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Blueberry is well recognized as a rich source of health promoting phytochemicals such
as flavonoids and phenolic acids. Multiple studies in blueberry and other crops indicated
that flavonoids and phenolic acids function as bioactive compounds in the human
body promoting multiple health effects. Despite their importance, information is limited
about the levels of variation in bioactive compounds within and between ploidy level
and species, and their association with fruit quality traits. Such information is crucial to
define a strategy to study the genetic mechanisms controlling these traits and to select
for these traits in blueberry breeding programs. Here we evaluated 33 health related
phytochemicals belonging to four major groups of flavonoids and phenolic acids across
128 blueberry accessions over two years together with fruit quality traits, including
fruit weight, titratable acidity, total soluble acids and pH. Highly significant variation
between accessions, years, and accession by year interaction were identified for most
of the traits. Cluster analysis grouped phytochemicals by their functional structure (e.g.,
anthocyanins, flavanols, flavonols, and phenolic acids). Multivariate analysis of the traits
resulted in separation of diploid, tetraploid and hexaploid accessions. Broad sense
heritability of the traits estimated in 100 tetraploid accessions, ranged from 20 to
90%, with most traits revealing moderate to high broad sense heritability (H2 > 40%),
suggesting that strong genetic factors control these traits. Fruit size can be estimated
as a proxy of fruit weight or volume and vice versa, and it was negatively correlated with
content of most of phytochemicals evaluated here. However, size-independent variation
for anthocyanin content and profile (e.g., acylated vs. non-acylated anthocyanin) exists
in the tetraploid accessions and can be explored to identify other factors such as genes
related to the biosynthetic pathway that control this trait. This result also suggests
that metabolite concentrations and fruit size, to a certain degree can be improved
simultaneously in breeding programs. Overall, the results of this study provide a
framework to uncover the genetic basis of bioactive compounds and fruit quality traits
and will be useful to advance blueberry-breeding programs focusing on integrating
these traits.
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INTRODUCTION

Blueberry belongs to the Ericaceae family and the genus
Vaccinium section Cyanococcus. Three blueberry species, that
include the highbush blueberry (HB), V. corymbosum L.,
rabbiteye blueberry (RB), V. ashei Reade (syn. Vaccinium
virgatum Ait) and native stands of lowbush blueberry (LB),
V. angustifoliumAit, are commercially grown in the United States
(Kalt et al., 2001; Lyrene et al., 2003; Hancock et al., 2008;
Retamales and Hancock, 2018). Among these species, the HB
blueberry is widely grown in the US, accounting for ∼95%
of total blueberry production (Kalt et al., 2001; Wang et al.,
2019). The HB cultivars are further classified into northern
highbush (NHB) and southern highbush (SHB) blueberries based
on chilling requirement and winter hardiness (Lyrene et al.,
2003; Hancock et al., 2008; Retamales and Hancock, 2018). In
addition to these species, a number of wild diploid blueberry
species have been described and are used in breeding programs as
sources for low chilling requirement, disease resistance (mummy
berry disease), heat tolerance and adaptation to higher soil pH
(Hancock et al., 2008; Lobos and Hancock, 2015; Retamales and
Hancock, 2018; Wang et al., 2019). Studies have also focused
on diploid wild blueberries as important sources of bioactive
metabolites including flavonoids and phenolic acids (Kalt et al.,
2001; Giovanelli and Buratti, 2009; Prencipe et al., 2014; Zoratti
et al., 2015; Wang et al., 2019).

During the last decade, blueberry production and
consumption have increased (Rodriguez-Saona et al., 2019)
and the growing body of research supporting the health benefits
associated with blueberry consumption have likely contributed
to this growth (Norberto et al., 2013; Sun et al., 2019). Indeed,
clinical evidence suggests that sufficient intake of blueberries
provides multiple health benefits including lowering blood
pressure, protecting against heart attack, preventing cancer,
improving mental health and managing diabetes (Martineau
et al., 2006; Krikorian et al., 2010; Stull et al., 2010; Norberto
et al., 2013; Sun et al., 2019; Yang H. et al., 2019).

Important health–promoting bioactive metabolites, including
flavonoids (anthocyanins, flavanols, and flavonols) and non-
flavonoids such as phenolic acids, are found abundantly in
blueberry (Kalt et al., 2001; Rodriguez-Mateos et al., 2012;
Yousef et al., 2013, 2014; Gündüz et al., 2015; Scalzo et al.,
2015; Li et al., 2017; Timmers et al., 2017; Grace et al.,
2019; Wang et al., 2019). In blueberry, anthocyanins are the
most abundant flavonoids, and are derivative of anthocyanidins
(aglycones) by the addition of sugar moieties. The most common
anthocyanidins in blueberry are delphinidin (Dp), cyanidin
(Cyn), petunidin (Pet), peonidin (Peo), and malvidin (Mv).
The anthocyanidins can be conjugated with sugar moieties like
arabinoside, glucosides, and galactoside via the C3 hydroxyl
group in ring C, and form structurally different anthocyanins.
The conjugation of anthocyanidins with sugar moieties can
be further modified through acylation (Norberto et al., 2013;
Yousef et al., 2014; Li et al., 2017; Grace et al., 2019; Wang
et al., 2019). Various patterns of conjugated sugar moieties,
with or without acylation, can affect the chemical properties
of anthocyanins, such as stability and bioavailability. Acylation
of anthocyanins, through the addition of acyl groups such as

organic acids (cinnamic and aliphatic acids) via ester bonds,
improves color and tinctorial strength and increases the stability
of anthocyanins at higher pH or under intense light and heat
stress (Giusti and Wrolstad, 2003; Matera et al., 2015; Zhao et al.,
2017; Strauch et al., 2019). Acylated anthocyanins are of special
interest for use as a stable natural colorants in food industries
(Giusti and Wrolstad, 2003; Matera et al., 2015; Zhao et al., 2017;
Strauch et al., 2019).

Caffeic, ferulic, and chlorogenic acids are commonly reported
phenolic acids. Of these, chlorogenic acid is the most abundant
phenolic acid in blueberry (Grace et al., 2019; Wang et al., 2019).
Similarly, flavanols (epi-catechin, catechin, proanthocyanidin B1,
and proanthocyanidin B2) and flavonols (kaempferol, quercetin,
and myricetin) are also commonly reported flavonoids in
blueberry (Grace et al., 2019; Wang et al., 2019).

Differences in bioavailability between acylated and non-
acylated anthocyanins have been reported in the literature
(Kurilich et al., 2005; Charron et al., 2009; Oliveira et al., 2019).
Charron et al. (2009) reported that non-acylated anthocyanins
are better absorbed in the upper intestine compared to acylated
anthocyanins. This effect may have been due, in part, to presence
of phenolic acids as acylation agents on anthocyanins that serves
to limit the transport efficiency or enzymatic conversion to
aglycones in the upper intestine. While acylation does serve to
stabilize anthocyanins to digestive conditions (McDougall et al.,
2007; Correa-Betanzo et al., 2014), this would potentially serve
to enhance their retention during intestinal passage and make
them more available for catabolism by human microbiota in the
large intestine (Fleschhut et al., 2006). As such, understanding
factors promoting differences in acylation patterns could serve
to better predict efficiencies of absorption, extent of host and
microbial metabolism and ultimate health protective properties
of anthocyanin rich foods.

Numerous studies have been conducted to examine genotype-
or species-specific metabolites and fruit quality variability in
blueberry (Kalt et al., 2001; Rodriguez-Mateos et al., 2012; Yousef
et al., 2013, 2014; Gündüz et al., 2015; Scalzo et al., 2015; Li
et al., 2017; Timmers et al., 2017; Wang et al., 2019). However,
these studies targeted a small number of genotypes/accessions
and provided limited insight into species and ploidy diversity
of metabolite profiles and fruit quality traits. In addition,
there is limited information about the association between
metabolites with quality traits including fruit weight/size, pH,
total soluble solid (TSS) and titratable acidity (TA) (Kalt et al.,
2001; Rodriguez-Mateos et al., 2012; Yousef et al., 2013, 2014;
Gündüz et al., 2015; Li et al., 2017; Wang et al., 2019). Most
importantly, no studies have yet identified potential strategy to
perform genetic analysis for these bioactive metabolites.

In this study, we profiled metabolites (anthocyanins, phenolic
acids, flavanols, and flavonols) and fruit quality traits (pH, TA,
TSS, fruit weight) in 128 blueberry accessions across three ploidy
levels (diploid, tetraploid, and hexaploid) over two years. The
main objectives of this study were to: (1) assess variability among
the blueberry accessions for different metabolites and fruit quality
traits; (2) investigate the association among metabolites, and
between metabolites and fruit quality traits; and (3) establish
a strategy to study the genetic basis controlling metabolite
accumulation in highbush blueberry.
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MATERIALS AND METHODS

Materials Collection and Preparation
A collection of 128 blueberry accessions was obtained from the
National Clonal Germplasm Repository (NCGR), Corvallis, OR,
United States. Information about these Vaccinium accessions,
including name, collection sites, ploidy level and species
is provided in Supplementary Table S1. The collection
included 100 tetraploid (4×), 22 hexaploid (6×), and 6
diploid (2×) accessions, representing diversity in geographical
origin and genetic background (Supplementary Table S1). Of
the 100 tetraploid (4×) accessions, 98 accessions represent
V. corymbosum, NHB, SHB, and hybrids between these two types
of blueberry cultivars. Berries were harvested at ripening stage
for two consecutive years (2017 and 2018). For each accession,
fruit were harvested from two or three clones. Since amount of
fruit available for each clone was not the same and in several
case not sufficient to perform all the phenotyping assays, prior
to processing, the fruits were combined and then separated
into three technical replicates. The technical replicates could
minimize errors associated with sample processing and fruit
quality and metabolite traits phenotyping. After harvesting, the
berries were stored at −80◦C, shipped on dry ice to the Plants
for Human Health Institute (PHHI), Kannapolis, North Carolina,
United States, and stored at −80◦C until processing. Frozen
berries (approximately 10–30 g, three replicates), were then used
for fruit quality and metabolite analyses.

Fruit Quality Trait Evaluation
Establishment of Phenotyping Method for Fruit Size
Image-based phenotyping is a powerful tool to estimate fruit
quality attributes including fruit shape, size and color (Diaz-
Garcia et al., 2016). While this method is high-throughput, it is
also relatively time-consuming (sample set up, image acquisition
and processing) if we are interested in phenotyping a single trait.
Preliminary data from our lab suggested that image-based fruit
volume estimation using the GiNA R package (Diaz-Garcia et al.,
2016) and fruit weight were highly correlated. This association
provides an opportunity to phenotype fruit size using fruit
weight as a proxy for estimating fruit size, a faster phenotyping
method as compared to fruit volume measurement. To verify
this hypothesis, we selected 54 accessions varying in fruit weight.
A minimum of 10 berries for each accession were used to estimate
the fruit weight (g per fruit) of each berry. The same berries were
scanned with a digital camera and the images were processed
using the GiNA R package (Diaz-Garcia et al., 2016), which
measured fruit volume and fruit surface area of each berry.
Correlation was performed between all the measured parameters,
to determine the relationship. To assess the agreement between
the two measurements, fruit volume (cm3) and fruit weight
(g), Bland-Altman plot was created using excel (Bland and
Altman, 1986). Bland-Altman plot determines the bias (mean
of the differences) and limits of agreement [bias ± 2 × SD
(standard deviation)].

Phenotyping of Fruit Quality Traits
Fruit weight (g per fruit) was recorded (10–30 berries, three
replicates) for fruit harvested in 2017 and 2018. In addition

to fruit weight, we evaluated TSS, pH and TA. The berries
used to measure fruit weight were homogenized to a puree
in a Waring Commercial Blender 7012G (Torrington, CT,
United States). Homogenized samples were used to determine
TSS, pH and TA and to quantify anthocyanins and non-
anthocyanin bioactive metabolites using high-performance
liquid chromatography (HPLC) and liquid chromatography–
mass spectrometry (LC-MS).

Total soluble solid was estimated using a digital hand-held
“pocket” refractometer PAL-1 (Atago, Tokyo, Japan) and the
results were expressed as◦Brix. pH and TA were measured using
1 g of homogenized sample diluted with 30 ml pre-boiled
double distilled water. The pH was measured using Accumet
AB15, pH-meter (Fisher Scientific, Waltham, MA, United States).
Then, TA was determined with a Mettler DL15 Auto-Titrator
(Columbus, OH, United States) at pH of 8.2 using 0.02 mol L−1

sodium hydroxide. TA was expressed as percentage of citric acid
(wt/wt) per 1 g FW.

Extraction and Quantification of
Anthocyanins and Non-anthocyanin
Metabolites
Extraction and Sample Preparation for HPLC and
LC-MS Analysis
An aliquot (3 g) of the homogenized blueberry puree was
weighed in a 30-mL centrifuge tube. After the addition of 8 ml
of 80% methanol in water (containing 5% formic acid), this
mix was homogenized using a PRO0250 (PRO Scientific Inc.,
Oxford, CT, United States) for 2 min to extract polyphenols.
The homogenate was centrifuged (Sorvall RC-6 plus, Asheville,
NC, United States) for 2 min at 4,000 rpm. The supernatant
was collected in a 25-ml volumetric flask. The residue was
then extracted two more times, once with 8 ml of the same
solvent, and then with 100% methanol. Supernatants were
collected and brought to a final volume of 25 ml. About
1 ml of each sample was diluted with equal volume of
methanol-water-formic acid, 65:35:5 and filtered (0.22 µm PTFE
membrane) prior to HPLC-PDA analysis for anthocyanins and
chlorogenic acid.

For LC-MS analysis of other phenolic compounds of low
concentrations (flavonols, flavanols, and phenolic acids), a solid
phase extraction (SPE) procedure was performed to remove
sugars that may cause decrease in sensitivity of the MS system. An
aliquot of 1–1.5 mL from each sample/replicate was centrifuged
at 15,000 rpm for 5 min. In a 96-deep well plate (loading
plate), 1.2 mL water (1% formic acid, FA), 10 µL fisetin (200
µg/mL, final concentration, 5 µg/mL), and 200 µL extract were
mixed. The SPE plate (Phenomenex; StrataTM 96 Well Plate
10 mg/Well) was preconditioned with methanol (1% FA), then
with water (1% FA). The samples were transferred from the
loading plate to the SPE plate and drained by gravity. The 96-
SPE well plate was washed 5 times with 600 µL water (1%
FA) and dried about 20 min using positive pressure manifold.
Finally, the samples from the SPE plate were eluted with 300
µL methanol (0.1% FA) to a 96-well collection plate. Then, 90
µL water (0.1% FA) and 10 µL internal standard (phlorizin
200 µg/mL, final concentration 5 µg/mL) was added to each
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well. The collection plate was covered with a sealing mat
and immediately transferred to the auto-sampler of the MS
system for analysis.

HPLC Analysis
HPLC analysis was conducted to quantify anthocyanins and
chlorogenic acid. Standards, cyanidin-3-galactoside, cyanidin-
3-glucoside, and malvidin-3-galactoside, were obtained from
Chromadex (Irvine, CA, United States). Delphinidin-3-glucoside
was purchased from Cayman Chemicals (Ann Arbor, MI,
United States). Delphinidin-3-galactoside, malvidin-3-glucoside,
petunidin-3-glucoside, myricetin-3-glucoside, kaempferol-
3-glucoside, and syringetin-3-glucoside were obtained from
Extrasynthese (Genay Cedex, France). Cyanidin-3-arabinoside
and peonidin-3-glucoside were obtained from Polyphenols
(Sandnes, Norway).

Each of the nine anthocyanin reference compounds and
chlorogenic acid standard were individually dissolved in
methanol-water-formic acid, 65:35:5, at a concentration of
5 mg/mL. Equal volumes from each standard solution were
mixed together and diluted with the solvent mix to prepare
a standard stock mix solution (200 µg/mL). Eight standard
working solutions, used for the calibration curve, were
prepared by appropriate dilution of the stock mix solution
(2–175 µg/mL). The reference standard mix dilutions were
injected to generate an eight-point calibration curve for each
compound, separately. Standard curves were linear with
R2 > 0.9997± 0.0007.

The chromatography was conducted on an Agilent
1260 HPLC with diode array detector (DAD) (Agilent
Technologies, Santa Clara, CA, United States). Separation
of anthocyanins was performed on a Supelco C-18 column
(25 cm × 4.6 mm × 5 µm), and the temperature of the
column oven was maintained at 30◦C. The eluents were
water (formic acid 5%, v/v) (A) and methanol (B), with a
gradient of 10–20% B (0–5 min), 20–25% B (5–20 min),
25–30% B (20–25 min), 30–35% B (25–30 min), 35–90%
(30–43 min), and isocratic at 90% B (43–46 min). The column
was then re-equilibrated for 4 min at 5% B, at the flow rate of
1 ml/min. Absorption was recorded at 520 nm for anthocyanins,
and 280 nm for chlorogenic acid. Not all anthocyanins
present in blueberry are commercially available; therefore,
anthocyanins with no standard reference were quantified as
their corresponding glucoside or galactoside equivalent. The
lowest limit of detection (LLD) for all anthocyanins was in
the range of 1.24–1.91 ppm, 0.96 ppm for chlorogenic acid
(Supplementary Table S2).

LC-MS Analysis
LC-MS analysis was conducted to quantify non-anthocyanin
compounds including flavonols, flavanols and phenolic acids.
Standards, procyanidins B1 and B2, catechin, epicatechin,
caffeic acid, 2,4-dihydroxybenzoic acid, quercetin glucoside and
galactoside and quercetin arabinoside were purchased from
Sigma-Aldrich (St. Louis, MO, United States). Phlorizin was used
as an internal standard; Fesitin was used to measure the efficiency
of SPE, and both were purchased from Sigma-Aldrich. The

analysis was performed on a hybrid IT-TOF mass spectrometer
(Shimadzu LC-MS-IT-TOF, Kyoto, Japan) equipped with two
LC-20AD pumps, a SIL-20AC autosampler, a CTO-20A column
oven, an SPD-M20A PDA detector, a CBM-20A system controller
coupled to an IT-TOF-MS through an ESI interface. All data
were processed by Shimadzu LCMS lab Solution Version
1.2. The mass spectrometer was programmed to carry out
a full scan over m/z 70–100–700 (MS1) and m/z 70–500
(MS2) in the negative ionization mode. The heat block and
curved desolvation line (CDL) temperature were maintained
at 200◦C; nitrogen was used as the nebulizing gas at a flow
rate of 1.5 L/min, and as the drying gas at 75 kPa; the
interface voltage was (+), 4.5 kV; (-), -3.5 kV; and the detector
voltage was 1.80 kV.

The chromatography was performed on a Shim-pack XR-
ODS column (50 mm × 3.0 mm × 2.2 µm) (Shimadzu,
Japan), and the temperature of the column oven was maintained
at 50◦C. The eluents were water (FA 0.5%, v/v) (A) and
methanol (B), with a gradient of 5–50% B (0–17 min), 50–
80% B (17–18 min), and 80–5% B (18–19 min). The column
was then re-equilibrated for 1 min at 5% B, at the flow rate of
0.6 mL/min. Compounds were quantified as their extracted-ion
chromatograms (EIC) in the negative ion mode using phlorizin
as an internal standard. The lowest limits of detection for all
non-anthocyanin compounds ranged from 0.41 to 2.66 ppm as
presented in Supplementary Table S2.

Data Processing and Statistical Analyses
Analysis of Variance, Trait Heritability, and Correlation
Analyses
To assess the magnitude of variation within and between
ploidy groups, we computed a minimum, maximum and
range of variation for all metabolites and fruit quality traits.
Fold-change values were calculated independently for each
metabolite and fruit quality trait, dividing the maximum value
by the minimum value of each trait within ploidy group.
To normalize metabolite data, a log2 transformation was
applied on quantified values. Analysis of variance (ANOVA)
was performed to partition individual metabolites and fruit
quality related trait according to ploidy, accession number,
year, and accession by year interaction. Best linear unbiased
estimate (BLUE) data obtained from the linear model were used
as the phenotypic values for all subsequent analyses. Broad-
sense heritability (H2) was estimated using variance components
calculated from the restricted maximum likelihood (REML),
calculated as follows

H2
=

δ2
g

(δ2
g +

δ2
gy
y +

δ2
e

ry )

where, δ2
g, δ2

gy, and δ2
e are variance components of accessions,

[genotype x environment] interaction, and residual variations,
respectively; y is the number of environments (number of years
in this study, 2) and r is the number of replications (3).

Pearson Coefficient of Correlation was performed to find
the relationship among traits and for the two-year data,
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independently. The correlation was visualized using the R
package corrplot (Wei et al., 2017).

Multivariate Analysis of Metabolites and Fruit Quality
Traits
BLUE data obtained from linear effects model were used as an
input file for hierarchical clustering (HC), principal component
analysis (PCA) and partial least square discriminant analysis
(PLS-DA). HC combines similar individuals or variables into
clusters and arranges these clusters into a hierarchy while
PCA is a technique used to reduce dimensionality of the data
by finding linear combinations (dimensions; in this case, the
number of metabolite and fruit quality traits) of the data. HC
was performed with the Spearman and Ward’s methods, and
were visualized as a heatmap with a dendrogram using the
heatmap.2 R package (Warnes et al., 2016). PCA was performed
using the R package FactoMiner (Lê et al., 2008) as a non-
supervised method to identify key traits with the largest effect
on the overall variability and to evaluate the effect of genetic
background on fruit quality and metabolite profiles among
different accessions. PLS-DA (supervised version of PCA) was
performed using metaboanalyst (Chong et al., 2018) to examine
the classification of accessions based on ploidy groups/species
and also identify key features using variable importance for the
projection (VIP) > 1. The model fitness was evaluated using
model accuracy, Q2 and R2 values of the model as described
(Szymańska et al., 2012).

RESULTS

Fruit Weight and Image-Based Volume
Phenotyping Methods
Correlation analysis indicated that fruit weight and image-
based volume measurements are highly (P < 0.001, r = 0.99)
correlated (Figure 1A). Correlation provides information about
the strength of the relationship between two measurements,
but not agreement between the two measurements. Therefore,
we assessed the agreement between the measurements, fruit
volume (cm3) and fruit weight (g per fruit) with the Bland–
Altman plot (Figure 1B). Here, the mean difference (bias) is 0.08,
where the limits of agreement are −0.0734 and 0.25, indicating
that 95% of the differences between the two measurements are
within this range. Only one observation lies outside the 95%
confidence interval, suggesting that the two measurements have
an acceptable level of agreement, meaning that the absolute value
of the numerical scale used to express the two measurements
agree. Therefore, fruit weight can be used as a proxy to estimate
fruit volume. It is also important to note that fruit surface
area and fruit volume are also highly (r > 0.99) correlated
traits (Figure 1C), suggesting that both fruit volume and
fruit surface area can be highly predictable based on fruit
weight. Furthermore, we also estimated fruit volume from 12
accessions with other fruit volume estimation methods including
water displacement and texture analyzer and found that both
methods are strongly (r > 0.99) correlated with fruit weight
(Data not shown).

Phenotypic Variability of Fruit Quality
Traits
Phenotypic data for fruit quality traits including fruit weight,
TA, pH and TSS, summarized by ploidy levels provided
(Supplementary Table S3 and Supplementary Figure S1). The
accessions evaluated here exhibited a considerable phenotypic
variation for all traits, within and between ploidy-groups.
For example, fruit weight exhibited ca. 2, 16- and 6-fold
variation in diploid, tetraploid and hexaploid species, respectively
(Figure 1D, Supplementary Table S3, and Supplementary
Figure S1). TA had ca. 4, 9-, and 3-fold changes for diploid,
tetraploid and hexaploid species, respectively. However, for pH
and TSS, the variation among accessions was relatively low, less
than two-fold changes for all ploidy groups (Supplementary
Table S3 and Supplementary Figure S1). Overall, tetraploid
accessions exhibited the highest level of variation for all fruit
quality traits, probably due to the larger number of tetraploid
samples evaluated in this study.

Combined analysis of variance showed significant (P < 0.01)
effects for accession, year and accession by year interaction
for all fruit quality traits except for pH, which did not show
significant differences between years for any ploidy groups
(Supplementary Table S4). Furthermore, broad sense heritability
of fruit quality traits, estimated for tetraploid accessions (the
largest group, N = 100), revealed a moderate to high (>40%)
level of heritability (Figure 2). Fruit weight and TSS are highly
heritable traits (>70%), suggesting these traits can be improved
through phenotypic selection and that the genetic component
may play a major effect on the observed variation.

Phenotypic Variability in Metabolites
We identified 33 metabolites including 20 anthocyanins,
6 flavonols, 4 flavanols and 3 phenolic acid compounds.
Of the 20 anthocyanins identified, 14 were non-acylated
anthocyanins and 6 were acylated anthocyanins (Supplementary
Table S2). We observed a high degree of variability for
all metabolites, with ca. 2-, 5-, and 2-fold variations for
total anthocyanin in diploid, tetraploid and hexaploid species,
respectively (Supplementary Table S3). Individual anthocyanins
such as peonidin-3-glucoside, peonidin-3-(6-acetyl) galactoside
and malvidin-3-(6-acetyl) galactoside exhibited more than 17
fold variation within ploidy levels (Supplementary Table S3 and
Supplementary Figure S1). Similarly, the degree of variability in
total flavanol, total flavonol and total phenolic acid was examined
between and within the different ploidy levels and it was found
that tetraploid species had a higher degree of variability compared
to diploid or hexaploid species (Supplementary Table S3 and
Supplementary Figure S1). Overall, the degree of variability
was higher in tetraploid accessions, suggesting this material
represents a wider pool of genetic diversity and could be used to
study the genetic basis of these metabolites.

Combined analysis of variance was performed independently
at ploidy level. For tetraploid accessions, combined analysis of
variance for metabolites showed significant (P < 0.01) effects
for accession, year and accession by year interaction for all traits
except for cyanidin-3-(6-acetyl glucoside), malvidin-3-(6-acetyl
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FIGURE 1 | Correlation and agreement between fruit volume (Fv) and fruit weight (Fw), and Fw variations within and between ploidy level. (A) Correlation between
fruit volume (cm3) measured using GiNA (image-based phenotyping) and fruit weight (g). (B) Agreement between the two measurements, Fv (cm3) estimated by
GiNA and Fw (g). Bias is the mean of the differences between the two measurements, whereas bias-2SD and bias + 2SD are the lower and upper limits of the
interval agreement, respectively. SD is the standard deviation of the mean of the differences. (C) Correlation between the two fruit parameters, fruit surface area
(cm2) and fruit volume (cm3) as estimated by GiNA (image-based phenotying). (D) Fw variation between and within ploidy level.

galactoside), peonidin-3-(6-acetyl glucoside), malvidin-3-(6-
acetyl glucoside) and quercetin-3-rutinoside, which did not show
significant differences between years (Supplementary Table S4).
For hexaploid accessions, we observed significant (P < 0.01)
effect of accession, year and accession by year for all traits except
for delphinidin-3-arabinoside, peonidin-3-galactoside, malvidin-
3-arabinoside, malvidin-3-(6-acetyl galactoside), catechin,
quercetin-3-galactoside and kaempferol-7-glucoside, which did
not exhibit significant year effects (Supplementary Table S4).
Regarding diploid accessions, significant (P < 0.01) variations
were exhibited among accessions for all metabolites except
for delphinidin-3-glucoside and quercetin-3-rutinoside, while
most of the metabolites were not significantly affected by year
and year by accession interaction (Supplementary Table S4).
The smaller sample size of the diploid accessions (N = 6) as
compared to the hexaploid and tetraploid accessions, probably
limited our ability to exploit the full spectrum of phenotypic
variation (Supplementary Figure S1) for fruit quality and
metabolite content naturally existing in this germplasm, and
to determine year or year × accession interaction effects
(Supplementary Table S4).

We also estimated the broad sense heritability of bioactive
metabolite using tetraploid accessions. The results showed
moderate to high (>40%) range of heritability for all anthocyanin
metabolites (Figure 2), suggesting that a significant portion
of these variations have a genetic basis. On the other hand,

most of the flavanols, flavonols, and phenolic acids showed low
heritability (<40%), suggesting that these traits may be highly
influenced by environmental factors (Figure 2). Kaempferol-7-
glucoside, catechin, epi-catechin, and chlorogenic acid exhibited
moderate to high (>40%) broad sense heritability (Figure 2).

To compare the average composition of anthocyanidins
relative to the total anthocyanins across different ploidy levels,
means of the five-anthocyanidin classes, delphinidin, cyanidin,
petunidin, peonidin, and malvidin, were calculated for each
ploidy level. Regardless of ploidy levels, across all accessions
malvidin and delphinidin were the two major anthocyanidin
classes. Peonidin was the least abundant anthocyanin. Similarly,
the flavanol, flavonol and phenolic acid profiles were compared
for each ploidy level. For flavanol, the pattern of distribution
is somewhat similar among the different ploidy levels. Catechin
followed by procyanidin-B1 were the most abundant flavanols
in blueberry whereas, epi-catechin and procyanidin-B2 were
the least abundant flavanols (Supplementary Figure S2).
Among phenolic acids, more than 95% of the total phenolic
acids were represented by chlorogenic acid while caffeic
acid and ferulic acid were detected at relatively low levels
(Supplementary Figure S2).

To further examine the diversity of the different forms of
anthocyanin for potential use in genetic studies we carried
out a cluster analysis using the data from the tetraploid
accessions. Cluster analysis identified two major anthocyanin
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FIGURE 2 | Broad sense heritability estimates for metabolites and fruit quality traits across 100 tetraploid accessions over two years. Anthocyanin abbreviations: Dp,
delphinidin; Cyn, cyanidin; Peo, peonidin; Mv, malvidin; Pet, petunidin; gluc, -3-glucoside; galc, -3-galactoside; arab, -3-arabinoside; ac.gluc, -3-(6-acetyl glucoside);
ac.galc, -3-(6-acetyl galactoside).

clusters, one cluster containing the glucoside anthocyanins
and the second cluster comprising the arabinoside and
galactoside anthocyanins. Within each of these two clusters,
acylated and non-acylated anthocyanins formed different sub-
clusters. Another observation was that anthocyanidin aglycones
clustered based upon their derivatives, petunidin clustered with
malvidin, and delphinidin and peonidin clustered with cyanidin
(Supplementary Figure S3).

Correlation Between Bioactive
Metabolites and Fruit Quality Traits
Pearson coefficient of correlation analysis between metabolite
and fruit quality traits was performed for all tetraploid
and hexaploid accessions (Figure 3 and Supplementary
Figures S4, S5).

For the 2017 tetraploid phenotypic data, fruit weight was
negatively (P < 0.05) correlated with TSS, anthocyanins,
flavanols, and phenolic acids. Smaller-sized fruits tended to have
greater anthocyanin, flavanol and phenolic acids concentrations
than the larger-sized fruits. However, fruit weight did not show
any significant correlation with flavonols except for quercetin-
3-arabinoside (Figure 3). In contrast, TSS was positively
and significantly (P < 0.05) correlated with most of the
anthocyanins, flavanols, and phenolic aids. As expected, TA
showed a significant (P < 0.05) negative correlation with
pH. However, pH did not exhibit any significant correlation

with TSS or fruit weight (Figure 3). Another interesting
observation was that pH was positively associated with acylated
anthocyanins (Figure 3). Higher-pH accessions tended to exhibit
greater acylated anthocyanin concentrations than the lower-pH
accessions. These results suggest that acylation could be a pH
dependent process. Similar correlation patterns were established
for the 2018 phenotypic data (Figure 3).

For hexaploid accessions, there were no significant
correlations between fruit weight and TSS, anthocyanins,
flavonols, flavanols, and phenolic acids except for petunidin-3-
arabinoside. Furthermore, TSS did not show any correlations
with other fruit quality traits, anthocyanins, and flavanols
(Supplementary Figure S4). The patterns of correlations
among traits in tetraploid and hexaploid accessions were
different. Fruit quality traits, fruit weight and TSS, showed
significant associations with most of the metabolites in tetraploid
accessions, but the same relationship was not observed in the
hexaploid accessions. For the diploid accessions, the results
highlighted that fruit weight was negatively (P < 0.05) correlated
with chlorogenic acid and phenolic acids for both years,
while for total anthocyanin fruit weight showed a significant
(P < 0.05) negative correlation only for the 2017 phenotypic data
(Supplementary Figure S5).

To identify tetraploid accessions that have a fruit size and
anthocyanin content larger and higher than the average, we
examined the relationship between anthocyanin concentration
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FIGURE 3 | Correlation analysis of metabolite and fruit quality traits for 100 tetraploid accessions. White boxes represent non-significant correlations. The color bar
indicates metabolite classes and fruit quality traits. Cyan-to-blue and yellow-to-red colors show significant (P < 0.05) positive and negative correlation between traits,
respectively. Abbreviation: FQ, fruit quality trait.

and fruit size based on the BLUE data. Accessions separated
into four quadrants each representing the following phenotypes:
(I) anthocyanin content higher than average and fruit size
smaller than the average; (II) anthocyanin content and fruit
size lower and smaller than the average; (III) anthocyanin
content lower than the average and fruit size larger than the
average; (IV) anthocyanin content and fruit size higher and larger
than the average. As expected, a large number of accessions
with high anthocyanin content and small fruit size were in
quadrant I. However, four accessions with a fruit size and
anthocyanin content larger than the average, were identified
(Supplementary Figure S6).

Multivariate Analysis of Metabolites and
Fruit Quality Traits
To provide an insight into the relationships/similarity among
the different metabolites, a hierarchical clustering (HC) analysis
was performed. The metabolites grouped largely into six major

clusters (Figure 4), representing flavanols (cluster 2), flavonols
(cluster 6), phenolic acids (cluster 3), and three clusters (1, 4, 5)
representing the 20 anthocyanins (Figure 4). The three clusters
of anthocyanins represent glucoside vs. galactoside/arabinoside
anthocyanin (cluster 1 and 4, respectively) and acylated
anthocyanins (cluster 5) (Figure 4).

Following HC analysis, we examined the data using PCA.
The scree plot of the PCA demonstrated the variance explained
for each component. Accordingly, the first five principal
components (PCs) accounted for 63.8% of the variance
(Supplementary Figure S7). Among these, the first three
PCs accounted for 22.9, 17.3, and 12.8% of the variance,
respectively (Supplementary Figure S7). To identify the
key traits discriminating the different accessions, loading
scores of the first two PCs were examined (Supplementary
Figure S8) and metabolites with highest loading scores on
PC1/2 were identified for all 128 accessions (Supplementary
Figure S9A). Metabolites that contain galactoside sugar
moieties (petunidin-3-galactoside, delphinidin-3-galactoside,
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FIGURE 4 | Hierarchical clustering analysis of metabolites and fruit quality traits from all 128 accessions. Six clusters represent the different metabolite classes,
anthocyanins (1, 4, 5); flavanols (2); phenolic acids (3); and flavonols (6).

cyanidin-3-galactoside and peonidin-3-galactoside) followed
by arabinoside anthocyanins (cyanidin-3-arabinoside,
cyanidin-3-arabinoside, delphinidin-3-arabinoisde and
peonidin-3-arabinoside) showed the highest loading score in
PC1. Whereas variables such as malvidin-3-(6-acetyl glucoside),
malvinidin-3-glcuoside, total flavanol, delphinidin-3-(6-acetyl
glucoside), malvidin-3-(6-acetyl glucoside), peonidin-3-(6-acetyl
glucoside) and fruit weight explained most of the variability
of the accessions in PC2 (Supplementary Figure S9B).
A PCA biplot (Supplementary Figure S10) demonstrates
the relationship between individuals and variables. For
example, accessions PI554796, PI618230 and PI296406, and
PI346623, PI554795 and PI267851 had high scores for the
acylated anthocyanins and total anthocyanin concentrations,
respectively. In contrast, accessions PI618099 and PI618193 had
high fruit weight.

We examined whether metabolites and fruit quality
data could discriminate accessions based on ploidy levels.
PCA analysis revealed that diploid accessions clustered

in a distinct group from other accessions (tetraploid and
hexaploid), though no definitive separation was observed
between hexaploid and tetraploid accessions for the first two
PCs (Figure 5A). However, the first and third PCs of the
PCA were able to separate all accessions by ploidy levels
(Figure 5B). A supervised analysis, PLS-DA was applied to
highlight separation of the accessions by ploidy levels and to
identify key traits contributing to this separation. PLS-DA
model on the first two PCs (accuracy = 0.95, R2 = 0.75, and
Q2 = 0.70), separated accessions into their respective ploidy
levels (Figure 6). Examination of variable importance projection
(VIP > 1) suggests that the variables cyanidin-3-galactoside,
delphinidin-3-(6-acetyl glucoside) and TSS significantly
contributed to separate the accessions based on ploidy level
(Supplementary Figure S11).

We compared the metabolite concentrations and fruit quality
traits across ploidy levels and found that tetraploid accessions had
higher pH, acylated anthocyanin and flavonols concentrations
than diploid and hexaploid accessions (Figure 7). It is important
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FIGURE 5 | PCA score plots of the first and second (A) and first and third (B) principal components. The data obtained from metabolites and fruit quality data of 128
blueberry accessions across three ploidy levels (diploid, tetraploid, and hexaploid).

FIGURE 6 | PLS-DA model of metabolite and fruit quality data from 128
blueberry accessions in three ploidy levels (diploid, tetraploid, and hexaploid).
The figure representing the first two components of the PLS-DA model.

to note that pH of tetraploid accession is positively associated
with acylated anthocyanins (Figure 3). The higher pH of the
tetraploid accessions may have resulted in higher acylated
anthocyanins as opposed to diploid and hexaploid accessions.
Non-acylated anthocyanins and flavanols content were higher

in diploid than hexaploid or tetraploid accessions. In contrast,
tetraploid accessions had low total phenolic acid content, as
compared to diploid and hexaploid accessions. The level of
phenolic acids was comparable between diploid and hexaploid
groups (Figure 7).

To assess whether the metabolites composition and fruit
quality traits differentiate accessions by species, we performed
PCA and PLS-DA. The PCA analysis revealed that V. elliottii
formed a distinct group in the first two PCs. However,
hexaploid and tetraploid species did not form a distinctive
group (Figure 8A). Results from the first and third PCs of
the PCA analysis revealed that V. virgatum and V. elliottii
formed distinct groups while other species including tetraploid
hybrids, V. angustifolium and V. corymbosum clustered as a single
group (Figure 8). PLS-DA models also separated the accessions
into three groups corresponding to V. elliottii, V. virgatum
and other tetraploid (V. corymbosum, V. angustifolium and
hybrids). Both PCA and PLS-DA analyses did not separate
accessions of the same ploidy level into their respective
species (Supplementary Figure S12). Furthermore, the key
traits (cyanidin-3-galactoside, delphinidin-3-(6-acetyl glucoside)
and TSS) identified, as most the discriminatory variables for
the species analysis were the same variables that separated
the accessions by ploidy by PLS-DA analysis (Supplementary
Figure S11). Further, both PCA and PLS-DA analyses did
not separate the accessions according to SHB and NHB types
(Supplementary Figure S13). Similarly, when the geographical
collection site was used as a classifier, the accessions did not
show any distinct grouping pattern, though accessions from
Maine showed a tendency to cluster together (Supplementary
Figure S14). Overall, our data demonstrate that the accessions
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FIGURE 7 | Heatmap showing variation of metabolites and fruit quality traits across the three-ploidy levels. Red and blue colors indicate highest and lowest
performance of the traits, respectively.
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FIGURE 8 | PCA score plots of the first and second (A) and first and third (B) principal components. The data obtained from metabolites and fruit quality data of 128
blueberry accessions from five species (hybrid, V. elliottii, V. virgatum, V. angustifolium, and V. corymbosum).

could be grouped according to ploidy group, but not type (NHB
vs. SHB) or geographical origin.

DISCUSSION

Blueberry is recognized globally for its health promoting
properties that have in part contributed to a rapid increase
in demand and production over the past 15 years (Rodriguez-
Saona et al., 2019). Multiple studies in blueberry and other crops
indicated that polyphenols function as bioactive compounds in
the human body promoting multiple health effects (Krikorian
et al., 2010; Stull et al., 2010; Norberto et al., 2013). Despite their
importance, limited research has been conducted in blueberry to
characterize the extent of variation of metabolites in tetraploid
cultivated germplasm, and their association with other fruit
quality traits. Previous studies also used a limited number
of cultivated accessions, and often used material that is not
directly accessible to breeders and scientists (Kalt et al., 2001;
Scalzo et al., 2013, 2015; Yousef et al., 2013, 2014; Gündüz
et al., 2015; Timmers et al., 2017; Wang et al., 2019). In
this study, we characterized the concentration of three major
flavonoids and phenolic acids, and four fruit quality traits
across a large set of tetraploid cultivated blueberry accessions
(N = 100) and a number (N = 28) of other species with different
ploidy. These plant materials represent clones of blueberry
accessions publicly available through the USDA-NCGR and
searchable through the Germplasm Resources Information –
Global Network (GRIN-Global) database. The results were used
to identify a strategy to perform a genetic study for bioactive
metabolites in blueberry.

Genotypic Effects Explain the Extensive
Metabolite and Fruit Quality Traits
Diversity Identified Within and Between
Ploidy Groups
Extensive variation for concentrations and fruit quality traits was
identified in this study, especially within the tetraploid accessions.
Bioactive metabolite analysis identified 20 anthocyanins, 6
flavonols, 4 flavanols and 4 phenolic acids, in agreement with type
and number of flavonoids and polyphenols observed in previous
studies (Grace et al., 2019; Wang et al., 2019). We detected a
pronounced accession, year and accession by year interaction
effects on the metabolite concentrations. These interactions were
expected since the metabolite concentration of a fruit crop,
including blueberry, is governed by complex and interconnected
enzymatic activities, each of which can react differently in
response to the different growing environments (Chen et al.,
2013; Wen et al., 2014; Matsuda et al., 2015; Colle et al., 2019).
Similarly, there were significant effects of accession, year and
year by environment interactions on fruit quality traits including
fruit size, pH, TA and TSS. Similar results using a much smaller
set of accessions were previously reported (Kalt et al., 2001;
Yousef et al., 2014; Gündüz et al., 2015; Scalzo et al., 2015;
Timmers et al., 2017).

Despite the significant accession by year interaction identified
for most of the traits, the tetraploid accessions evaluated here,
which are mostly cultivated and suitable for genetics studies,
demonstrated moderate to high (>40%) broad sense heritability,
indicating that genotypic effects explain most of the variability
(Lourenço et al., 2017; Schmidt et al., 2019). To the best of
our knowledge, this is the first study to estimate broad sense
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FIGURE 9 | A schematic representation of anthocyanin pathway in blueberry with slight modification from bilberry as described in Jaakola et al. (2002). Enzyme
abbreviations: C4H, Cinnamate 4-hydroxylase4; 4CL, 4-coumaroyl:CoA ligase; CHI, chalcone isomerase; F3′H, flavonoid 3′ hydroxylase; F3′5′H, flavonoid 3′5′

hydroxylase; LCR, leucoanthocyanidin reductase; UFGT, UDP Glc-flavonoid 3-O-glucosyl transferase; OMT,O-methyltransferase. Sugar and anthocyanidins
abbreviations: gluc, glucoside; arab, arabinoside; galc, galactoside; Mv, malvidin; Pet, petunidin; and Peo, peonidin. Pathway genes: EBGs, early biosynthesis
genes; LBGs, late biosynthesis genes.

heritability for bioactive metabolites and fruit quality traits in
blueberry and to provide preliminary insight for performing
future genetic studies for these traits. The high level of broad
sense heritability (>40%) detected here will help to improve
QTL detection, especially in auto-polyploid species like blueberry
(Bourke et al., 2019). Among the fruit quality traits, fruit weight
had the highest broad sense heritability (>80%). Among the
metabolites, the different forms of anthocyanins had the highest
heritability followed by chlorogenic acid. As demonstrated by
cluster analysis (Supplementary Figure S3), glycosylation and
acylation, two enzymatic reactions that contribute to anthocyanin
diversification in plants (Jaakola et al., 2002; Noguchi et al., 2009;
Zifkin et al., 2012; Cheng et al., 2014; Le Roy et al., 2016) can
explain the diversity observed within the tetraploid accessions.
Previous studies described genes involved in flavonoid and
more specifically anthocyanin biosynthesis in blueberry (Jaakola
et al., 2002; Kurilich et al., 2005; Charron et al., 2009; Zifkin
et al., 2012; Jaakola, 2013; Li et al., 2016; Lin et al., 2018;
Colle et al., 2019). Here based on data from multiple studies
(Jaakola et al., 2002; Zifkin et al., 2012; Jaakola, 2013; Colle et al.,
2019), we reconstructed a scheme of the flavonoid pathway in
blueberry (Figure 9) that includes early and late biosynthetic

genes (EBGs and LBGs, respectively). The early anthocyanin
genes (EBGs) are highly conserved across the plant kingdom
including Vaccinium species (Jaakola et al., 2002; Zifkin et al.,
2012; Jaakola, 2013; Li et al., 2016; Lin et al., 2018; Colle
et al., 2019). However, the late anthocyanins biosynthesis genes
(LBGs) have not fully explored in Vaccinium. Among the LBGs,
the dihydroflavonol 4-reductase (DFR), anthocyanidin synthase
(ANS), the (methyltransferase) OMT and a flavonoid 3-O-
glucosyltransferase (VcUFGT) which play an important role
into the diversification of the aglycone derivatives have been
described (Jaakola et al., 2002; Zifkin et al., 2012). However,
the LBGs regulating the downstream anthocyanin biosynthesis,
including formation of galactoside, arabinoside, and the acylated
derivatives, which contribute to the diversification of the
anthocyanin, are still unknown. The results of this study highlight
three aspects that can provide new insight in anthocyanin
biosynthesis pathway in blueberry. First, the anthocyanidin
aglycones were clustered based on their derivatives, petunidin
and malvidin with delphinidin and peonidin with cyanidin
(Figure 4 and Supplementary Figure S3), which suggest
that probably a flux effect, toward each branch exist. These
results are in agreement with the previous report in bilberry
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(Jaakola et al., 2002; Jaakola, 2013) and with the proposed
pathway (Figure 9). Second, we observed clear clustering pattern
between sugar moieties, glucoside vs. galactoside/arabinoside
(Supplementary Figure S3). Previous study (Zifkin et al., 2012)
reported that VcUFGT gene product is involved in adding of
glucoside on anthocyanidin structure in blueberry. However, no
genes and genetic mechanisms have been described to regulate
the formation of galactoside and arabinoside. Our cluster analysis
suggests that one or more UFGT genes with major effect are
most likely involved in catalyzing the synthesis of galactoside
and/or arabinoside based anthocyanins. The third important
point is that acylated anthocyanin also formed a subcluster
(Supplementary Figure S3). Multiple families and types of
acyltransferase (AT) have been described in plants (Giusti and
Wrolstad, 2003; D’Auria, 2006; Matera et al., 2015) and could
underlie the clear pattern of diversification observed here.

Studying the genetic mechanisms controlling anthocyanin
diversification in blueberry is important since anthocyanin
glycosylation contributes to anthocyanin stability and transport
of anthocyanins to the vacuole (Jaakola et al., 2002; Noguchi
et al., 2009; Zifkin et al., 2012; Jaakola, 2013; Cheng et al., 2014;
Le Roy et al., 2016; Wang et al., 2018). Similarly, acylation
contributes to stability under unfavorable conditions such as
high pH, heat stress and intense light (Giusti and Wrolstad,
2003; D’Auria, 2006; Matera et al., 2015; Yang W. et al.,
2019) and could be involved in bioaccessibility (Kurilich et al.,
2005; Charron et al., 2009; Oliveira et al., 2019). Overall, the
high broad sense heritability together with clear clustering
patterns among the different anthocyanins based on sugar
moieties and acylation suggest that key genetic factors/genes
that have a relatively simple genetic inheritance are likely
to be involved in the glycosylation and acylation of the
different forms of anthocyanin in blueberry. Although this study
does not identify specific genes involved in the anthocyanin
diversification, the results provides a better understanding
of the flux and underlying genetic effects controlling the
downstream anthocyanin biosynthesis. This represent a solid
framework for follow up genetic and functional analysis of
this important pathway in blueberry. Similar levels of broad
sense heritability were reported for metabolomes of diverse
rice and maize accessions (Chen et al., 2013; Wen et al.,
2014; Matsuda et al., 2015), or for fruit weight in cranberry
(Georgi et al., 2013; Schlautman et al., 2015) and grape
(Doligez et al., 2013), and were successfully used to dissect
the genetic basis of these traits using genome-wide association
analysis or QTL mapping.

Ploidy was the most distinctive descriptor to differentiate the
germplasm evaluated here. Indeed, PCA and PLS-DA analyses
clearly separated the three-ploidy groups (2×, 4×, and 6×).
These results are consistent with previous studies reporting that
HB (4×) blueberry differed from RB (6×) blueberry with respect
to metabolite profile and fruit quality traits (Gündüz et al.,
2015; Scalzo et al., 2015). Interestingly, traits with high level of
heritability such as acylated anthocyanin, cyanidin derivatives,
chlorogenic acid concentration or TSS had a high discriminatory
importance, suggesting that a strong genetic footprint controlling
these traits underlie the pattern of differentiation observed

here across ploidy groups. In contrast, tetraploid species
V. corymbosum and V. angustifolium, and blueberry types SHB
and NHB were not differentiated, probably because they have
a more uniform genetic makeup as compared to inter-ploidy
groups. Indeed, hybridization between tetraploid NHB and LB is
relatively common, as demonstrated by the high level of NHB and
LB hybrids identified in invasive natural populations (Schepker
and Kowarik, 1998), and their common use in breeding programs
to develop the so-called tetraploid half-highbush cultivars like
“Polaris,” “Chippewa,” “Northblue,” or “Northcountry” to cite a
few examples (Bian et al., 2014). Similarly, NHB and SHB hybrids
are very easy to obtain and are commonly used in breeding
programs (Ballington, 2009; Hancock et al., 2018; Retamales
and Hancock, 2018). Consistent with these observations, two
independent studies (Campa and Ferreira, 2018; Zong et al.,
2019) that used molecular markers to characterize blueberry
germplasm revealed that the different ploidy (2×, 4×, 6×)
were clearly differentiated, while SHB, NHB and half-highbush
cultivars were not separated into different groups.

Fruit Size Is a Key Factor to Study
Genetic Mechanisms Controlling
Flavonoids and Phenolic Acids in
Blueberry
Our results demonstrated that not only fruit weight, surface
area, and volume or size are very highly correlated (>0.99)
but also that fruit weight and fruit volume measurements
agreed. This information is relevant when planning phenotyping
strategies to study the genetic mechanism controlling these
traits. For instance, high-throughput phenotyping methods such
as image analysis that can estimate fruit volume and number
of fruits/plant, could be used to estimate fruit yield very
accurately. Similarly, phenotyping instruments (e.g., texture
analyzers) that integrate fruit weight measurements can be used
to estimate fruit size.

Trait correlation analysis highlighted that in tetraploid
accessions, fruit size was negatively correlated with anthocyanins,
phenolic acids, flavanols and TSS content. Similar results for
individual anthocyanins and total anthocyanin content, TSS and
total phenolic acids were previously reported (Yousef et al., 2014;
Gündüz et al., 2015; Scalzo et al., 2015). In contrast, significant
correlation was not observed between fruit size and most of
the metabolites including anthocyanins in hexaploid and in the
diploid accessions, this negative correlation was observed for one
year only. However, it is important to note that the different
results across the ploidy groups are likely due to the low degree
of variation in fruit size and total anthocyanin observed within
these accessions, and most importantly the small set of accessions
evaluated for these ploidy groups (diploid N = 6, hexaploid
N = 22) (Figure 1 and Supplementary Table S2). Overall, we
propose that the results highlighted in the tetraploid accessions
are robust and confirm that fruit size is negatively correlated
with the metabolites evaluated in this study. Zifkin et al.
(2012) localized accumulation anthocyanin and the expression
of its biosynthetic genes, specifically in the skin of fully ripen
fruits. In another study by Scalzo et al. (2015), anthocyanins
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are primarily found in the skin of blueberry, so if anthocyanins
are extracted from whole berries, small fruit are expected to
have relatively higher skin surface area, and would results
in higher concentration of metabolites. This would also
assume a uniform skin thickness. The fact that in our study
fruit surface area, volume and weight are highly correlated,
confirms this hypothesis. It is important to note that in
blueberry, anthocyanin accumulation in the pulp can occur,
but this trait is specific to a small number of accessions
or cultivars (Kalt et al., 1999; Ribera et al., 2010) that
are not represented in our study. The negative correlation
between fruit size and the bioactive metabolites evaluated
here, implies that to perform GWAS or QTL mapping
studies targeting these bioactive metabolites, estimating fruit
size is important since it should be used as a co-factor
in the analysis.

To examine the extent of size-independent phenotypic
variation for total anthocyanin concentration, the anthocyanin
concentration of the tetraploid accessions were normalized
by fruit size. The size-independent data showed more than
fivefold variation for total anthocyanin (Supplementary
Figure S15), indicating the presence of size-independent
factors that regulate anthocyanin concentration. The size
independent phenotypic variation can be explored to identify
other factors such as peel thickness or genes related to
the biosynthetic pathway that control this trait. Also, as
demonstrated by biplot analysis (Supplementary Figure S4),
cultivated accessions with high anthocyanin content and
large fruit could be identified. Positive associations were
also observed between total anthocyanin with phenolic
acid and other flavonoids such as total flavanols and total
flavonols (Figures 3, 4). These results suggest that metabolite
content and fruit size can be improved simultaneously in
breeding programs.

Overall, the results of our study highlighted that the
tetraploid accessions evaluated here will be suitable to perform
a genome wide association study to investigate the genetic
basis controlling flavonoids and polyphenol accumulation for
most of the fruit quality traits in this study. Fruit size can
be estimated as a proxy of fruit weight or volume and
vice versa, and it is a critical parameter to account for
when performing genetic studies for the bioactive metabolites.
Finally, since the blueberry accessions evaluated in this study
represent a publicly available germplasm resource, and the
phenotypic data will be made available through the GRIN-
Global database, breeders and scientists will be able to use the
results of this work as a basis for future genetic studies and in
breeding programs.
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