Tree Genetics & Genomes (2021) 17: 4
https://doi.org/10.1007/s11295-020-01482-8

ORIGINAL ARTICLE ;.)

Check for
updates

A low malic acid trait in cranberry fruit: genetics, molecular mapping,
and interaction with a citric acid locus

Stephanie Kay Fong' - Joseph Kawash? - Yifei Wang? - Jennifer Johnson-Cicalese” - James Polashock® -
Nicholi Vorsa'

Received: 18 August 2020 /Revised: 16 November 2020 / Accepted: 17 November 2020 / Published online: 6 January 2021
© Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract

The fruit of commercial cranberry (Vaccinium macrocarpon Ait.) cultivars have relatively high concentrations of malic acid
(MA) and citric acid (CA), and, to a lesser extent, quinic acid. These acids contribute to the high titratable acidity (TA), a measure
of tartness, of cranberry fruit, which typically ranges from 2.3 to 2.5% citric acid equivalents in commercial cultivars. Thus,
considerable amounts of sugar are added (“added sugar”) in products such as sweetened-dried cranberries and juices. Within our
cranberry germplasm collection, a unique accession was identified with fruit having a TA = 1.5%, where MA concentration was
reduced to ~4 mg/g fresh weight (FW), compared to ~ 8 mg/g FW in current cultivars. Inbred crosses derived from this accession
yielded progeny with a lower MA phenotype (~ 2 mg/g FW). Observed segregation indicated the accession was heterozygous
(Mala/mala) for a low MA allele (mala) and very low MA progeny were homozygous (mala/mala). MA was reduced approx-
imately 75% in these populations relative to standard cultivars. The homozygous mala/mala locus also depressed fruit CA and
quinic acid concentrations. Quantitative trait loci mapping identified a region on chromosome 4 associated with low MA. The
combined segregation of three half-sib populations derived from the low MA accession generated effective (within < 1 cM)
Kompetitive allele-specific PCR (KASP) markers for use in breeding of cranberry cultivars with lower MA. Dihybrid popula-
tions were developed having a previously described low CA allele, cita, with the mala alleles of this study to explore the
interaction of alleles at both loci.
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Introduction

Communicated by C. Chen

While cranberry (Vaccinium macrocarpon Ait.) fruit is well
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known for its health benefits, significant amounts of added
sugars are required to balance the high acid content for palat-
ability of cranberry products (juices, sweetened dried cran-
berries, sauces, etc.). In fact, most cranberry products typically
contain up to 40% of added sugars (Ocean Spray Cranberries
Inc. 2019). Fruit juices are formulated using measures of Brix
(soluble solids) and titratable acidity (TA), as palatability is
related to the sugar-acid ratio (Brix:TA) (Bates et al. 2001).
However, too little acidity can cause bland flavor, as expres-
sion of fruit flavor requires a minimum level of acid, typically
between 0.5 and 1.0% TA (Bates et al. 2001). Brix is a popular
industry measure of sugar content; however, in fruit with high
acidity, the value also includes constituents such as organic
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acids. TA is measured as citric acid equivalents (CAE) in
cranberry and is a measure of acidity or fruit tartness.
Cranberry fruits are low in sugar (combined glucose, fructose,
and sucrose of ~ 3%) relative to other fruits, such as blueberry,
with typically > 6% total sugars (Ocean Spray Cranberries,
Inc. 2019; Forney et al. 2012). Furthermore, fructose is typi-
cally equal to or greater in concentration than glucose in fruits
consumed fresh; however, in cranberry, fructose is greatly
reduced relative to glucose.

Cranberry fruit has three organic acids that contribute to
TA: malic (MA), citric (CA), and to a lesser extent quinic acid
(QA) (Cunningham et al. 2003; Wang et al. 2017), with MA
typically ranging between 0.6 and 1.0%. Modeling with malic
acid in peach showed that both malic and citric acids are
significant contributors to TA (Lobit et al. 2002). Thus, reduc-
ing the MA content in cranberry should decrease TA.
Additionally, if acidity of cranberry is reduced, it could be
possible to increase the percentage of cranberry juice in cran-
berry juice products without increasing sugar content. This
would potentially enhance the relative amounts of bioactive
health compounds in cranberry products.

The perception of “tartness” and astringency depends on
specific acids, various acid compositions, and the consumer
(Rubico and McDaniel 1992). MA, a dicarboxylic acid, has a
pKa of 3.4 and 5.2 (pKa; and pKa,, respectively) and is ap-
proximately 90% as sour as CA (Kader 2008). A common and
naturally occurring compound, MA contributes to the refresh-
ing tart taste of various fruit species, such as apple, in which
malic is the primary fruit acid (Zhang et al. 2010). MA con-
centrations in cranberry fruit tend to remain stable during fruit
development, typically ranging 6—8 mg/g (Wang et al. 2017).
CA is a tricarboxylic acid with a pKa of 3.13, 4.76, and 6.39
(pKa,, pKa,, and pKajs, respectively). CA contributes to the
sharp sour taste, most notably in citrus fruits, in which CA is
the primary acid. CA is the principal acid in other Vaccinium
species, e.g., highbush blueberry (Wang et al. 2019; Forney
et al. 2012). Like MA, CA concentrations in cranberry fruit
tend to remain stable during fruit development, typically rang-
ing 6-12 mg/g (Wang et al. 2017). Additionally, a low CA
trait has been well characterized at the C/TA locus in cranberry
(Fong et al. 2020). QA is a sugar acid with a pKa of 3.46 and
contributes to the bitter astringent taste in cranberry fruit. QA
is not found in many fruits, but is found in peach, Prunus
persica (Etienne et al. 2002b; Bae et al. 2014) and kiwi fruit,
Actinidia species (Nishiyama et al. 2008; Marsh et al. 2009). It
is also reported to contribute to the bitter taste found in coffee
(McCamey et al. 1990). QA concentrations in cranberry tend
to decrease during fruit development (Wang et al. 2017).

A low MA trait was observed in apples (Malus domestica),
measured by pH and TA, and was recessively inherited (Xu
et al. 2012). Fine mapping of the low MA trait in apple re-
vealed aluminum-activated malate transporter-like genes,
which maintain malate homeostasis (Bai et al. 2012). In
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tomato, there was also evidence that acidity is controlled by
aluminum-activated malate transporter-like genes (Ye et al.
2017). MA is also found in peaches (Prunus persica), with
low acid varieties having both lower MA and CA concentra-
tions (Moing et al. 1998). Molecular mapping has identified
multiple markers linked with the low acid trait, which is pri-
marily due to lower MA (Etienne et al. 2002b; Boudehri et al.
2009; Eduardo et al. 2014; Lambert et al. 2016; Zeballos et al.
2016). Several studies have identified candidate genes for the
low acid trait in peaches, which include an auxin efflux carri-
er, malate dehydrogenase, and a tonoplast proton pump
(Etienne et al. 2002a, b; Cao et al. 2016). Although cultivated
sweet melon (Cucumis melo L.) has very low levels of CA and
MA, genetic variation exists in the germplasm (Cohen et al.
2012). In Cohen et al. (2012), there was a lack of co-
localization of candidate genes controlling acidity and the
QTL identified.

In cranberry (2x = 2n = 24), there have been a number of
genetic and genomic studies conducted. An updated genome
sequence is available (Kawash, unpublished data), and multi-
ple genetic maps and QTL studies have been published
(Covarrubias-Pazaran et al. 2016; Daverdin et al. 2017,
Diaz-Garcia et al. 2018; Georgi et al. 2013; Polashock et al.
2014; Schlautman et al. 2015 and 2017). These studies have
constructed high-resolution linkage maps co-linear with the
reference genome sequence, facilitating further genomic stud-
ies. Additionally, there were 3 QTL for TA across 3 linkage
groups identified in Georgi et al. (2013). However, these three
QTLs were not detected in Diaz-Garcia et al. (2018) where
there were 17 QTL across 7 linkage groups identified.
Additionally, we have characterized another locus (CITA)
influencing fruit TA via CA concentration with an allele cita,
which, when homozygous, results in a low CA phenotype
(Fong et al. 2020). However, a negative correlation between
CA and MA in these populations resulted in higher MA in the
low CA progeny, attenuating the decrease in TA (Fong et al.
2020).

A native germplasm accession, NJ93-57, with reduced MA
concentration was previously identified in the cranberry germ-
plasm collection at the Marucci Blueberry and Cranberry
Research and Extension Center, Chatsworth, NJ (Cunningham
and Vorsa unpublished data). This study describes the inheri-
tance of a low MA trait originating from NJ93-57. A series of
breeding cycles indicated a partially recessive qualitative trait,
modulated by the locus MALA. A low MA allele, mala, was
derived from the heterozygous accession NJ93-57.

As the first characterization of the genetics of a qualitative
low MA trait in cranberry fruit, the objectives of this study
were to (1) describe the inheritance of the mala allele, its effect
on TA and MA, and its relationship with CA and QA; (2)
identify, develop, and validate molecular markers, e.g.,
Kompetitive allele-specific PCR (KASP), closely linked to
MALA locus for identification of the mala allele in marker-
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assisted selection; and (3) determine the effect of the MALA
locus allele, mala, in genotypes having the cita allele at the
CITA locus described in Fong et al. (2020).

Materials and methods
Plant material

The germplasm accession NJ93-57 was collected from a na-
tive cranberry population in Suffolk County, NY, in 1993, and
exhibited lower MA (4.05 mg/g) in a subsequent germplasm
screen. An initial cross, NJ93-57 x cv. Mullica Queen (MQ),
was made in 2004 to generate the CNJ04-52 population (Fig.
1). From this population, an individual with lower TA
(CNJ04-52-46) was self-pollinated to generate the CNJO8-
100 (hereafter MA100) population (Fig. 1 and S1). One addi-
tional full-sib of CNJ04-52-46 and CNJ04-52-54, also with
lower TA, was also suspected of having the genes, i.e., alleles,
for low MA concentrations. CNJ04-52-46 and CNJ04-52-54
were crossed with the low CA germplasm accession (NJ91-7-
12) previously defined as homozygous for the low CA allele,
cita/cita at the CITA locus (Fong et al. 2020), to generate
CNJ08-98 and CNJ08-103 populations, respectively (Fig.
1). Progeny from these populations were evaluated for CA,
MA, and QA concentrations. Individuals with the lowest MA
concentrations (CNJ08-103-20 [6.0 mg/g], CNJ08-98-80 [5.5
mg/g], and CNJ08-98-3 [5.3 mg/g]) were selected for subse-
quent crosses (Fig. 1). In 2012, CNJ08-103-20 was self-
pollinated to give population CNJ12-155 (CM155, named
CM for containing both cita and mala alleles). Additionally,

the cross CNJ08-98-80 x CNJ08-103-20 gave population
CNJ12-151 (CM151). CM155 and CM151 are half-sib popu-
lations with the common parent CNJ08-103-20 (Fig. 1 and
Table S1, S2).

Additional F; populations (in addition to CNJ04-52) pro-
duced were CNJ04-13 (MQ x NJ91-7-12) and CNJ04-34 (cv.
Crimson Queen (CQ) x NJ93-57). Third-generation cycle
populations CNJ12-92 (CM92) and CNJ12-93 (CM93) were
generated by intercrossing the second generation as shown in
Fig. 1. CM92 and CM93 were derived from CNJ08-30-20 (a
homozygous genotype cita/cita, from self-pollination of
CNJ04-13-39), as a seed parent, crossed with the pollen par-
ents CNJ08-90-7 and CNJ08-98-3, respectively (both derived
from a backcross to NJ91-7-12, a homozygous cita/cita geno-
type) (Fig. 1 and Table S1, S2).

Crosses were made manually during April and May in the
greenhouse in 2004-2012; flowers of the maternal parent
were emasculated 1-2 days prior to anthesis and pollinated
with pollen from the paternal parent 5—7 days post-emascula-
tion. Seeds were germinated in the greenhouse after stratifica-
tion at ~ 2 °C for approximately 3 months. Seedlings were
transplanted into 108 cm? pots containing peat and sand at 1:1
v/v and maintained in the greenhouse and grown for at least 3
years. Populations flowered and set fruit during the years
2014-2018. During the spring/summer of 2017 and 2018,
flowering plants were taken outside for bee open-pollination.
After pollination and subsequent fruit set was completed,
plants were brought back into the greenhouse for fruit devel-
opment and ripening. Fruit was collected from each individual
in each population once a year during late August and
September in 2014-2018 for analysis of organic acids and

NJ93-57 Mullica Queen NJ91-7-12 Crimson Queen
Mala/mala cita/cita
| d
CNJ04-52-46 Q d Jd|?
CNJ04-52-54 CNJ04-13-39 CNJ04-34-51
Mala/mal Cita/cit Mala/mala
ala/mala ita/cita 946 g
sal ® ® CNJ08-98-3
? / CNJ08-98-80 | — I\ ?
CNJ08-103-20 MA100 | | CNJ08-30-20 CNJ08-90-7
Mala/mala | cita/cita (_‘,‘%ac,[g;a Mala/mala
Cita/cita ® 20 Cita/cita
CM155 CM151 CM92 ? CM93

Fig. 1 Pedigree of populations (in bold) used in this study: MA100,
CM155, CM151, CM92, and CM93. Red boxes indicate cita in
background, blue boxes indicate mala in background, black boxes
indicate neither cita nor mala in background, and purple boxes indicate

both cita and mala alleles in background. Genotypes for CITA and/or
MALA given when alleles cita and mala are present; otherwise, if alleles
are not specified, then genotypes are Cita/Cita and/or Mala/Mala
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TA. Leaf tissue was collected in the spring of 2017 for DNA
extractions.

Organic acid and titratable acidity analysis

Fruit organic acids (MA, CA, QA) were extracted and ana-
lyzed with high-performance liquid chromatography (HPLC)
as in Wang et al. (2017), with modifications as follows:
Approximately 3—5 g of frozen fruit was used per sample
(individual population, with 2—3 fruits per sample), depending
on fruit weight available. The fruit was ground with a
Precellys Evolution homogenizer (Bertin Corp., Rockville,
MD, USA) using 2.8-mm ceramic beads at 7200 rpm for 1.5
min. Ten milliliters of distilled water for every gram of fruit
was added to suspend the homogenized fruit. One milliliter of
the slurry was centrifuged at 10,000 rpm for 5 min; the super-
natant was heated to 90 ° C for 10 min, and then frozen at - 80
°C until analyzed with HPLC on a Dionex HPLC system with
an AS50 Autosampler, AS50 Thermal Compartment, PDA-
100 Detector, and a GP40 Gradient Pump (Dionex
Corporation, Sunnyvale, CA, USA). The remainder of the
slurry was used for TA and Brix (soluble solids) analysis as
in Vorsa and Johnson-Cicalese (2012). TA was quantified by
titrating to an endpoint of pH 8.2 with .05 N NaOH using a
Metrohm Ti-Touch 916 (Metrohm AG, Riverview, FL, USA).
The final percent TA was calculated using CAE. Brix was
measured with an Atago PR-32 digital refractometer (Atago
USA, Inc., Bellevue, WA, USA). HPLC and TA were per-
formed on fruit from individuals in the CM151, CM155,
CM92, and CM93 populations, collected over 20162018
crop years. Most progeny were sampled for 2 years (2016—
2017), for two replications per progeny, with samples collect-
ed in 2018 used to fill in for individuals that did not produce
fruit from the prior 2 years. HPLC was performed for MA100
fruit harvested in 2014-2017, while TA was performed only
in 2016.

Genotyping

DNA was extracted from leaf tissue with a modified CTAB
protocol and GBS libraries for MA100, CM151, and CM155
were generated as in Daverdin et al. (2017). The GBS libraries
for all the populations used Mspl and Pstl as the restriction
enzymes (New England Biolabs Inc., Ipswich, MA, USA).
After the initial analysis, additional GBS libraries were gener-
ated for CM 155 using the restriction enzymes Ndel and Pstl
to yield more reads in the region of interest. Prepared GBS
libraries were sent to Genewiz, Inc. (South Plainfield, NJ,
USA) for sequencing on the Illumina Hi-seq platform
(Illumina Inc., San Diego, CA, USA). The initial sequencing
run was on a 2 x 100 bp configuration, with later sequencing
runs on a 2 x 150 bp paired-end configuration.
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All populations were also genotyped with SSRs (scf258d
and scf153722) linked to the CITA locus for low CA trait as in
Fong et al. (2020). After identification of SNP markers
through QTL mapping, SNP genotyping was conducted using
custom KASP (Kompetitive allele-specific PCR) assays de-
signed by LGC Biosearch Technologies (Beverly, MA, USA)
using sequence data provided. SSR primer sequences and
SNP regions are shown in Table S3. Sensitivity and specificity
were calculated for every marker as in Rosas et al. (2014),
following classifications of true negatives, false negatives,
false positives, and true negatives as in Fong et al. (2020).

QTL identification

Barcoded samples were de-multiplexed using STACKS and
aligned to the cranberry reference genome (Kawash et al. un-
published) with bwa-mem (Catchen et al. 201 1; Li and Durbin
2009). Samtools was used to call SNPs (Li 2011). Qualifying
SNPs required a read support of 4 reads, and heterogeneity
between 25 and 75%. Missing data was limited to only 10% of
the population in a given marker, and markers that were ho-
mogenous through the population were also removed. R/qtl
was used to calculate genetic distance between markers and
identify QTL (Broman et al. 2003). Genome-wide signifi-
cance of LOD scores was calculated at p < 0.05 through
1000 permutations. Gene prediction was performed using
MAKER (Cantarel et al. 2008), using transcriptome informa-
tion from Polashock et al. (2014) as training data. Function
prediction of resulting genes from MAKER was performed
using tblastx against the NCBI NR database and linked to
candidate genes placed within the QTL region.

Statistical analyses

PROC GLM and CORR were used in SAS version 9.4 (SAS
Institute Inc., Cary, NC, USA) for means separations, regres-
sion analysis, and ANOVA (CM151 and CM155 populations
pooled); CA and MA levels were analyzed as fixed variables,
type III SS interaction error term used to test C/TA and MALA
loci main effects for MA, CA, QA, and TA, and year-to-year
variation and correlations. Chi-square values were calculated
using Chisg-.test in R.

Results

Relationship of MA, CA, QA, and TA

The MA population means for populations CM151 and
CM155 were significantly different from each other (5.5 and
4.2 mg/g, respectively), but not from MA100 (5.1 mg/g) (Fig.
S2a). The CM151 and CM155 populations, however, did
have individuals with considerably lower MA (range of 0.4—
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8.9 and 0.1-6.8 mg/g, respectively), as compared to MA100
(1.3-9.0 mg/g). The CA mean concentration and range were
significantly lower in the CM151 and CM155 populations
than in MA100 (Fig. S2b).

In all three populations, variation between harvest years
was not significant for CA, MA, and TA. However, there
was significant variation between years for QA (F-value =
45.1, p < 0.05). A significant correlation between 2017 and
2018 MA levels was observed for populations CM151 and
CM155 combined (r = 0.84, p < 0.0001).

MA CM92 and CM93 population means (5.8 and 6.3 mg/
g, respectively) were significantly higher than for CM 155 (4.1
mg/g) (Fig. S2a). CA CM92 population mean (2.8 mg/g) was
significantly lower than population means of MA100,
CM151, CM155, and CM93. CA population means for
CM155 and CM93 were significantly lower than for MA100
(Fig. S2b). The maximum CA concentration for CM92 was
lower than CM93 (7.0 and 9.8 mg/g, respectively). TA CM92
and CM93population means (1.6% and 1.8% CAE, respec-
tively) were intermediate to TA means for MA100 versus
CM155 (Fig. S2¢). QA population means were similar for
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from 2014-2016), CM155, and CM151 (means from 2016-2017).

CM92 and CM93 (12.5 mg/g and 13.4 mg/g, respectively)
and significantly higher compared to CM155 (Fig. S2d).
There was significant year-to-year variation, but the year by
genotype interaction was not significant (data not shown) for
MA, CA, QA, and TA for CM92 and CM93A and low but
significant correlation for MA between the 2 years was found
(r=0.24, p < 0.01 and = 0.27, p < 0.01, respectively) for
CM92 and CM93.

Concentrations of MA, CA, QA, and TA appeared to ex-
hibit a bimodal distribution for MA100, CM151, and CM155
(Fig. 2a, b, ¢, d). In the CM92 and CM93 populations, the
distributions for MA, QA, and TA generally appeared to fol-
low a normal distribution while the distribution for CA could
be considered bimodal (Fig. 2e, f, g, h).

QA, MA, and CA were significantly positively correlated
with TA in MA100, CM151, and CM155 (Table 1). There was
also a strong significant positive correlation between QA and
MA for MA100, CM151, and CM155 populations (» = 0.52,
0.55, and 0.79, respectively). However, only MA100 showed a
positive correlation between CA and MA (r = 0.76). For
MA100 and CM155, there was a significant positive
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Table 1 Pearson’s correlation

coefficients and significance Population Quinic Malic Citric TA Brix
between quinic acid, malic acid, —
citric acid, TA, and Brix for Quinic MA100
MA100, CM151, and CM155. CM151
Duc'e tg the lack of significant CM155
variation between years, means of . s
2 years (CM151 and CM155)or3 ~ Malic MAL100 0.523
years (MA100) of data were used CMI151 0.553 %%
in the analysis. Quinic, malic, and CM155 0.791 %
citric acids were measured in mg/ o oo s
g fruit weight, TA was in % citric Citric MAT00 0.593 0.758
acid equivalents, and Brix was in CMI51 0.24 0.248
% soluble solids CM155 0.342* 0.148
TA MA100 0.523%* 0.8597##:# 0.817%#%*
CM151 0.547%#:* 0.743 %% 0.772%
CM155 0.828 %4 0.8607%#* 0.587#*
Brix CM151 0.160 0.4427%* 0.260 0.327*
CM155 0.178 0.204 0.345* 0.334

wxk p < 0,005, ** p < 0.005, * p < 0.05

correlation (7 = 0.59 and 0.34, respectively) between QA and
CA. CM155 also had a modest significant positive correlation
(r = 0.35, respectively) between Brix and CA. CM151 had
significant positive correlations between Brix and MA (r =
0.44), and TA (r = 0.33). CM92 and CM93 had significant
differences between years for all five traits (however, there
was no significant interaction between year and genotype);
thus, the correlations were analyzed by year (Table S4). The
only significant positive correlations consistently observed
both years (2016 and 2017) were between MA and TA and
between CA and TA, in both CM92 and CM93 (Table S3).
Multiple regression analysis for populations MA100,
CM151, and CM155 indicated that variation in MA and CA
contributed the most to the variation in TA. For MA100, CA
and MA accounted for 81% of the variation in TA. For CM151,
CA and MA accounted for 92% of the variation in TA. For
CM155, CA and MA accounted for 96% of the variation in TA.

Inheritance of low MA trait

The distribution of MA for MA100, CM151, and CM155 sug-
gested that there is a threshold at < 2.5 mg/g MA (phenotypes

between 2.5 and 3.0 mg/g essentially lacking) to be considered
low MA (Fig. 2a). All three populations exhibited bimodal MA
distributions, indicating the presence of a single locus affecting
the low MA phenotype, herein referred to as the MALA locus
(Fig. 2a). In the populations, there was segregation for two
phenotypic levels, low MA at < 2.5 mg/g and “normal” MA
at > 2.5 mg/g (Table 2). MA100 segregation was consistent
with expected 3:1 (x> = 0.01, p = 0.92) for normal MA to
low MA (< 2 mg/g) (Table 2). CM155 also fit 3:1 segregation
for MA (X2 =0.88, p = 0.35) (Table 2). However, the observed
segregation for MA concentration in CM151 was significantly
different from the expected 3:1 ratio, with a deficiency of the
low MA phenotype (x> = 4.3, p = 0.04).

When CM151 and CM155 are analyzed as dihybrid
crosses involving two loci (CITA and MALA), segregation
did not significantly deviate from a 9:3:3:1 segregation ratio
for a dihybrid cross with two independently segregating traits
(CM151: x* = 7.0, p = 0.07, CM155: x* = 6.6, p = 0.09)
(Table 3). In CM92 and CM93 (Cita/cita x cita/cita popula-
tions), the distribution of CA fit the expected bimodal distri-
bution, while the distribution for MA suggests a unimodal
distribution (Fig. 2¢). Both CM92 and CM93 did not

Table 2 Observed and expected

segregation ratios and chi-square Cross Observed phenotype (mg/g) ~ Expected phenotype (mg/g)

analysis for each population

(MA100, CM151, MA <2 MA >4 MA<2 MA >4 X DF  pvalue

CM155) segregating for fruit ma-

lic acid concentration (mg/g) MA100 25 8.25 24.75 0.07 1 0.79
CM151 43 12.25 36.75 462 1 0.03
CM155 12 26 9.5 28.5 074 1 0.39
Total of X° s 543 3 0.14
Pooled X* 26 94 30 90 0.81 1 0.85
Heterogeneity X 4.62 2 0.10
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Table 3
fruit malic and citric acid concentrations (mg/g)

Observed and expected segregation ratios and chi-square analysis for populations CM151 and CM155 as dihybrid crosses segregating for both

Cross Observed phenotype (mg/g) Expected phenotype (mg/g)
MA<?2 MA>4 MA<2 MA>4 MA <2 MA>4 MA<2 MA>4 X DF  pvalue
CA>25 CA<2 CA<2 CA>25 CA>25 CA<2 CA<2 CA>25
CM151 3 8 3 35 3 28 7.03 3 0.07
CM155 12 7 0 19 2 21 6.61 3 0.09
Total of X* s 1364 6 003
Pooled X 15 15 3 54 16 5 49 242 3 0.49
Heterogeneity X> 1122 5 0.05

significantly deviate from a 1:1 segregation ratio expected
with the CITA locus (Table 4) for low CA (< 2.5 mg/g) versus
high (>3 mg/g) (CM92: x> =0.13, p = 0.73, CM93: x* = 1.6,
p=021).

Genetic mapping

The initial sequencing of the GBS libraries (MA100 and the
first half of CM155, n = 56 total) with a 2 x 100-bp format
resulted in a total of 43,517 Mbases with a mean quality score
of 34.9. The second sequencing run (CM151 and the second
half of CM155, n =75 total) with a 2 x 150-bp format resulted
in a total of 108,584 Mbases with a mean quality score of 37.2.
After de-multiplexing with STACKS, the libraries yielded an
average of 7 million reads per individual. The first sequencing
run had 431 million reads and 6.4 million reads per sample.
The second sequencing run had 719 million reads and 7.6
million reads per sample. After aligning the reads to the cur-
rent cranberry reference genome (unpublished), calling SNPs
using Samtools, and filtering, a total of 13,698 SNP markers
were identified.

The SNP markers for MA (MA 271 and MA 476) were
initially identified using a previous reference genome version
(Table S3). Marker positions were therefore updated as the
reference genome was further refined using Oxford
Nanopore (Oxford, UK) long read and Illumina (San Diego,
CA, USA) paired-end short-read technologies. These SNPs
were converted into KASP assays for high-throughput

analysis of progeny. CM 151 and CM 155 were also genotyped
with SNP CA 609 (also converted into a KASP assay) to
follow segregation at the CITA locus for CA concentration
(Fong et al. 2020) (Table S3).

For MA100, QTLs were identified using scanone in R/qtl
and peaks that surpassed the LOD threshold of 9.4 were
deemed significant based on 1000 permutations (Fig. S4a).
The QTL was located at marker 4 36181956 on chromosome
4 of Schlautman et al. (2017). Further analysis with R/qtl
determined the QTL interval to be 267 kb in size from
36,106,859 to 36,371,940 (Fig. S4a). This QTL on chromo-
some 4 had a LOD score of 11.6 and accounted for 81% of the
phenotypic variance in the population. For CM151 and
CM155, the data were combined for QTL analysis. Peaks
having a LOD threshold of 10.21 or higher were deemed
significant. The QTL was located at marker 4 36106859
(Fig. S4b). Further analysis determined the QTL interval to
be 437 kb in size from 36,063,067 to 36,499,933. This QTL
was also on chromosome 4 with a LOD score of 24.0 and
accounted for 72% of the phenotypic variance in the popula-
tions. All significant peaks occurred on chromosome 4. Gene
prediction of the QTL region yielded a number of
uncharacterized proteins along with metal tolerance protein
and 7-dehydrocholesterol reductase.

These two QTLs identified by SNP markers were consis-
tent with Mendelian segregation and co-segregated (98%)
with the low MA trait (Table 5). For marker 4 36106859
(MA_859) and marker 4 36181956 (MA 956), the TT

Table 4 Observed and expected

segregation ratios and chi-square Cross Observed phenotype (mg/g) Expected phenotype (mg/g)

analysis for populations CM92

and CM93 segregating for CA<25 CA>3 CA<25 CA>3 X DF  pvalue

fruit citric acid concentrations

(mg/g) CM92 60 64 62 62 0.129 1 0.719
CM93 39 51 45 45 1.6 1 0.206
Total of X* s 1729 2 0.42
Pooled X? 99 115 107 107 1.2 1 0.27
Heterogeneity X* 0529 1 0.47
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genotype co-segregated with low MA (< 2.5 mg/g FW) and
was defined as mala/mala. These two markers are 11 kb apart.
Additionally, when the MA phenotypes are grouped by the
SNP genotypes, there are significant differences between the
SNP genotype groups (Fig. 3a,b). Homozygous (mala/mala)
exhibited MA concentrations below 2.5 mg/g with non-
overlapping ranges to that of Mala/-. Heterozygotes (Mala/
mala) had intermediate mean concentrations (3.0-7.8 mg/g)
and homozygous (Mala/Mala) had the highest mean concen-
trations (4.8-9.0 mg/g) (Fig. 3a). The phenotypic ranges of
Mala/Mala and Mala/mala genotypes overlapped for MA.
The phenotypes indicated that the low MA trait was partially
dominant, as the heterozygous (Mala/mala) genotype has a
MA phenotype of approximately 5 mg/g, close to the
midparent value of 5.4 mg/g MA. QA and CA levels were
also significantly reduced by MALA genotypes having the
mala allele as defined by the marker (Fig. 3¢, d), with mala/
mala genotype having the lowest levels.

KASP and SSR marker utilization and validation

The relationship of the low CA and low MA traits was eval-
uated in two additional populations with different genetic
backgrounds, CM92 and CM93, to determine the sensitivity
and specificity of the identified markers (Table 5). The het-
erozygous individuals were determined based on expected
phenotypic segregation. For CA, the sensitivity and specificity
was over 90% for all 3 markers, with scf258d having the best
sensitivity and specificity. For MA, while CM92 and CM93

Table5 Phenotypes and marker genotypes for the citric acid trait (SSRs
and KASPs) and malic acid trait (KASPs) in CM92, CM93, CM155, and
CMI151. Sensitivity and specificity were calculated based on the ability to

did not segregate for low MA phenotype, the SNP markers
were used to identify the efficacy of the markers in identifying
false positives. As Table 5 shows, MA 271 had many false
positives, resulting in a specificity of 81%. However,
MA_476 showed consistency against false positives and had
a high sensitivity and specificity for detecting the mala alleles
successfully (Table 5).

Interaction of cita and mala alleles

Overall, in populations CM92, CM93, CM151, and CM151,
individuals homozygous for cita/cita have significantly lower
CA concentrations (< 2 mg/g) (Fig. 4a). The presence of one
allele of mala has a significant effect on reducing overall TA
and CA (Fig. 4a, c). However, the presence of two cita alleles
(cita/cita) appears to have an additive effect on increasing MA
concentrations (Fig. 4b). Even though the presence of cita
alleles increases MA concentrations, cumulatively, the cita
and mala alleles seem to have an additive effect on reducing
overall TA (Fig. 4¢).

Analysis of genotypes at the C/TA and MALA loci and their
interaction revealed that MALA significantly influenced QA
concentrations (F = 15.2, p < 0.0001). MA concentrations
were significantly influenced by both CITA (F = 3.8, p =
0.03) and MALA (F = 88, p < 0.0001), but there was no
significant interaction between the two loci. CA concentra-
tions were significantly influenced by both CITA (F = 72.67,
p<0.0001) and MALA (F=21.41, p <0.0001), and there was
an interaction between the two loci (F = 2.97, p = 0.02).

detect cita/cita or mala/mala individuals. CA: low < 2.5 mg/g, moderate
3-6 mg/g, high > 6; MA: low < 2.5 mg/g, moderate 3.5-5 mg/g, high > 5
mg/g

Populations

Markers CM151 CM155 CM92 CM93 Sensitivity Specificity
scf258d 217/217 227/227 217/227 217/217 227/227 217/227 217/217 217227 217/217 217/227 0.940 0.994
Low CA 9 0 0 7 0 2 55 4 38 1

Moderate CA 0 2 18 0 2 15 0 53 1 45

High CA 0 9 3 0 5 5 0 0 0 0

scf157322 276/276 272/276 276/276 270/276 0.938 0.971
Low CA 54 4 37 2

Moderate CA 0 54 3 48

SNP CA_609 G/G A/G A/A G/G A/G A/A G/G A/G G/G A/G 0.912 0.982
Low CA 9 0 0 6 2 0 53 5 36 3

Moderate CA 0 20 3 0 16 2 2 52 1 49

High CA 0 3 12 0 5 0 0 0 0

SNP MA 271 T/T T/C C/IC T/T T/C C/IC T/T T/C C/IC T/T T/C Cc/IC 0.941 0.811
Low MA 5 1 0 11 0 0 0 0 0 0 0 0

Moderate MA 1 22 5 0 12 5 21 28 8 14 15 16

High MA 0 6 9 0 5 3 9 26 22 6 6 31

SNP MA_476  A/A A/C c/C A/A A/C Cc/C A/C Cc/IC A/C C/C  0.941 1.000
Low MA 5 1 0 11 0 0 0 0 0 0

Moderate MA 0 23 5 0 12 5 43 14 13 32

High MA 0 6 9 0 5 3 18 39 29 16
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Fig. 3 Distribution of organic acid phenotypes (means from 2016 and

2017) in CM151, CM155, and MA100 along with SNP genotypes. The

TT genotypes in both SNPs MA_859 and MA_956 are associated with

low malic acid (< 2 mg/g). a Malic acid phenotypes in CM151, CM155,

Overall, TA was significantly influenced by both CITA (F =
5.9, p =0.004) and MALA (F = 112.25, p < 0.0001), with no
significant interaction between the two loci. There was no
significant effect of the heterozygous Mala/mala versus ho-
mozygous Mala/Mala genotype on CA concentrations (Fig.
5b). However, overall, there was a significant effect of one
copy of'the cita allele (cita/-) on CA concentration, consistent
with co-dominance. The homozygous mala genotype (mala/
mala) significantly decreased the CA concentration. At the
MALA locus, there was a significant effect of the mala allele
in the heterozygous genotype on decreasing MA concentra-
tions, except when the CITA locus was homozygous (cita/
cita) (Fig. 5a). In fact, cita appears epistatic to mala, where
the presence of at least one cifa allele, and enhanced when
homozygous, increases the MA concentration when mala
was heterozygous. Additionally, mala had an additive effect
in the presence of cita in decreasing CA concentrations. In the
presence of mala/mala, there was a decrease in CA concen-
trations. Overall, both mala and cita seem to have an additive
effect in reducing TA (Fig. 5d).

Utilizing all the phenotype and genotype data, a multiple
regression analysis was performed to determine the total pro-
portion of observed TA variation that could be accounted for
by these three acids. For CM151 and CM155 combined, the
variables most significant for TA were CA, MA, QA, and

Malic Acid: MA_956

N
0

5.0-

25-

0.0-

Malic Acid Concentration (mg/g FW) T

cc TC T
Genotype
Quinic Acid: MA_956

20

-

10

Quinic Acid Concentration (mg/g FW) Q-

cc TC T

Genotype
and MA100 for SNP MA_859. b Malic acid phenotypes in MA100 for
SNP MA_956. ¢ Citric acid phenotypes in MA100 for SNP MA_956. d
Quinic acid phenotypes in MA100 for SNP MA_956

genotype, with a R* = 0.92. For CM92, the variables most
significant were MA, QA, and genotype, with a R* = 0.65.
For CM93, the variables most significant were CA, MA, and
genotype, with a R? of 0.72. When all the data were pooled,
CA, MA, and genotype were most significant, with a R?>=0.86.

Discussion

We have characterized a low MA trait in cranberry fruit de-
rived from a native germplasm accession (NJ93-57) and de-
termined its interaction with genotypes at the CITA locus.
NJ93-57 was determined to be heterozygous (Mala/mala),
with a MA concentration of ~ 4 mg/g. In an F, population,
derived from an F; Mullica Queen x NJ93-57, progeny with a
MA concentration as low as ~ 2 mg/g were recovered. This is
the lowest level MA phenotype reported in cranberry and is a
result of a mala/mala homozygous genotype, with the mala
being largely recessive, and the wild-type allele partially dom-
inant. The high correlation of MA levels across years indicates
a strong qualitative genetic effect of the mala/mala genotype.
However, significant differences in MA and TA between pop-
ulations with the low the MA trait, e.g., CM151 versus
CM155, indicate general genetic background also influences
acidity to some extent. To characterize and map the low MA
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Fig. 4 Distribution of phenotypes (means from 2016 and 2017): citric acid (a), malic acid (b), and TA (c) based on the consensus genotype from
genotyping with SSR and KASP markers. CC is Cita/Cita, Cc is Cita/cita, cc is cita/cita. MM is Mala/Mala, Mm is Mala/mala, mm is mala/mala

trait, mala, three populations with a total of 119 unique indi-
viduals were phenotyped and genotyped. The three popula-
tions segregated for low MA trait (~ 2 mg/g FW) consistent
with a single, co-dominant gene in a Mendelian pattern and
we named the locus MALA. The initial KASP markers
(MA_271 and MA_476) developed for genotyping the
MALA locus were identified from a SNP map with MA 271
being placed on a smaller fragment that was not initially con-
tiguous with the MA_476. Subsequently, with an improved
reference map, MA 271 was placed adjacent to MA 476.
Two additional SNP markers (MA_ 859 and MA_956),
11 kb apart and within 1 cM, co-segregated with MALA locus,
increasing the resolution of this region and aiding in possible
gene identification.

To assess the utility of these SNP markers and deter-
mine the effect of the mala allele in the heterozygous ge-
notype (Mala/Mala vs. Mala/mala), in the three CITA ge-
notypes (Cita/Cita, Cita/cita, and cita/cita), two popula-
tions (CM92 and CM93) with a total of 214 individuals
were genotyped with markers associated with mala and
cita alleles (Fong et al. 2020). As the loci for mala and

@ Springer

cita are on separate chromosomes (chromosomes 4 and 1,
respectively), the observed segregation pattern revealed, as
expected, that cita and mala indeed segregated indepen-
dently. For mala, the KASP marker MA 476 had the best
sensitivity and specificity for successfully determining
lower MA individuals and importantly discriminating het-
erozygotes with the mala allele from homozygotes lacking
the allele. For cita, the scf258d SSR marker was consid-
ered best, as found in Fong et al. (2020).

There were significant differences in population means for
citric, malic, and quinic acids and TA for all five populations
analyzed in the present study, likely reflecting heterogeneity
in the segregation of genotypes at MALA and CITA loci be-
tween various populations. Lacking the low CA allele, cita, at
the CITA locus, population MA100 had a higher average CA
concentration and a higher average TA, in contrast to the other
four populations, which is likely due to the strong effect of the
cita allele over the mala allele in reducing CA, and thus TA.
Populations segregating for only two CITA genotypes, cita/
cita and Cita/cita, and lacking the homozygous wild-type ge-
notype, Cita/Cita (CM92 and CM93) exhibited lower CA
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concentrations than those homozygous for wild-type alleles at
both CITA and MALA, e.g., CM151 and CM 155, which seg-
regated for all three genotypes at both CITA and MALA.

QA variation did not appear to be related to the genetic
composition of the population, but QA concentrations were
correlated with TA across populations, which is consistent
with the observation that the mala allele effect depresses all
three acids. However, QA levels had significant year-to-year
variation in all populations, indicating that there is likely an
environmental effect on QA concentrations. Wang et al.
(2017) found, as cranberry fruit matured, QA concentrations
decreased. Thus, the fruit harvested at variable fruit matura-
tion stages may have contributed to variation in QA concen-
trations, as has also been found in kiwi fruit species (Marsh
et al. 2009). Cranberry fruit ripening appears continuous, not
having a definitive demarcation point as is found in other fruit
species, e.g., blueberry. It is well known that genetics has an
influence on fruit development and ripening in cranberry.

As in Fong et al. (2020), a strong positive correlation be-
tween MA and CA with TA was found, as a result of MA and
CA being the primary contributors to TA (Lobit et al. 2002).
Even though QA is a weaker acid, the wild-type allele(s) at the
MALA locus yield higher QA levels resulting in a positive
correlation between QA and TA in populations segregating
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acid (b), quinic acid (¢), and titratable acidity (d). CC is Cita/Cita, Cc is
Cita/cita, cc is cita/cita. MM is Mala/Mala, Mm is Mala/mala, mm is
mala/mala

for the alleles Mala and mala. This is also possibly due to
the level of QA being proportionally higher relative to CA
and MA in certain populations, i.e., MA100, CM151, and
CM155, and thus contributed more to TA. A similar effect
was found for the correlations between MA and QA.

The CM155 population was missing individuals with the
cita/cita mala/mala genotype. However, when tested for dihy-
brid 9:3:3:1 segregation of both CA and MA, and 3:1 for low
MA, CM155 segregation did not deviate significantly from
expected. The CM151 population was missing progeny having
the Cita/Cita mala/mala genotype, but segregation did not sig-
nificantly deviate from the expected dihybrid ratio of 9:3:3:1
for these two traits, indicating MALA and CITA lack allelic
interactions that would strongly affect fitness at these loci.
However, CM151 deviated significantly from expected 3:1
segregation for the low MA trait, with fewer than expected
mala/mala genotype. The low MA phenotype is associated
with a “dwarf-like” vegetative morphology, as well as delayed
germination (unpublished data) (see Fig. S3ab). The dwarf-like
morphology, and mala/mala genotype, is disproportionally
more frequent in the latest germinating seedlings of a popula-
tion and may result in higher lethality of the mala/mala geno-
type, resulting in the segregation ratios being skewed in certain
backgrounds. To date, no recombination has been observed
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between the dwarf-like phenotype and the low malic (mala/
mala) acid trait indicating they are either pleiotropic or very
tightly linked.

The MALA locus was localized to a 143 kb region interval
of chromosome 4 (S5). A BLAST search of this region re-
vealed several candidate genes, most interestingly a cation/
calcium exchange-like protein coupled with an aldehyde de-
hydrogenase family 7, EXO70 superfamily, sm-like protein,
and a phosphoinositide phosphatase SAC2 isoform. Variation
in EXO70 superfamily, the sm-like protein, and the
phosphoinositide phosphatase SAC2 isoform have been sug-
gested as causes of reduced growth and smaller plant sizes
(Xiong et al. 2001; Hala et al. 2008; Novakova et al. 2014).
This would suggest that the low MA trait is pleotropic with the
dwarf-like phenotype. Additionally, malate synthase was
identified 4.6 Mbp upstream of the QTL region, which, when
knocked out in Arabidopsis thaliana, resulted in reduced and
slower plant growth. Malate synthase is also related to the
glycosylate pathway which is associated with slower seed
germination (Cornah et al. 2004). As mentioned earlier, retar-
dation in germination has been observed in mala/mala indi-
viduals (Vorsa, unpublished data).

The BLAST search for genes identified with fruit acidity
by others (Etienne et al. 2002a, b, Cohen et al. 2012, Bai et al.
2012) to the cranberry reference genome yielded several genes
(ketoglutarate dehydrogenase, citrate lyase, ATP-citrate lyase,
NAD-malate dehydrogenase, succinyl-CoA ligase, vacuolar
ATP dependent H+ transporter, and malate synthase) on chro-
mosome 4 where MALA is located. However, there were none
in the vicinity of the MALA QTL. The gene found closest to
the QTL was MU44768 for malate synthase (Cohen et al.
2012) which was 4.6 Mbp upstream of the MALA QTL. The
lack of predicted genes in the QTL region as well as lack of
co-localization with candidate genes from various studies in-
dicates that there could be another mechanism not previously
discovered controlling MA concentrations in cranberry fruit.

A low CA trait in cranberry has been characterized (Fong
et al. 2020), complementing this study which focuses on char-
acterizing the phenotypic variation and genetics of the low
MA trait in cranberry. Evaluation of MA throughout the cran-
berry fruit development period revealed that MA increases
early after fruit set and levels off during fruit ripening
(Wang et al. 2017). In addition, QTLs were identified for
MA concentration on chromosomes 1, 6, and 12 in various
breeding populations segregating for fruit rot resistance (Fong
2019) suggesting quantitative variation could be exploited to a
degree. In populations with the low CA trait (cita/cita), there
was an inverse relationship between citric and malic acids; CA
concentration was negatively correlated with MA concentra-
tion attenuating the effect on TA (Fong et al. 2020).

The mala allele had a significant effect on QA and CA as
well as TA. In comparison to cita, homozygous mala de-
creases TA more than cita (Fong et al. 2020), since mala also
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decreased CA and to some extent QA concentration as well.
Dihybrid crosses with MALA and CITA, with segregation for
all possible combinations of cita and mala, allowed the anal-
ysis of the interaction of these two traits. An epistatic effect
was observed in the presence of at least one copy of the cita
allele, which appears to increase MA concentration, thereby
damping the effect in reducing TA. However, overall, when
the interactions for TA are analyzed, there was a significant
effect of the cita allele in decreasing overall TA. Although cita
may cause an increase in MA, it greatly decreases CA, thereby
decreasing TA. The mala allele in the Mala/mala cita/cita
genotype does not appear to dampen the negative correlation
of CA and MA significantly. Although the mala/mala geno-
type yields TA < 1%, there is a caveat, as the homozygous
mala plants have a dwarf-like growth habit which is likely not
commercially viable (Fig. S3).

To generate potentially commercial viable individuals, two
populations were generated with the cross Cita/cita
Mala/mala x cita/cita Mala/Mala and thus do not segregate
for the dwarfed phenotype. This resulted in segregation of 1:1
for low CA (cita/cita) to heterozygous CA (Cita/cita) and
heterozygous MA (Mala/mala) and normal MA (Mala/
Mala). Overall, cita/cita Mala/mala individuals have an aver-
age TA =~ 1.50. The presence of mala and cita alleles had an
additive effect on reducing TA. And in contrast to the popu-
lations in Fong et al. (2020), there was no negative correlation
between citric and malic acid in the presence of cita. Other
than the dwarf-like vegetative phenotype associated with the
homozygous mala/mala genotype, there was no apparent ef-
fect on fruit size nor fruit morphology.

Conclusion

Cranberry fruit has been well studied for its various health
benefits due to the high level of human health-promoting
compounds such as flavonols (Wang et al. 2017). However,
their “superfruit” status is diminished due to the added-sugars
necessary to balance cranberry’s high acid content (Bates et al.
2001). Here, a low MA trait was characterized and a genetic
locus that confers a decreased TA to below 1% was identified.
TA less than 1 is in the range of fruit that is consumed fresh,
such as strawberries (Kallio et al. 2000). Other than variation
in acidity, there were no other apparent fruit quality traits
affected. The SNP markers (MA_ 859 and MA 956) identi-
fied have been developed into KASP assays to begin screen-
ing different populations, as well as the germplasm collection
for low MA. Further sequencing of this region to develop a
haplotype marker set would be advantageous to use where the
two SNPs identified are not sufficient. Cranberry is a woody
perennial, producing fruit 2-3 years after germination of seed
(Vorsa and Johnson-Cicalese 2012). Due to this long genera-
tion time, marker-assisted selection (MAS) is useful to
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decrease selection time and allow seedlings of no value to be
culled, saving space, and money. Identifying the genes con-
trolling citric and malic acid accumulation would allow great-
er ability for MAS and gene editing applications in the future.
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