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ARTICLE INFO ABSTRACT

Peach (Prunus persica) is one of the most important temperate fruit trees in the world, based on its production
and cultivated area. Consumer acceptance is the principal objective of multiple breeding programs and it is
dependent on many factors. Among these factors, an important role is played by the soluble solids content (SSC)
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Quélity and the postharvest performance represented by mealiness (M) susceptibility as a chilling injury disorder.
ga:;sl date Additionally, a major maturity date (MD) QTL has been reported to have a pleiotropic effect on both M and SSC.
Genes The aim of this work was QTL identification of SSC, MD, and M and to identify adequate candidate genes that are

linked to regulation of these traits. The analysis was performed by evaluation of fruit quality traits during three
consecutive seasons in an F1 progeny of 194 siblings, which were obtained from the intraspecific cross between
the yellow-flesh peach “O’Henry” and the white-flesh nectarine NR-053. The main result was the construction of
a genetic linkage map with 499 markers (486 SNPs, 11 SSRs, and two morphological markers) spanning
717.6 cM, with an average distance between markers of 1.5 cM/cluster. The analysis allowed the identification
of consistent QTLs for SSC and M in the linkage group LG5 and for MD in LG1, LG2, LG5, and LG6. A large
number of genes were annotated in QTL intervals, which was reduced by selecting the genes with at least one
SNP, which caused an amino acid variation. For SSC, the data identified four transcription factors, one gene
involved directly with the sugar accumulation process, and one cell wall remodeling-related gene. For MD, 23
cell wall-related genes, three jasmonic acid-linked genes, eight transcription factors, and one ripening-related
gene were identified. Finally, only one cell wall gene was identified that was associated with M. In conclusion,
these results improve our understanding of the genetic control of fruit quality traits with commercial relevance
in P. persica and specifically in the O X N mapping population.

1. Introduction

Peach (Prunus persica) is used as a model species for genetic and
genomic studies in the Rosaceae family (Arts, 2005). Its genome was
sequenced in 2013 (Verde et al., 2013) and a second version was re-
leased in 2015, which has a genome size of 227 Mbp and 26,873 an-
notated genes (Verde et al., 2017). Several peach breeding programs
are currently focused on the development of new varieties. Fruit quality
and postharvest performance appear to be the targeted traits (Infante
et al, 2008). The conventional fruit-breeding process is time-

consuming and costly. Thus, the development of genomic tools to en-
able marker-assisted selection is a key step to improve fruit tree
breeding efficiency. Consumer acceptance of peaches and nectarines
relies on many traits that are involved in determining the fruit’s quality
such as softening, sweetness, and acidity.

The accumulation of sugars or soluble solids content (SSC) is a
crucial trait for consumer acceptance because together with acidity (the
balance of sugar/acids), it determines the fruit’s sweetness (Abidi,
2016). For example, in cultivars with high acidity (0.7-0.9%), con-
sumer acceptance increases quickly as the SSC increased but it reaches a
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plateau (11-12°Brix), while in low acidity varieties (0.30-0.5%), the
acceptance increases at a higher SSC values without reaching a plateau
(Crisosto and Crisosto, 2005; Cantin et al., 2009). As Cantin et al.
(2009) indicated, the connection between SSC and consumer accep-
tance is specific for each cultivar, and no single SSC value guarantees
success with consumers. Thus, an important aspect to be considered
when measuring SSC is the relationship with the total sugar content
based on the contribution of sucrose, fructose, sorbitol, and glucose.
Previous research showed that a direct correlation between SSC and
total sugar content in different peach varieties does not necessarily
exist, probably because of the contribution of soluble optically active
compounds other than sugars (pectins, salts, and organic acids) that can
interfere and lead to an altered SSC value (Cantin et al., 2009). Even
when several genetic studies have reported QTLs for SSC on linkage
group LG4 of P. persica (Dirlewanger et al., 1999; Nunez-Lillo et al.,
2015), only a few candidate genes have been described and validated
(Eduardo et al., 2013). An interesting aspect is the existing information
that relates SSC to some other traits including the co-localization of a
QTL in the LG5, which controls both the peach/nectarine character-
istics and SSC (Quilot et al., 2004, 2005). A similar situation is de-
scribed for LG1 where a QTL that controls the white/yellow flesh color
and SSC are co-localized (Bliss et al., 2002; Quilot et al., 2005). The
analysis of the progeny of “Venus” x “Big Top” identified QTLs for SSC
and total sugars located in LG2, LG4, and LG5, as follows: sorbitol and
sucrose in LG4 and LGS5; glucose in LG3 and LG4; and fructose in LG1,
LG2, LG4, LG5, and LG8 (Zeballos et al., 2016). Etienne et al. (2002)
described the unloading of sucrose from the phloem to the cell vacuole
as a key process and identified several proteins that are involved. The
sucrose transporter proteins (STPs), which are located in the cellular
and vacuole membranes, transfer sucrose from the phloem into the fruit
flesh cell and take part in sucrose accumulation in the vacuole. More-
over, Etienne et al. (2002) described two proteins that are associated
with sugar accumulation called sucrose synthase (SUS) and invertase
(INV), both of which are involved in sucrose metabolism.

For producers, exporters, and consumers, the maturity date (MD) is
another key trait that is targeted in breeding programs. In LG4, MD
showed a pleiotropic effect on fruit quality traits such as weight,
firmness, SSC, and physiological disorders (Cantin et al., 2010; Romeu
et al., 2014; Nunez-Lillo et al., 2015). Pirona et al. (2013) identified
NACO072 (Prupe.4G816800) as a candidate gene for MD using a QTL
analysis. This member of the NAC family of transcription factors is lo-
cated on chromosome 4 and has an InDel of 9 bp, which can be used as
a molecular marker for MD. The same results were obtained by Nufez-
Lillo et al. (2015) and Romeu et al. (2014); they also identified other
genes on chromosome 4 that were related to this trait, such as ERF4
(ethylene responsive factor 4), SPL4 (squamosa promoter binding pro-
tein-like 4), and DFL1 (indole-3-acetic acid amido synthetase).

The physiological disorder of the fruit flesh called mealiness (M),
which is characterized by dry or mealy flesh with a grainy sand-like
texture (Crisosto and Labavitch, 2002), is one of the major sources of
peach production losses in the Chilean fruit export industry, and is
caused by the long transport time at 0 °C to distant consumers (Lurie
and Crisosto, 2005). M development has been related to cell wall re-
modeling enzymes, and more specifically to de-esterification of the
pectin matrix without its subsequent depolymerization (Manganaris
et al., 2006; Jolie et al., 2010). This trait has been associated in the
peach trees with chromosomic regions of LG4 using QTL strategies
(Cantin et al., 2010; Martinez-Garcia et al., 2013). Moreover, Peace
et al. (2006) reported a correlation between M and cell wall remodeling
enzymes and with low levels of expansins (Pegoraro et al., 2010) or an
imbalance in polygalacturonase (PG) or pectin methylesterase (PME)
levels (Lurie and Crisosto, 2005). However, other enzymes related to
cell wall remodeling can participate in M development, such as PG
inhibitors (PGIP) (Protsenko et al., 2008), Pme inhibitors (PMEI)
(Giovane et al., 2004), pectate lyases (PL) (Vicente et al., 2007), and
xyloglucan endotransglucosidases (XTH) (Ekl6f and Brumer, 2010).
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Considering the economic importance and the contribution to
breeding programs, the aim of this research was to identify genomic
regions (QTLs) that are involved in the control of SSC, MD, and M traits
and to propose candidate genes for their regulation.

2. Materials and methods
2.1. Plant material

An F1 population with 194 individuals obtained from the cross
between the cultivars “O’Henry” and NR-053 from the Chilean peach
breeding program (Universidad de Chile-Andes New Varieties
Administration) was used in this study. “O’Henry” produces melting
yellow-fleshed peach fruit with low SSC levels and is a M-susceptible
cultivar with a late harvest. NR-053 (Maillarmagie cv. Magique®),
however, is an early-harvest variety that produces melting white-fle-
shed nectarine fruit with high SSC levels and is a M tolerant cultivar.
The mapping population (O X N) consists of 5-year-old trees grown on
G % N rootstock in an experimental orchard located at 34°24’S latitude
and 70°50'W longitude (INIA-Rayentué, VI Region, Chile). The O x N
population presented mainly an early-harvest date, showing a dominant
genetic effect from the parental NR-053. The population comprises both
nectarines and peaches as well as white and yellow flesh individuals
(Table S1). This population segregates for peach fruit quality traits,
including SSC and MD, and the physiological disorder M.

2.2. F1 population phenotyping

One hundred fruits with a green-yellow background color (com-
mercial maturity determined using a color table) were harvested for
each F1 individual (one tree per genotype). In the lab, the index of
absorbance difference (Inp) (Ziosi et al., 2008) was measured using a
portable Vis/NIR DA-Meter (Sinteleia, Bologna, Italy). For each fruit,
two measurements were taken, one per cheek. Only fruits with an
average Iop between 0.8 and 1.2 were selected (Lurie et al., 2013). Five
fruits (five biological replicates) were used to calculate the average
value for weight at harvest (g), flesh firmness (N), and SSC (°Brix) over
three consecutive seasons (2015-2017). M was measured using nine
fruits that were stored for 21 days at 0 °C plus a shelf-life period (to
reach consumption firmness) at room temperature using the Paper
Absorbent Method (PAM) strategy (Infante et al., 2009). MD was de-
termined as the number of days starting from September 1 (DASF) until
the harvest date (November-March in the southern hemisphere) in
2015, 2016, and 2017. Flesh firmness was measured using a Fruit
Pressure Tester penetrometer (Effigi, Alfonsine, Italy) on both cheeks of
the fruit. SSC was recorded using a temperature-compensated re-
fractometer (Atago, Tokyo, Japan).

2.3. DNA isolation and quantification

Genomic DNA of 194 F1 O X N progeny individuals and the parents
“O’Henry” and NR-053 was isolated from 50 to 100 mg of young leaves.
DNA extraction was performed using a DNeasy 96 Plant Mini Kit
(QIAGEN, Diisseldorf, Germany), according to the manufacturer’s pro-
tocol. The DNA integrity was determined by electrophoresis on 1%
agarose gels. Quantification was performed using a Qubit® 2.0
Fluorometer (Invitrogen™, Eugene, OR, USA) with a Qubit® dsDNA BR
Assay Kit (Invitrogen™), according to the manufacturer’s protocol.

2.4. Genotyping using SSR and SNP

Thirty SSRs distributed over the eight chromosomes in the peach
trees were used to genotype the parents “O’Henry” and NR-053 and the
194 individuals in the mapping population. PCR was performed using
PCR GoTaq® Master Mix (Promega, Madison, WI, USA) in a final vo-
lume of 10 pL containing 1 X reaction buffer, 1.5 mM MgCl,, 0.25 uM of
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forward primer, 0.25 pM of reverse primer, and 40 ng of DNA. The
temperature profile was as follows: 94 °C for 4 min, then 35 cycles of
94 °C for 40 s, Tm for 30 s and 72 °C for 30 s, and finally 72 °C for 5 min
in a thermocycler PCR system 9700 (Applied Biosystems, Foster City,
CA, USA). The PCR products were detected by capillary electrophoresis
using the Fragment Analyzer™ Automated CE System (Advanced
Analytical Technologies, Ames, IA, USA), and then separated using a
dsDNA Reagent Kit 35-500 bp (Analytical Advanced Technologies),
according to the manufacturer’s recommendations. To determine the
number and size of the alleles in the electropherograms the software
ProSize 2.0 (Advanced Analytical Technologies, Ames, IA, USA) was
used.

SNP genotyping was performed using a Genotyping By Sequencing
(GBS) strategy in the Sequencing Facilities at Cornell University (New
York, USA) using 188 siblings (this number of samples was used for
technical reasons, and the samples were randomly selected) from the
mapping population plus the parents “O’Henry” and NR-053 in a
HiSeq2500. The samples were aligned against the reference genome of
Prunus persica v2.0.al (Verde et al., 2017) with the BWA alignment
software v0.7.8-r455 (Li and Durbin, 2010). The SNP calling pipeline
used was Tassel 3.0 (Glaubitz et al., 2014) and the results were ana-
lyzed using the software VCFtools v0.1.11 (Danecek et al., 2011) and
Plink v1.07 (Purcell et al., 2007).

2.5. Map construction and QTL analysis

Map construction of the F1 O X N population was performed using
the software JoinMap®4.1 (Van Ooijen and Voorrips, 2001; Van Ooijen,
2011). Marker selection for map construction was performed by marker
segregating distortion using a chi-square test with a p-value < 0.05.
The O x N map was obtained using the two-way pseudo-testcross
strategy (Grattapaglia and Sederoff, 1994). Two maps were constructed
separately for each of the two parents, and the map integration tool was
used to obtain the consensus O X N map, using the heterozygous loci in
both maps as anchors.

Linkage analysis was performed using a minimum Logarithm of
Odds (LOD) value of 3.0 and a maximal recombination fraction of 0.45
(Ogundiwin et al., 2009). The genetic distance in centimorgans (cM)
was calculated using the Kosambi’s mapping function (Kosambi, 1943).

QTL analysis was performed with the MapQTL®6.0 software (Van
Ooijen and Maliepaard, 1996) using the phenotypic data of three eva-
luation seasons in the consensus O X N-map, as well as each parental
map independently. The Interval Mapping method was used for para-
metric traits, considering a significant QTL with a LOD value > 3.0,
while the Kruskal-Wallis method was used for non-parametric traits. A
QTL with p-value < 0.01 was considered to be significant.

2.6. Sequencing and variant identification in population parents

DNAs from the parents “O’Henry” and NR-053 were sequenced and
used for variant identification analysis. Construction of DNA libraries
was performed using 100 mg of tissue from each parent with the TruSeq
Nano DNA library prep kit (Illumina, San Diego, CA, USA), according to
the manufacturer’s protocol. The quality, size, and concentration of the
DNA libraries were determined using the Fragment Analyzer™
Automated CE System (Advanced Analytical Technologies, Ames, IA,
USA) with the DNF-474 High Sensitivity NGS Fragment Analysis Kit
(Advanced Analytical Technologies, Ames, IA, USA), according to the
manufacturer’s protocol. Finally, two libraries were sequenced on
HiSeq2500 by the Macrogen Sequencing Service (Seoul, Korea). The
sequence analysis was undertaken using the CLC Genomic Workbench
v10.0 software (CLC Bio, Aarhus, Denmark). The Trim Sequences func-
tion of the software was used to clean the paired sequences using the
default parameters. The Map Reads to Reference function was used to
assemble the trimmed reads to the Prunus persica v2.0.al (Verde et al.,
2017) reference genome, while the non-specific reads were ignored.
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Variant identification was determined using the Fixed Ploidy Variant
Detection function using the base quality filter with the following
parameters: neighborhood radius, 5.0; minimum central quality, 20.0;
and minimum neighborhood quality, 15.0. Using the default para-
meters, the Compare Sample Variants Track function was used to identify
variants that were present in only one of the parents, and finally, the
functional annotation of the variants was made using the Amino Acid
Changes function to filter out the synonymous variants. Variants were
filtered for minimum depth equal to half of the coverage, and a max-
imum depth equal to double the coverage.

3. Results
3.1. Phenotyping

One hundred and ninety-four siblings of an F1 “O’Henry” (O) X NR-
053 (N) population were phenotyped for quality traits during three
evaluation seasons (2015, 2016, and 2017). The average value for flesh
firmness considering the three evaluation seasons at the harvest stage
was 45.8 N. The average fruit weight was 169.4 g, ranging from 92.8 g
(minimum) to 318.5 g (maximum; Table S1).

The SSC averaged 12.4, 13.3, and 13.8 °Brix in the 2015, 2016, and
2017 seasons, respectively, with a transgressive segregation pattern of
distribution. The minimum and maximum observed values were 7.3
and 22.2 °Brix (Fig. 1A) with a Pearson correlation between seasons of
0.79 (p-value < 0.01). For MD during the three seasons, average values
of 139, 144, and 130 DASF were recorded, with a minimum and
maximum of 105 and 168 DASF. Pearson correlation for this trait was
0.87 (p-value < 0.01; Fig. 1B). Finally, the average values for M, ex-
pressed as percentage of juice in the flesh were 27.9% (2015), 31.2%
(2016), and 44.8% (2017) of juice after cold storage plus the shelf-life
period. The minimum and maximum values were 13.4% and 56.1% of
juice and the Pearson correlation between seasons was 0.48 (p-
value < 0.01; Fig. 1C).

The normality of the phenotypic data was estimated using a
Shapiro-Wilk test (SSC, MD, and M). The results showed a normal
distribution for SSC (p-values < 0.98) and MD (p-values < 0.81) for all
evaluated seasons. For M, p-values of 0.018, 0.013, and 0.016, were
estimated for the three consecutive seasons. Thus, the data for M did
not have a normal distribution and non-parametric testing was used to
detect QTLs for this trait.

In the 2017 season, the segregation distribution of MD showed an
earlier ripening for the entire F1 population (105-144 DASF) compared
with the other seasons (2015 and 2016). In 2017, the segregation dis-
tribution showed that fruit had a higher percentage of juice compared
to the other seasons, and only two mealy siblings (with less than 30% of
juice) were found. The juice percentage exhibited minimum and max-
imum values of 27.2% and 56.1%, respectively (Fig. 1C). However, the
Pearson correlation for each trait between the seasons was maintained
(SSC, 0.79; MD, 0.87; and M, 0.48).

3.2. SNPs detected by GBS in the O X N population and linkage map
construction

The F1 O x N population was genotyped using SSR, SNP, and fruit
morphological markers (peach/nectarine and white/yellow). Among
the 30 SSRs tested, 11 were polymorphic and 19 were monomorphic in
the mapping population. No off-type siblings were found (data not
shown). One hundred and eighty-eight siblings plus “O’Henry” and NR-
053 parents were genotyped using a Genotyping By Sequencing
strategy (GBS) with a coverage of 12.1X, obtaining a total of 29,484
high quality SNPs (Table S2). These markers were filtered for SNPs with
less than two missing values (1.65%) and chi-square test results with p-
value < 0.05, obtaining 486 SNPs, were useful for map construction.

For linkage map construction, 486 SNPs, 11 SSRs and two mor-
phological markers (fruit pubescence (peach/nectarine), and flesh color
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Fig. 1. Phenotyping results. Histograms representing the measured data in three evaluation seasons for soluble solids content (SSC), maturity date (MD), and
mealiness (M). The dashed lines represent the average, and the dotted lines represent the median value for each trait. (A) SSC phenotype; (B) MD phenotype; (C) M

phenotype.

(white/yellow)) were used. Of these 499 markers, 143 (denoted as <
hkxhk > or < abxcd >) were heterozygous for both parents and
were used as anchor markers. One hundred and forty-five were het-
erozygous only for the “O’Henry” parent (denoted as < lmxll >) and
211 only for the parental line, NR-053 (denoted as < nnxnp >). Each
group of markers, plus the anchor markers, were used to construct the
“O’Henry” and the NR-053 parental map, independently (O-map and N-
map, respectively).

For the O-map, 282 markers were mapped spanning 472.04 cM in
eight LGs with an average distance between markers of 1.77 cM/marker
(Fig. S1). In the N-map, 347 markers were mapped spanning
732.998 cM with an average distance between markers of 2.11 cM/
marker (Fig. S2). Finally, a consensus map was constructed to generate
the O x N-map (Fig. 2). For the morphological markers on the con-
structed map, the flesh color marker was mapped on the NR-053 par-
ental map (N-LG1l), and located on Pp01:13,914,855..29,174,501
(flanked by the markers CBV_G1_N13914855 and CBV_G1_N29174501;
Fig. 2), which is consistent with the reported flesh color candidate gene
PpCCD4 located on Pp01:26,613,248..26,616,233 (Falchi et al., 2013).
However, Vendramin et al. (2014) reported a peach/nectarine candi-
date gene that was located on Pp05:15,892,316..15,894,063, which is
described as the transcription factor PpeMYB25 in the same location
that is described in the “O’Henry” parental map (O-LG5) between the
markers CBV_G5_014929750 and CBV_G5_.016747980

(Pp05:14,929,750..16,747,980; Fig. 2). Despite the efforts to genotype
other types of markers in LG5 to identify one anchor marker, no useful
markers were identified because it was impossible to obtain a consensus
O x N-LG5. Therefore, the two parental linkage groups were used in-
dependently. The final map contains 499 markers (486 SNP, 11 SSR,
and two morphological markers) in 477 unique positions or clusters
distributed in nine LGs spanning a total of 717.6 cM, with an average
distance of 1.50 cM between clusters. Finally, the consensus O X N-map
represents 91.0% of the total Peach v2.0 pseudomolecules, with a
minimum LG representativity of 75.9% (LG8). However, some im-
portant gaps (larger than 5 Mb) were observed in several cases on LG1,
LG2, and LG6. The average physical-to-genetic distance ratio was
3.46 cM/Mb.

3.3. QTL analysis for SSC, MD, and M

The QTL analysis was performed using the saturated O X N genetic
linkage map that was described above, and the phenotypic data that
were obtained from three evaluation seasons (2015, 2016, and 2017)
for SSC, MD, and M. One consistent QTL was identified for SSC on
chromosome 5 (LG5) of the O-map (QTLssc1gs) between the 0.0 and
29.4 cM markers of O-LG5 (Fig. 3). This region represents approxi-
mately 6.1 Mbp containing 1,211 genes (Table 1).

For MD, four QTLs were observed in LG1, LG2, LG5, and LG6
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Fig. 2. Genetic linkage map of the O X N population. The nine linkage groups (LGs) of the consensus map (O x N-map) that was constructed are represented by
vertical bars. Genetic marker names are listed to the right side of each LG. The morphological markers are shown in red, SSR markers in green and SNP markers in
black. The anchor SNP markers, SNP markers heterozygous only for “O’Henry” and SNP markers heterozygous only for NR-053 are denoted with an “S”, “O”, or “N”,
respectively. The assembly coordinate of each SNP marker in peach reference v2.0 is specified for all SNP marker names. The ruler on the left side refers to genetic

distance in centimorgans (cM).

(Fig. 3). In O X N-LG1, one QTL was detected (QTLyp.rg1) spanning
approximately 7.1 Mbp between the 103.9 and 134.6 cM markers, and
it contained 997 genes. QTLyp. g2 Was located between the 26.3 and
82.3cM markers on O x N-LG2, which was equivalent to approxi-
mately 14.7 Mbp spanning 2,282 genes. For O-LG5, a reliable QTL
containing 657 genes was identified between the 12.8 and 26.6 cM
markers, and this corresponded to approximately 3.3 Mbp (QTLyp.1s)-
Only one QTL (QTLyp.1ge) Was identified in O X N-LG6, between the
0.0 and 81.1 cM markers (23 Mbp) containing 2,311 genes (Table 1) for
this trait. A total of 6,247 genes were associated with at least one QTL
for MD. Finally, a single QTL for M (Fig. 3) was identified on N-LG5
between the 0.0 and 4.9 cM markers (QTLy.1gs), corresponding to
542.7 kbp containing 60 genes (Table 1).

3.4. SNP/InDel identification by whole genome sequencing of population
parents

To identify the DNA variants between the parents of the F1 popu-
lation (OxN), which could be associated with candidate genes on
chromosomic regions containing QTLs for SSC, MD, and M, whole
genome re-sequencing of both parents was performed. A total of
104,835,112 reads for “O’Henry” and 88,346,396 reads for NR-053

(SRA experiments SRR8173852 and SRR8173853) were obtained.
Additionally, 83.2% of the reads were mapped against the reference
genome obtaining a coverage of 38.5X for “O’Henry”, and 81.4% of the
reads for NR-053, with 46.5X coverage (data not shown).

Variant detection was performed for each parent against the re-
ference genome, revealing 648,302 and 614,008 polymorphisms (SNP
and InDel) for “O’Henry” and NR-053, respectively. The variants be-
tween the parents were selected, obtaining 519,764 polymorphisms.
Finally, identified polymorphisms were filtered by coverage and base
calling quality (> Q30), obtaining a final list of 278,984 variants.

In QTLgsc.1gs, 11,434 variants were identified, of which 268 were
non-synonymous amino acid changes in 128 genes. For MD, 22,363
variants were detected, of which 202 showed aminoacidic changes in
95 genes on QTLyp.1g1- In QTLyp.1g2, 44,076 variants were found and
234 led to amino acid changes in the CDS region of 88 genes. In QTLyp.
LGss 3,216 variants were identified, of which 123 resulted in changes in
the amino acids of 60 different CDS regions. In QTLyp.1ges, 18,734
variants were detected, of which 413 were related to amino acid
changes in 190 genes. Finally, for QTLy; s, 36 of the 3,026 variants
detected were associated with non-synonymous amino acid changes in
18 genes.
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Fig. 3. QTL analysis for soluble solids content, maturity date, and mealiness in the O x N population. On the right side, the linkage groups in the consensus
O x N-map are represented by vertical bars and the boxes represent the consistent QTL regions that are defined for SSC (green), MD (red), and M (yellow) in the three
evaluation seasons that were tested for each trait. On the left side, the genetic distance of each linkage group in centimorgans (cM) is represented, and the significance
value for each QTL analysis is detailed in colored heatmaps. Each evaluation season is represented by an independent heatmap bar. The most saturated color
represents a major correlation (LOD score and K) between each phenotype and the respectively genetic linkage position for SSC (green), MD (red), and M (yellow).

3.5. Candidate genes

In summary, 128 annotated genes with at least one variant were
identified in a CDS region that produces a non-synonymous amino acid
change for SSC. In the four chromosomal regions for MD, 433 annotated
genes were selected. Eighteen genes were associated with at least one
non-synonymous SNP or InDel for M.

Comparing this list of genes with previously-reported gene in-
formation and putative gene functions, we selected candidate genes for
SSC, MD, and M.

Of the 128 genes that were related to SSC, four transcription factors
were identified, along with one cell wall remodeling enzyme, and one
sucrose-related gene. The latter participated directly in the regulation
of the SSC because the differences in the amino acid sequences could
produce changes in the protein conformation and/or enzymatic activity
(Table 2). For MD, 433 genes we redetected, eight of which were
transcription factors, 23 were associated with cell wall remodeling
functions, three were related to the jasmonate biosynthetic pathway,
and one was related to ripening (Table 2). Finally, three of 18 genes that
were identified for M were selected, two of which encode integral

components of the plasma membrane and one that is described as
having a cell wall remodeling function (Table 2).

4. Discussion
4.1. Fruit quality traits phenotype data

Three evaluation seasons were used to phenotype the SSC, MD, and
M traits in the O X N mapping population (Fig. 1). Fruit harvested in
2017 displayed consistent data for SSC compared to previous seasons.
However, a shift in the MD was recorded, with it being earlier in 2017
than in 2015 or 2016; this was consistent with an improvement in the
performance during postharvest. In the 2017 season, the population
almost did not exhibit M development. These differences can probably
be explained by changes in the environmental conditions between
seasons (Campos-Vargas et al., 2005). This suggests that a delay in the
harvest time of melting flesh cultivars may produce an increase in
chilling injury susceptibility. Additionally, it is necessary to consider
the association between the MD and M reported by Lurie and Crisosto
(2005), in which early season varieties are tolerant to chilling injury
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Table 1
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Summary of the consistently detected QTLs for soluble solids content, maturity date, and mealiness over three evaluated seasons.

Quality trait QTL Season LG* Physical position™ * Peak (cM) LOD % Exp Nearest marker
Soluble solids content QTLssc.1gs 2015 O-LG5 Pp05:12,106,999..18,240,259 17.07 14.54 32.70 CBV_G5_014929750
QTLssc.ics 2016 0-LG5 Pp05:12,106,999..18,240,259 22.78 24.84 48.40 CBV_G5.016747980
QTLssc.1gs 2017 O-LG5 Pp05:12,106,999..18,240,259 17.07 17.67 38.40 CBV_G5_014929750
Maturity date QTLyp.rG1 2015 OxN-LG1 Pp01:40,579,435..47,629,089 123.40 4.92 12.10 CBV_G1_S45339388
QTLyp.rG1 2016 OxN-LG1 Pp01:40,579,435..47,629,089 108.10 3.63 9.10 CBV_G1_N41499593
QTLvp.LG1 2017 OxN-LG1 Pp01:40,579,435..47,629,089 123.40 3.12 7.50 CBV_G1_S45351227
QTLyp.1G2 2015 OxN-LG2 Pp02:18,581,711..30,150,063 60.75 4.44 11.00 CBV_G2_S23935049
QTLyp.1rg2 2016 OxN-LG2 Pp02:17,459,801..30,150,063 60.75 5.72 14.00 CBV_G2_S23935049
QTLyp.1G2 2017 OxN-LG2 Pp02:19,797,419..30,150,063 60.75 4.88 12.50 CBV_G2.523935049
QTLvp.LGs 2015 O-LG5 Pp05:14,383,433..17,645,934 17.07 3.34 9.20 CBV_G5_014929750
QTLyp.1gs 2016 0O-LG5 Pp05:12,552,668..17,645,934 25.53 5.07 12.50 CBV_G5_S17396955
QTLyp.1gs 2017 O-LG5 Pp05:14,383,433..17,645,934 17.07 3.17 8.30 CBV_G5_S14929750
QTLvp.LGe 2015 OxN-LG6 Pp06:1,513,504..23,903,548 70.65 16.14 34.50 CBV_G6_N23368757
QTLyp.1ge 2016 OxN-LG6 Pp06:1,513,504..29,955,077 70.65 18.24 38.10 CBV_G6_N23368757
QTLyp.1ge 2017 OxN-LG6 Pp06:1,513,504..23,903,548 14.17 19.68 41.70 CBV_G6_S3366484
Mealiness ™ * * QTLy1cs 2015 N-LG5 Pp05:669,877..2,268,907 2.18 8.60 NA CBV_G5_N1105080
QTLy1cs 2016 N-LG5 Pp05:669,877..11,317,213 23.6 27.48 NA CBV_G5_N5750040
QTLy1gs 2017 N-LG5 Pp05:669,877..1,212,620 2.72 6.39 NA CBV_G5_N1105080

0%, O x N linkage groups; (

Table 2

Candidate genes (CG) for SSC, MD and M on QTL regions. These CGs were selected with at least one single nucleotide variant (amino acid change) between the

)+

, peach genome v2.0.al; (

parents of the O X N population.

Yt

, phenotype measured by KW method using significance values of K*.

QTL name Gene ID Gene description Amino acid changes description
QTLssc.1gs Prupe.5G130400 Transcription factor bHLH14 G419S

Prupe.5G172400 Transcription factor MYB98 S101Y

Prupe.5G175100 Probable polygalacturonase S31fs; G318D; K466 T; W567R; W567C

Prupe.5G208500 MADS-box protein MADS6 N239S

Prupe.5G241700 Sucrose synthase 6 K64 T; E67 G; S189 L; F233S; N560S
QTLyvp.rG1 Prupe.1G519800 UDP-glycosyltransferase 85A2 G443E

Prupe.1G520200 UDP-glycosyltransferase 85A2 Q475E

Prupe.1G529500 Pectinesterase/pectinesterase inhibitor 7 N544fs

Prupe.1G530800 Putative transcription factor bHLH107 H89N

Prupe.1G536600 Rhamnogalacturonate lyase G482D;G583D;G599D

Prupe.1G548400 12-oxophytodienoate reductase OPR2 Y284fs;M152 T;N34L

Prupe.1G548600 12-oxophytodienoate reductase OPR2 T153I1

Prupe.1G548900 12-oxophytodienoate reductase OPR2 E288K
QTLyp.rg2 Prupe.2G100500 Pectinesterase/pectinesterase inhibitor 51 Q43 K;T34P

Prupe.2G166800 Putative ripening-related protein 2 K9Q

Prupe.2G243600 UDP-glycosyltransferase 76F1 R118 G; Q297 H; F307 L; F314 L; R316D
QTLmp.1gs Prupe.5G172400 Transcription factor MYB98 S101Y

Prupe.5G175100 Probable polygalacturonase S31fsI;K466 T;W567R;C41fs

Prupe.5G208500 MADS-box protein MADS6 N239S
QTLmp-1gs Prupe.6G019600 Beta-glucosidase 12 P48S

Prupe.6G019700 Beta-glucosidase 12 N532S;N533S

Prupe.6G020100 Beta-glucosidase 12 P48S

Prupe.6G024900 Cellulose synthase-like protein E1 R82fs;Y234 H;T253 P;K259E;1.385fs;P485 L;K578E

Prupe.6G025000 Cellulose synthase-like protein E1 Y477 H;H412Y;P84 T;F381;Y682 H;H617Y

Prupe.6G036300 Probable WRKY transcription factor 2 G659R;G628R

Prupe.6G041400 Transcription factor RF2b A95_FE96insAAA;G192del;L391H

Prupe.6G050000 UDP-glycosyltransferase 87A1 E254 V;K235T

Prupe.6G050100 UDP-glycosyltransferase 87A1 W390%;L283 P;R261H

Prupe.6G050200 UDP-glycosyltransferase 87A2 H448Y

Prupe.6G128200 Pectinesterase PPME1 Q181H

Prupe.6G134900 Beta-glucosidase 24 F47v

Prupe.6G136400 Beta-glucosidase 12 L452F

Prupe.6G139100 Transcription factor E2FA N67K

Prupe.6G150400 Beta-glucosidase BoOGH3B R25Q;M231

Prupe.6G150500 Beta-glucosidase BoOGH3B Fov

Prupe.6G214300 Transcription factor RAX3 E157G

Prupe.6G233300 UDP-glycosyltransferase 86A1 F290L

Prupe.6G233400 UDP-glycosyltransferase 86A1 L385p

Prupe.6G233600 UDP-glycosyltransferase 86A1 H160L

Prupe.6G244300 WRKY transcription factor 44 N116 T;Q137 H;T1661;L422P
QTLm1cs Prupe.5G008200 Glucan endo-1,3-beta-glucosidase 12 186L
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(mealiness) and late season varieties are very susceptible to this injury.
4.2. Linkage map evaluation and validation

The consensus genetic linkage map constructed for the O X N po-
pulation contained a total of 499 markers that were distributed in nine
linkage groups. Bielenberg et al. (2015) used the same methodology to
construct a genetic linkage map for peach, obtaining a map with similar
characteristics but with half the number of markers and a density of
2.85 cM/marker. Linkage maps that were built using other strategies
were obtained in peach with map densities that were similar to the
results reported for the O X N-map; for example, Eduardo et al. (2013);
Yang et al. (2013); Nudez-Lillo et al. (2015), and Verde et al. (2017)
using the IPSC 9K SNP array v1 (Verde et al., 2012), obtained genetic
maps with marker densities of 1.62, 1.15, 1.64, and 1.07 cM/marker,
respectively. Two major gaps were found in the LG1 and LG6, and even
when less exigent parameters were used, no markers were identified.
The genetic physical ratio (cM/Mb) was 3.46 higher than those re-
ported by Verde et al. (2017) for seven different linkage maps, high-
lighting the higher recombination rate in the O X N cross.

The O x N map has a genome coverage of 91%, which is compar-
able with other linkage maps that were constructed using different
strategies. Da Silva et al. (2015) generated a linkage map in a “NJ
Weeping” X “Bounty” population with a genome coverage of 93.6%,
while Verde et al. (2017) used three genetic maps, “Texas” X “Ear-
lygold” (T x E), IF7310828 x “Ferganensis” (P x F), and “Contender”
X “Ambra” (CxA) with genome coverage of 97.5%, 96.9%, and 88.1%,
respectively.

The positions of microsatellites and morphological markers mapped
on the O X N-map were evaluated. The physical positions of the mi-
crosatellites on the O X N-map were consistent with those described in
the P. persica genome v2.0 (Verde et al., 2017), which was obtained
from the Rosaceae.org database (data not shown) with few order dis-
crepancies.

Considering the high marker density compared with previously-
constructed linkage maps, the high percentage of the peach genome
represented (91%), and the correct positions of the microsatellites and
morphological markers on the O X N-map, the O X N-map is con-
sidered to be useful for performing QTL analysis and to identify the
genes involved in SSC, MD, and M inheritance.

4.3. Chromosomic regions related to SSC, MD, and M

In previous peach studies, the QTLs for fruit quality traits were
usually linked to chromosome 4 (Dirlewanger et al., 1999; Etienne
et al., 2002; Quilot et al., 2004; Cantin et al., 2010; Eduardo et al.,
2013; Socquet-Juglard et al., 2013; Nufez-Lillo et al., 2015; Font i
Forcada et al., 2019). However, the latest research has identified can-
didate genes for different quality traits. Font i Forcada et al. (2019)
presented 347 SNPs that were associated with fruit quality in peach
(sorbitol and total sugars and MD) that were distributed in all of the
eight LGs. A pleiotropic effect has been reported in LG4 for the MD
phenotype on other traits such as SSC, firmness, fruit weight, and M
(Eduardo et al., 2011; Pirona et al., 2013; Nunez-Lillo et al., 2015).
Pirona et al. (2013) identified a NAC transcription factor (NAC072) as a
candidate gene for MD on chromosome 4, detecting an InDel of 9 bp in
the last exon of this gene; Nuiiez-Lillo et al. (2015) detected a deletion
of 26 kbp in the same region of NAC072. The deletion was homozygous
(absence of NAC072) and was associated with a slow ripening trait,
suggesting a strong correlation between NAC072 function and MD
control.

The results obtained with the O X N population showed a correla-
tion between SSC, MD, and M in LG1, LG2, LG5, and LG6, but not in
LG4, suggesting that their control is independent of NAC072. This
regulation could be provided by a complementary NAC072 pathway or
by downstream factors in the same pathway. The nucleotide variations
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observed by Pirona et al. (2013) and Nunez-Lillo et al. (2015) on LG4
(i.e. the deletions in NAC072), were not detected in our O X N popu-
lation.

4.4. Candidate genes related to SSC

In peach, QTLs for SSC have previously been found to be associated
with chrl (Quilot et al., 2004), chr2 (Verde et al., 2002; Quilot et al.,
2004; Zeballos et al., 2016; Hernandez Mora et al., 2017), chr4
(Dirlewanger et al., 1999; Etienne et al., 2002; Quilot et al., 2004;
Nunez-Lillo et al., 2015; Zeballos et al., 2016; Herndndez Mora et al.,
2017), chr5 (Quilot et al., 2004; Zeballos et al., 2016; Herndndez Mora
et al., 2017), and chr6 (Dirlewanger et al., 1999; Etienne et al., 2002;
Verde et al., 2002; Quilot et al., 2004; Hernandez Mora et al., 2017),the
most powerful of which are those on chromosome 4. The genetic results
obtained from the O X N population show a strong correlation between
SSC and a 12-18 Mbp region of chromosome 5. Using a multiprogeny
approach, Quilot et al. (2004); Zeballos et al. (2016) and Hernandez-
Mora et al. (2017) identified similar QTLs for SSC on chr5 in popula-
tions containing “Big Top” (yellow nectarine tree) and “Belbinette”
(white peach tree) as parents with transgressive distributions. In the
study presented by Font i Forcada et al. (2019) were described two
SNPs related to the sugar content and sorbitol in the promoter of the
candidate gene ppa025636 m located in the LG4.

In O X N, a candidate gene was identified for SSC, and it is de-
scribed as sucrose synthase 6 (SUS6), which is directly-associated with
the sugar accumulation process (Table 2). Sucrose is the most important
individual sugar that is present in peach fruit at maturity and it is also
an energy source and fruit flavor preservative (Cantin et al., 2009).
Sucrose synthase proteins have been reported to be the main enzymes
that are responsible in the fruit sugar accumulation process, catalyzing
the conversion of glucose and fructose to sucrose inside the cell
(Moriguchi et al., 1990). This enzyme has a low activity during the
initial stages of fruit growth, followed by a rapid increase in activity
during fruit maturation, concomitant with sucrose accumulation
(Moriguchi et al., 1992). It, thus, plays a crucial role in the sucrose
accumulation process, which could directly explain the distribution of
the SSC phenotype. This behavior agrees with previous information
where the progeny from “O’Henry” presented higher levels of SSC
compared with the progeny from different parents (Cantin et al., 2009).

However, only one gene that is related to the softening process with
a cell wall remodeling function was identified. It was described as a
probable polygalacturonase (PG) associated with the SSC phenotype.
Etienne et al. (2002) described the relationship between sugar accu-
mulation and softening processes in fruit development. The accumula-
tion of sugars in the vacuole produces an influx of water into the cell by
osmosis, concomitant with cell expansion. Pressey et al. (1971) re-
ported a positive correlation between PG activity and softening in
peach fruit development, as determined by fruit firmness and the levels
of water soluble pectins.

Finally, three transcription factors were identified with amino acid
variations related to SSC: bHLH14, MYB98, and MADSG6 (Table 2). The
transcription factor bHLH14 belongs to the subgroup III d + e of the
Arabidopsis thaliana bHLH family, together with At4g00870, which is a
known jasmonic acid (JA)-responsive transcription factor (Zhang et al.,
2018). Song et al. (2013) reported that this bHLH subgroup of tran-
scription factors acts as repressors and function redundantly to nega-
tively regulate JA responses. The transcription factor MYB98 has a re-
ported function associated with the regulation of pollen tube guidance
genes and filiform apparatus formation in A. thaliana (Punwani et al.,
2008), while the MADS-box protein identified as MADS6 or transcrip-
tion factor CAULIFLOWER A has been associated with specifying floral
organ identities and meristem fates (Li et al., 2011). Although no
functions of these transcription factors have been reported in fruit, it is
possible that they participate in the regulation of sucrose accumulation
genes, thus explaining the SSC phenotype distribution. Expression
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analysis is required to complement this information to identify their
possible role in fruit development.

4.5. Candidate genes related to MD

Twenty-three genes associated with cell wall remodeling enzymes
were related to MD. The cell wall varies in composition and in the
enzymes involved in the remodeling process within and between in-
dividual cells, tissues, and species. The basic cell wall structure is a
single complex polysaccharide network featuring interactions between
cellulose, pectin, and hemicellulose (Dick-Pérez et al., 2011). Nine
candidate genes involved in cellulose formation were identified
(Table 2): two were described as cellulose synthase-like proteins E1
(Richmond and Somerville, 2000), and seven were described as beta-
glucosidases (Table 2). These candidate genes were reported as en-
zymes that are involved in the degradation of cellulose to glucose (Esen,
1993). Fourteen genes related to the pectin structure were also identi-
fied. Nine UDP-glycosyltransferases, which are proteins that mediate
the transfer of glycosyl residues regulating properties of the acceptors
such as their bioactivity, solubility, and transport within the cell (Ross
et al., 2001); one rhamnogalacturonate lyase, which directly degrades
rhamnogalacturonans (Naran et al., 2007); one pectinesterase (PPME1);
and two pectinesterase/pectinesterase inhibitors (PEi7 and PEi51) were
also identified. These enzymes regulate the de-esterification of pectin
and conversion of protopectin to soluble pectin and pectate (Jiang
et al., 2002); the role of these proteins was reported by Brummel and
Harpster (2001) as being associated with fruit softening during tomato
fruit ripening. Finally, one polygalacturonase (PG) was found. These
cell wall remodeling enzymes can participate in fruit softening, ex-
plaining the differences in the harvesting time observed in the O x N
population.

However, three candidate genes, described as 12-oxophytodienoate
reductases (OPR2), were identified as being associated with MD. All
three participated in the JA biosynthetic pathway (Table 2). The JA
biosynthetic pathway starts by converting linoleic acid to 12-ox-
ophytodienoic acid (OPDA) through the participation of proteins such
as lipoxygenases, allene oxide synthases, and allene oxide cyclases;
OPDA is subsequently reduced by OPR proteins to produce JA (Dave
and Graham, 2012). Dave and Graham (2012) described an OPDA
signaling pathway that is independent of JA signaling in seeds, which is
associated with the regulation of germination potential. Ribot et al.
(2008) demonstrated an OPDA-independent signaling route of JA and
ABA in response to root wounding. The results obtained here suggest a
possible OPDA- or JA-signaling imbalance, which could explain the
distribution of the MD phenotype, but complementary analysis is re-
quired to determine the real participation of these signals in the reg-
ulation of fruit development.

Finally, eight transcriptional regulators were identified in the MD
analysis (Table 2). The transcription factor bHLH107 was mentioned by
Zhang et al. (2018) as a member of the subgroup Vb of the A. thaliana
bHLH family proteins that are associated with genes such as At1g68810
and At3g25710, which are related to the upwardly curly leaf phenotype
(An et al., 2014) and ABA-mediated signaling transduction (Kim and
Kim, 2006). The transcription factor WRKY2 has been reported to be
related to seed germination (Jiang and Yu, 2009), xylem development
(Guillaumie et al., 2010), and osmotic stress (Wen-Bo and Di-Qiu,
2009). However, WRKY44 is associated with functions such as the
drought response (Han et al., 2015) and the defense response against
herbivores and microbes (Bonaventure et al., 2011). Moreover, RF2b is
a transcription factor that is strongly related to virus resistance in rice
(Dai et al., 2004; Liu et al., 2007; Dai et al., 2008). The transcription
factor E2FA in A. thaliana has been reported to control proliferation,
endoreduplication, and differentiation (De Veylder et al., 2002; Boudolf
et al., 2004), and the transcription factor RAX3 has been described as a
regulator of axillary meristem formation (Dubos et al., 2010) and plant
shoot branching (Guo, 2015).
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The transcription factors MYB98 and MADS6 were described-pre-
viously in the “Candidate genes for SSC” section, and together with the
probable PG, they are candidates for both SSC and MD phenotypes,
suggesting a possible partial pleiotropic effect between MD and SSC.
Similar situation was described by Font i Forcada et al. (2019), they
found a SNP very close to the position of SNP_IGA_700469 in the LG6
close to marker CPPCT030 and the gene ppa006828, associated with
sorbitol and harvest date; this gene is related to peroxisome biogenesis.
Associated to MD was described the UDP96-001 marker close to the
SNP_IGA 630302, candidate gene ppa024155 described as the core
histone H2B. Finally, the same group associated to MD and flavonoids
the candidate gene ppa021329 on chromosome 6, this gene is similar to
lycopene cyclase.

4.6. Candidate genes related to M

A QTL for M in the LG5 from the O x N population was obtained,
and this phenotype has been reported consistently with a QTL on the
LG4 of peach in several studies (Peace et al., 2006; Eklof and Brumer,
2010; Martinez-Garcia et al., 2013; Socquet-Juglard et al., 2013). The
correlation between MD and M reported by Lurie and Crisosto (2005),
together with the QTL for MD and M that was obtained consistently in
the LG4 of peach suggests a pleiotropic effect of MD in other pheno-
types, including M. It has been postulated that genetic variations in the
transcription factor NAC072 are responsible for this pleiotropic effect
(Pirona et al., 2013; Nufez-Lillo et al., 2015). In the O X N population,
non-nucleotidic variations in this transcription factor (data not shown)
in the parents were detected, and no QTL for M in the LG4 of peach was
obtained. This suggests that the absence of genomic variations in the
NACO072 region in the parents significantly reduces the pleiotropic ef-
fect of MD in the O x N population. Thus, a QTL for M in LG5 was
obtained, allowing us to study the M phenotype without interference
from MD.

For M, one gene was identified, which has been related to cell wall
remodeling functions, and is described as a glucan endo-1,3-beta-glu-
cosidase 12 (Table 2).

However, it is possible that the M phenotype is not determined by
variation in the CDS region of a gene. It is necessary to explore this
possibility by analyzing the promoter region of candidate genes because
variations may produce differences in expression levels that could ex-
plain the phenotype variation. Thus, it is necessary to complement or to
integrate the genetic/genome data with transcriptome analysis to
identify the genes that are involved in the M trait.

5. Conclusions

The results obtained in this work are the basis for understanding the
genetic control of fruit quality traits in the O X N mapping population.
The analysis allowed the identification of candidate genes for MD, SSC,
and M, which could be validated by functional strategies. In the future,
this work will need to be complemented by metabolomic and tran-
scriptomic data using contrasting siblings for each trait to correlate the
genetic variations with gene expression levels to find the regulatory
gene network that is responsible for the SSC, MD, and M traits.
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