amount (13.77-17.37%) of P3R were found in strawberries from ‘Camarosa’,
‘Miss Jo’, and NC19-016 (Tables 2.3-2.4). Genotypes high in P3R were generally high in
relative amounts of P3R. However, fruit from NC19-020 was high in total P3R (3.87 mg/100 g
FWT) but low in relative amount (8.84%). The lowest content (0.71-2.01 mg/100 g FWT) of
P3R was found in fruit from NC20-002, NC20-018, and Ruby June, while the lowest relative
P3R (3.45-6.83%) was found in fruit from NC19-018, NC20-002, and NC20-018 (Tables 2.3
2.4). Total P3R content decreased from 3.49 to 2.76 mg/100 g FWT between the first and third
harvests. Fruit from the first harvest had high %P3R in 10 genotypes, and the second harvest had
the highest %P3R in 13 genotypes. Fruit from the third harvest was consistently low in both total

and relative content of P3R.

Additionally, fruit harvested from PRS was significantly lower in both P3R and %P3R than fruit
from CCRS and HCRS. P3R and %P3R were lowest for 10 and 16 genotypes, respectively, in
fruit harvested from PRS. Two-way interactions of location x harvest date and location x
genotype were significant for total and relative P3R, indicating that genotypes have a non-

uniform response to both location and harvest date (Tables 2.3-2.4).
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Table 2.3. Effect of location, harvest date, and genotype on mean levels of total anthocyanin
content and profiles of 17 strawberry commercial genotypes and advanced selections grown at
three locations in North Carolina (2022).

TAC? C3G*? P3G* P3R? PM3G*
Source Categories mean £ SD
LocationY CCRS? 33.4+13.0ab 148+10a 25.97+£10.2b 356+19a 207+£33a
HCRS? 31.13+86h 1.38+0.9a 2442+73D 33l+16a 189+25a
PRS? 36.13+£128a 156+11la 29.14+114a 290+15hb 190+28a
HDate* st 35.79+122a 149+1.1ab 28.30+95a 349+17a 215+34a
2nd 33.92+118ab 1.38+09b 26.96 £ 10.5ab 349+19a 177+24a
3rd 31.03+109b 157+11la 2442+96b 276+13b 192+27a
Genotype  Camarosa 40.06 +9.8a 251+05D 31.53+8.0bc 553+ 1.6ab 021+0.1c
Chandler 35.19+115abc  1.38 £0.9 cdef 30.46 £ 9.6 bc 3.04+13cdef 013+0.1c
Liz 36.13 £ 9.5abc 3.82+08a 24.05 * 6.6 cdefg 3.56 £ 1.3 cde 464+£15b
Miss Jo 24.32 £ 5.4 bed 0.46 £ 0.2 gh 19.00 £ 4.1 efg 4,24 £1.2bc 0.38x0.2¢c
NC19-016 4523+5.7a 0.64 £ 0.3 fgh 37.18+4.3ab 649+1.7a 0.16+0.1c
NC19-018 4423 +103a 1.79 £ 0.5 bede 38.96 £9.6a 2.82+0.7cdef 019+0.1c
NC19-020 4573+126a 210+ 0.8 bc 38.52+109a 3.87 £ 1.4 bed 0.13+0.1c
NC19-022 23.02+4.3cd 0.28+0.3h 16.55 + 3.6 fg 2.36+0.6defg 352+06h
NC20-002 20.61+4.0d 1.93 + 0.5 bcd 17.83 £ 3.6 efg 0.71+0.2g 0.02+0.0c
NC20-008 33.96 £ 7.3 abc 1.76 £ 0.5 bcde 28.10 £ 6.2 cdef 3.49 £ 0.9 cde 032x0.1c
NC20-018 24.48 £+ 3.5 bed 1.25 + 0.3 defg 20.87 £ 3.4 efg 1.65+0.3fg 0.39+0.1c
NC20-054 3346 +11.2abc  1.05%0.2efgh 29.02+9.7cd 3.13+1.3cdef 0.07+0.1c
NC20-055 37.80+5.3ab 0.76 £ 0.3 fgh 28.49+4.1cd 359+0.7cde 491+11b
NC20-058 24.00+4.6bcd 1.11 + 0.3 defgh 20.48 + 4.2 efg 2.13 £ 0.2 defg 021+01c
NC20-099 40.64+16.1a 0.83 £ 0.4 fgh 27.25 £ 11.0 cdef 3.62 £ 1.6 cde 798+5.0a
Rocco 37.31+8.2abhc 0.83 £ 0.6 fgh 28.12 + 7.3 cdef 3.25+05cdef 5.16+1.0b
Ruby June 24.09 £ 5.4 bed 258+0.6b 15.07+3.6¢ 2.01+£ 04 efg 411+£08b
Location ** ns Fkk falele ns
HDate * * * falall ns
Genotype kel ek kel falall ok

Location x HDate
Location x Genotype
HDate x Genotype

*

*

ns

*kk

ns
ns

*

*

ns

**%

*

ns

ns
ns
ns

ZCCRS = Central Crops Research Station (Clayton, NC), HCRS = Horticultural Crops Research
Station (Castle Hayne, NC), PRS = Piedmont Research Station (Salisbury, NC), TAC = total
anthocyanin content, C3G = cyanidin 3-glucoside, P3G = pelargonidin 3-glucoside, P3R =
pelargonidin 3-rutinoside, P3MG = pelargonidin 3-(6”-malonylglucoside). Units in mg/100 g
FWT.

YValues averaged within location. Different letters within treatment are significantly different at
P <0.05.

*Values averaged within harvest date. Different letters within treatment are significantly different
at P <0.05.

***pP < 0.0001, **P < 0.01, *P < 0.05
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Table 2.4. Effect of location, harvest date, and genotype on mean levels of anthocyanin content
and profile percentages of 17 strawberry commercial genotypes and advanced selections grown
at three locations in North Carolina (2022).

TAC? %C3G? %P3G* %P3R* %PM3G*
Source Categories mean + SD
Location¥ CCRs? 33.4+130ab 472+32a 78.10£7.5b 10.49+3.7a 586+7.4a
HCRS? 31.13+8.6b 479+34a 78.36 £8.3b 10.35+3.3a 6.14+76a
PRS? 36.13+12.8a 462+36a 79.96 £8.8a 8.01+35hb 527+72a
HDate* 1st 35.79+122a 445+30b 79.29+78a 9.65+35a 573+75a
2nd 33.92+11.8ab 429+32b 78.86 £8.2a 10.18+39a 554+70a
3rd 31.03+10.9b 5.38+39a 78.34£8.7a 891+£35hb 596+7.7a
Genotype  Camarosa 40.06 £9.8a 6.44+13b 78.62+15de 13.77+16Db 0.53+0.3c
35.19+115
Chandler abc 3.80+15cdef 86.71+23ab 870+22cde 039+04c
Liz 36.13 £9.5abc 11.02+29a 66.40£2.2h 9.62+1.7cd 1278 +1.7b
Miss Jo 2432 +54bcd 1.93+0.84efg 78.19+239ef 17.37+219a 146+0.76cC
NC19-016 4523 +5.7a 1.44+0.8fg 82.33+22cd 1419+24ab 0.36%0.2c
NC19-018 44.23+10.3a 4.13+1.1cde 87.89+21a 6.45+1.2de 0.44+04c
NC19-020 4573 +126a 454+10bcd 84.04+28bc 8.84+3.5cde 0.25+0.2c
NC19-022 23.02+4.3cd 1.10+£1.0¢ 71.64+4.0¢g 10.33+£25¢c 15.33+15ab
NC20-002 20.61+4.0d 9.46+23a 86.42+2.2ab 3.45+06f 0.07+0.2c
NC20-008 33.96 £ 7.3 abc 5.20+0.9 bc 82.62+23c 10.43+24c 0.98+0.5¢c
NC20-018 24.48 £ 3.5 bed 519+12bc 85.09+1.7abc 6.83+1.4de 1.60+03¢c
33.46+11.2
NC20-054 abc 3.36 +1.0cdefg 86.68+2.0ab 9.39+1.8cde 0.15+0.3c
NC20-055 37.80£5.3ab 2.03+08efg 7534+19efg 958+1.7cde 12.92+1.7b
NC20-058 2400+46bcd 465+13bcd 8526