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ABSTRACT: Cell wall composition, pectin, and hemicellulose fine structure variation were assessed in peach and related
genotypes with contrasted texture and fruit shape. Cell walls were prepared from four commercial peaches, eight genotypes from
the Jalousia × Fantasia peach cross, and six genotypes from the Earlygold peach × Texas almond cross. Sugar composition was
determined chemically while fine structure of homogalacturonan pectin and xyloglucan hemicellulose were assessed by coupling
pectin lyase and glucanase degradation, respectively, with MALDI-TOF MS analysis of the degradation products. The results
indicate clear compositional and structural differences between the parents and their related genotypes on the basis of pectin
versus cellulose/hemicellulose content and on the fine structure of homogalacturonan and xyloglucan. A relation between
methyl- and acetyl-esterification of pectin with fruit shape is revealed in the Fantasia × Jalousia peach genotypes.

KEYWORDS: cell wall, hemicellulose, xyloglucan, pectin, homogalacturonan, pectin lyase, glucanase, MALDI-TOF MS, texture,
fruit shape

■ INTRODUCTION
Fleshy fruit quality embraces a large panel of characteristics,
such as color, taste, aroma, size, shape, and texture. Among
these, texture is one of the major quality issues for breeders,
growers, retailers, processors, and consumers. Texture
encompasses sensory and mechanical aspects.1 It relies on
combinations of several structural determinants involving, at
the tissue scale, cellular structure and, at the cellular scale, cell
wall as well as turgor pressure.2 Fruit size results from both cell
division and cell expansion factors while shape involves the
regulated development of the constitutive fruit tissues that
likely combines cell wall factors and cell mechanical
perception.3,4 The setting up and evolution of these
determinants of quality during fruit development and ripening
are yet to be fully identified. Such basic knowledge is required
to develop strategies for controlling fruit quality all along
production, storage, and processing, and for breeding new
varieties with desired characteristics. Systems biology and
genetic approaches have been engaged in the aim of designing
fruit genotypes with chosen shape and texture.5−9 Due to the
great complexity and interplay of the many cellular factors
involved in these traits, such studies imply measurements of
specific molecular and structural determinants at different scales
among which cell walls are pivotal. Their intrinsic mechanical
and adhesive characteristics contribute to the control of cell
development, to the cellular cohesion in tissue, and to the
viscoelastic characteristics of the tissue. Fleshy fruit cell walls
have been the focus of many biochemical studies in relation
with fruit softening and texture disorders.10,11 They revealed
cell wall reshuffling and disassembly mechanisms through

particular sets of enzymes and proteins mostly triggered in
climacteric fruit by the ethylene crisis at the onset of ripening.
The variability of the chemical structures of cell wall
polysaccharides related to genetic or developmental factors
can conveniently be assessed through coupling specific
enzymatic degradations and MALDI-TOF MS or HPLC
analysis of the oligosaccharides produced.12,13 This approach
was successful in revealing cell wall polysaccharide structural
changes in near isogenic lines of tomato for texture QTL and in
assessing the structural variability and inheritance of hemi-
cellulose structures in an apple progeny.14,15

Among fleshy fruits, peach and nectarine are economically
important crops. Peaches are usually classified according to
their melting, nonmelting, or stony-hard texture. Melting versus
nonmelting is determined by a single gene located on
chromosome 5, whereas the stony-hard trait is genetically
independent from it.16,17 The nature of peach cell wall
polysaccharides, their modifications during fruit development,
ripening, and texture elaboration have been the subject of
several reports.18−28 Peach cell wall polysaccharides are mainly
composed of homogalacturonan (HG), rhamnogalacturonan I
(RGI) rich pectin, and xyloglucan among the hemicellu-
lose.19,21 Homogalacturonan consists of a linear chain of α-1,4-
linked D-galacturonic acids which can be partially esterified on
O-6 by methanol and on O-2 or O-3 by acetic acid.
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Rhamnogalacturonan I is based on a backbone of alternating α-
1,4-linked D-galacturonic acid and α-1,2-linked L-rhamnose
residues. The latter sugar can bear side chains made of β-1,4-
linked D-galactose, α-1,5-linked L-arabinose, or more complex
combinations of arabinose and galactose residues.29 Xyloglu-
cans are based on a backbone made of 1→4 linked β-D-glucose
residues mostly branched at O-6 by a α-D-xylosyl residue, which
can be further extended by one β-D-galactosyl, by one β-D-
galactosyl residue bearing one α-L-fucosyl residue, or by other
combinations including α-L-arabinosyl residue.30

In this work the cell wall polysaccharide chemistry was
characterized in commercial types of fruits and from the parents
and offspring of specific crosses between two peach cultivars,
Jalousia and Fantasia, and between Earlygold peach and Texas
almond showing contrasted texture or morphological appear-
ance. In particular, pectin-lyase and endoglucanase degradations
of cell walls coupled to MALDI-TOF MS analysis of the
products were proven useful to reveal genetically defined
homogalacturonan and hemicellulose structures that are
discussed with regard to quality traits and cell wall enzymes
potentially affected between individuals.

■ MATERIALS AND METHODS
Peach Varieties and Hybrids. Fruits were from three groups of

materials. A first group (A) was composed of four peach varieties with
contrasted morphology and texture (three melting fruits, juicy
nectarine “Zairegem − Royal Gem”, pasty peach “Elegant Lady”,
and fibrous round peach “Maperla”, and one nonmelting pavie peach
“Coconut Ice”). These fruits were harvested at maturity in 2007 at
INRA Bordeaux. A second group of fruits (B) was composed of
individuals from crosses between Fantasia and Jalousia cultivars.32

Besides the parents (Jalousia, flat peach; Fantasia, round peach), eight
F2 progeny with contrasted phenotypes (F2#25, round peach; F2#31,
flat peach; F2#71, round nectarine; F2#74, round peach; F2#82, round
nectarine; F2#143, round peach; F2#178, flat peach; F2#210, round
peach) were harvested at maturity in 2009 at INRA-Bordeaux. The
third group of fruits (C) consisted of a collection of individuals from
crosses between peach (Earlygold) and almond (Texas).16 Besides the
parents and their F1 hybrid (TxE_F1), three F2 (F2#17, peach-like;
F2#23, almond-like; F2#94, hybrid-like) and two backcross (BC1#9,
juicy; BC1#78, nonjuicy) progeny were harvested at maturity in 2009
at IRTA-Barcelona. For all groups, the flesh of 3 to 5 fruits per
genotype was cut into about 1−2 cm3 pieces and immediately frozen at
−80 °C.

Cell Wall Preparation. The frozen flesh samples from three to five
fruits per genotype were freeze-dried. Each dried sample was ground
to a fine powder (FastPrep, MP Biomedicals, Solon, OH, USA) and
extracted with 80% ethanol at 85 °C and 35 bar in an automated
solvent extractor (ASE200, Dionex Sunnyvale, CA, USA) until the

Table 1. Structure and Nomenclature Used To Refer to Hemicelluloses and to Pectic Homogalacturonan Structures

aElementary building block of xyloglucan structures:43 XLFG is made of the linkage of X, L, F, and G elements. The number following Hex, Pen, m,
or a refers to the number of these respective structures in the oligosaccharide.
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ethanol solution was free of soluble sugars. The alcohol insoluble
material (AIM) was dehydrated at 40 °C under vacuum over P2O5. All
biochemical measurements were performed from dry AIM.
Cell Wall Sugar Composition. Identification and quantification of

cell wall neutral sugars were performed by gas−liquid chromatography
(GC) after sulfuric acid hydrolysis.33 AIM was dispersed in 13 M
sulfuric acid for 30 min at 30 °C and then hydrolyzed in 1 M sulfuric
acid (2 h, 100 °C). Sugars were converted to alditol acetates and
chromatographed on a DB 225 capillary column (J&W Scientific,
Folsorn, CA, USA; temperature 205 °C, carrier gas H2).

34 A standard
sugar solution and inositol as internal standard were used for
calibration. Uronic acids in acid hydrolysates were quantified using
the metahydroxydiphenyl colorimetric acid method.35

Cell Wall Polysaccharide Enzymatic Profiling. Cell wall
material (5 mg) from each fruit per genotype was suspended in 1
mL of acetate buffer (5 mM, pH 5) or water and degraded by pectin
lyase prepared according to Ralet et al.36 (0.55 nkatal) or by
commercial endo-1,4-β-glucanase from Trichoderma longibrachiatum
(Megazyme, Bray, Ireland; 20 U), respectively. After overnight
digestion at 40 °C under head-over-tail mixing, the suspension was
centrifuged (10 min, 14000g) and the supernatant solution was heated
for 10 min in a boiling water-bath to inactivate enzymes.
Oligosaccharides in the hydrolysates were analyzed by MALDI-TOF
MS in the positive mode using an Autoflex III MALDI-TOF/TOF

spectrometer (Bruker Daltonics, Bremen, Germany) equipped with a
Smartbeam laser (355 nm, 200 Hz). Two types of matrix were used for
enzyme hydrolysate analysis. For pectin-lyase hydrolysates, the ionic
liquid matrix DMA/DHB was prepared and used as reported.37

Calibration was realized with galactomanno-oligosaccharides (DP 3 to
9) of known masses. The glucanase hydrolysates were analyzed using
the Super DHB matrix.38 The matrix was prepared by a mixture (90/
10, v/v) of 2,5-dihydroxybenzoic acid (DHB) at 10 mg/mL in water
and 2-hydroxy-5-methoxybenzoic acid at 10 mg/mL in pure methanol,
respectively. The instrument was externally calibrated using the
monoisotopic masses of main oligosaccharides ([M + Na]+ ion)
released from xyloglucans (XXG, 791.243 Da; XXXG, 1085.338 Da;
XXFGa1, 1435.459 Da; XLFGa1, 1597.512 Da; see below for
nomenclature).

Spectra were recorded in the mass range m/z 600−1400 and 700−
1700 for the pectin-lyase and glucanase hydrolysates, respectively.
Spectra were exported to Flex Analysis 3.0 software (Bruker) and
preprocessed. Mass lists reporting m/z (monoisotopic masses, after
deisotoping with the SNAP algorithm, Bruker) and intensities of
detected ions were then exported for statistical analysis and graphical
representation. Ion masses and intensities on the pectin-lyase spectra
were normalized according to the ion peak at m/z 783.191 attributed
to DU4m4 (see below for nomenclature). Ion masses and intensities
on the glucanase spectra were normalized to that of the XXXG ion.

Figure 1. PCA analysis of sugar composition in the cell wall preparations from peach with contrasted texture (A), from the Jalousia × Fantasia cross
(B), and from the Texas almond and Earlygold peach cross (C). (1) Neutral sugar and uronic acid content on the dry weight basis, (2 and 3) sugar
composition on the molar percentage basis: (2) individual and (3) variable maps. Minor contributions of sugars are not indicated on the variable
map. Ellipses correspond to 95% confidence region of individuals.
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Identification of ions was done by comparison with the m/z lists
registered (±0.2 m/z) to theoretical masses of the sodium adduct of
different oligosaccharides.
For oligouronides released by pectin-lyase, this list took into

account specificities of the enzyme.36 In particular, because several
oligosaccharide structures have similar m/z values due to substitutions
by methyl and acetyl esters and by different ion adduct types (sodium
or potassium) combined with various salt forms (Na-H) on acidic
functions, ion identification was performed according to a minimum
methyl esterification per oligosaccharide (i.e., DP3, 1 to 3 methyl
esters; DP4, 2 to 4; DP5, 2 to 5; DP6, 3 to 6; and DP7, 4 to 6) and a
maximum of 1 to 2 acetyl groups depending on degree of
polymerization (DP3 to 5, 1 acetyl; DP 6 and 7, 2 acetyl groups).
For oligomers released by the commercial glucanase, ion attribution

was realized based on combinations of hexoses, methyl-pentoses,
pentoses, and acetyl ester substituents. The enzyme preparation is
known to hydrolyze glucomannan and to contain minor xylanase and
galactanase contaminating activities.14 Xyloglucan structures were ions
of mass corresponding to combinations of hexose and pentose with
methyl-pentose and/or acetyl ester substituents. Ions of m/z
corresponding to combinations of hexoses and acetyl ester substituents
were attributed to glucomannan structures. Ions of mass correspond-
ing to pentose and combinations of pentose and uronic acid were
attributed to xylan.
Oligosaccharide nomenclature was as follows. For polyuronides the

letter U corresponds to uronic acid. The following number refers to
the number of residues in the oligomer (i.e., DP). Acetyl and methyl
esters substitutions were referred to as a and m, respectively, followed
by the amount of groups. The unsaturation of the uronic acid at the
nonreducing end of the oligomer released by pectin-lyase was referred
to as D. Other adducts of oligouronides were referred to as Na-H and
K. According to this nomenclature, DU4m4 refers to an oligo-
hexouronide of DP4 fully methyl esterified and unsaturated at the
nonreducing end.
The nomenclature of oligomers released by glucanase followed that

established for xyloglucans extended to account for acetyl groups
noted a (Table 1).30 Hexose containing oligosaccharides attributed to
glucomannans were noted Hex extended by the letter a for acetyl
esterification. The number following the structure codes denotes the
number of building structures and acetyl groups in the oligosacchar-
ides (i.e., Hex3a2 corresponds to 3 hexosyl units and 2 acetyl groups).
Statistical Analysis. Data treatments and statistical analyses were

performed with R software.39 Exploratory statistics consisted of
principal component analysis of the chemical data and MALDI-TOF
MS ion intensities. Significant differences between individuals were
evaluated by a Student test performed on PCA individual coordinates
on principal components. Significant differences were set at a
probability value of equality below 5%. Pearson correlation coefficients
were computed within MALDI-TOF MS ion data sets.

■ RESULTS
The Peach Cell Wall Sugar Composition Varies

between Peach Genotypes. Cell wall polysaccharides from
the different genotypes are made of glucose, galactose,
arabinose, xylose, rhamnose, fucose, mannose, and uronic
acids (Supplementary Table 1 in the Supporting Information)
as already reported in peaches.20,24,26,31 Variations in total
neutral sugars and uronic acids on the cell wall material dry
weight basis and individual sugars on the molar percentage
basis were assessed by principal component analysis (PCA;
Figure 1) by groups of peach genotypes. These groups were
composed of contrasted texture varieties (Figure 1 A),
individuals from the cross between Jalousia and Fantasia
peaches (Figure 1 B), and individuals from the cross between
the Earlygold peach and Texas almond (Figure 1 C). Variations
in total neutral sugars and uronic acids were mainly accounted
for by principal components 1 and 2, respectively (Figure 1-1).
The contribution of the different sugars to the dispersion of

individuals on the PCA maps (Figure 1-2) is shown in Figure 1-
3.
Among the contrasted texture peach varieties “juicy

nectarine” differed from “pasty peach” with a low uronic acid
content (Figure 1 A1; Supplementary Table 2a in the
Supporting Information). Individuals from the Jalousia ×
Fantasia crosses differed on their total neutral sugar content
(Figure 1B1; Supplementary Table 2b in the Supporting
Information). The low neutral sugar content in the parent
Fantasia significantly differed from F2#31 and F2#74 as well as
F2#143. Other significant differences were noted between
F2#31 and F2#71 as well as F2#82, between F2#71 and F2#74
as well as F2#143, between F2#74 and F2#82 as well as
F2#178, between F2#82 and F2#143, and between F2#143 and
F2#178. The cross between Earlygold peach and the Texas
almond gave rise to more contrasted individuals (Figure 1 C1;
Supplementary Table 2c in the Supporting Information). On
the neutral sugar content basis, the genotype BC1#78 differed
significantly from F2#94 and Texas while F2#17 differed from
F2#94 and Texas. The parent Earlygold with a low content in
neutral sugars differed from all genotypes except BC1#78 and
F2#17. On the uronic acid content basis, F1#37 differed
significantly from all other genotypes except BC1#78, BC1#9,
and F2#23. Texas also differed from all other individuals except
Earlygold, F2#17, and F2#94. Other significant differences were
noted between BC1#78 and the three genotypes: Earlygold,
F2#17, F2#94.
With regard to individual sugars, significant differences were

noted between nonmelting pavie peach and juicy nectarine and
pasty peach according to the first component. The latter
opposed glucose to arabinose contents (Figure 1A2,A3). The
nonmelting pavie peach was significantly richer in glucose
compared to the pasty and juicy peaches (Supplementary Table
3a in the Supporting Information). Individuals from the cross
between Fantasia and Jalousia differed from one another along
the first component, which reflected essentially variations in
glucose and uronic acid proportions (Figure 1B2,B3).
Significant differences were noted between Fantasia and
F2#74 as well as F2#143, between F2#71 and F2#143,
between F2#74 and F2#82, between F2#82 and F2#143, and
between F2#143 and F2#178 (Supplementary Table 3b in the
Supporting Information). Again, the cross between Earlygold
and Texas yielded individual genotypes with remarkable
composition differences according to the two first principal
components (Figure 1C2,C3). The first axis reflected
essentially variations in xylose and glucose contents that were
opposed to that of uronic acid while variation in arabinose
proportion was the main contributor to the second axis.
According to the first PCA axis, the parent Texas and F2#94,
with a higher proportion of xylose and glucose, were close and
significantly different from all other genotypes (Supplementary
Table 3c in the Supporting Information). F2#17 differed
significantly from the four genotyptes: BC1#78, F1#37, F2#94,
and Earlygold. On the second axis, F2#23 differed significantly
from all other genotypes with regard to a high arabinose
proportion. In contrast, Earlygold differed significantly from all
other genotypes except BC1#78 and F2#17. F2#17 differed
from all other genotypes except BC1#78 and Earlygold. Other
significant differences were noted between BC1#78 and the
three genotypes: BC1#9, F1#37, Texas.

Peach Genotypes Can Be Distinguished According to
the Fine Structure of Their Cell Wall Pectin. In order to
assess variations in the fine structure of the homogalacturonan
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regions in pectins, cell walls were subjected to pectin lyase
hydrolysis and oligosaccharides produced were analyzed by
MALDI-TOF MS. A typical MALDI-TOF MS spectrum is
shown in Figure 2. Major ions correspond to the series of

oligouronides of degree of polymerization (DP) 4 with minor
ions of DP2, 3, 5, 6 and traces of DP7. Among these DPs,
different methyl and acetyl esterification forms were observed.
Variations in the proportion of the different oligouronides

within the different groups of fruits were assessed by PCA
(Figures 3−5). Among the contrasted commercial type of
peach varieties, individuals were distinguished on the first two
components according to contributions of DU3m3K,
DU4m4K, DU6m5a1, DU5m4a1, and DU5m4 oligomer
intensities (Figure 3). The juicy nectarine with higher

proportions of DU3m3K was significantly different from the
other varieties (Supplementary Table 4a in the Supporting
Information). On the second axis, the fibrous peach
significantly differed from the other varieties due to
contributions of DU6m5a1 and DU5m4a1 and a lower
contribution of DU3m3K and DU5m4.
Individuals from the Jalousia × Fantasia peach cross were

distinguished mainly according to the intensity of DU3m3K
and DU4m4K ions on the first component (Figure 4). F2#82
significantly differed from all other individuals except F2#143
and F2#210 (Supplementary Table 4b in the Supporting
Information). F2#143 also differed from all other genotypes
except F2#25, F2#143, F178, and Jalousia. F2#210 also differed
from all others with the exception of F2#25, F2#82, and
F2#143. Additional significant differences were noted between
Jalousia and F2#31, between Fantasia and F2#25, and between
F2#25 and F2#31. The second component distinguished
individuals mainly on the intensity variations of DU6m5a1
and DU5m4a1 ions. Significant differences were noted between
F2#74 and the three genotypes: F2#82, F2#178, and Jalousia,
between Fantasia and F2#178 as well as Jalousia, and between
F2#143 and F2#178 as well as Jalousia. Taking the different
morphologies into account, flat fruits differed significantly from
round fruits on the second component (ANOVA p value =
0.0009 according to PC2). Round fruits were characterized by a
greater contribution of fully methylated oligouronides while
partially methylated and acetylated oliguronides characterized
flat fruits.
Within individuals from the cross between Earlygold peach

and Texas almond (Figure 5), the almond parent with a high
contribution of DU3m3K ion intensity differed significantly on
the first component from all other genotypes. On this axis, the
almond-like F2#23 individual also significantly differed from
BC1#78 and F2#17 (Supplementary Table 4c in the
Supporting Information). The second component clearly
distinguished BC1#78 from F2#94 as well as Texas, between
BC1#9 and F2#23, between Earlygold and the three genoytpes:
F2#17, F2#94, and Texas, between F1#37 and Texas, between
F2#17 and F2#23, between F2#94 and F2#23, and between
F2#23 and Texas mainly on the variable contribution of
DU6m5a1 and DU5m4a1 ion intensities. The third principal

Figure 2. Mean MALDI-TOF MS spectrum of pectin lyase
hydrolysate of peach/almond cell walls. Only ions in their sodium
adduct form are depicted except for oligomers of DP3 (DU3m2).
Nomenclature of the ions is as described in the text.

Figure 3. PCA analysis of MALDI-TOF MS spectra from the pectin-lyase hydrolysate of cell wall preparations from texture contrasted peach. Left:
individual map. Right: variable map. Nomenclature as described in the text. Ellipses correspond to 95% confidence region of individuals.
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Figure 4. PCA analysis of MALDI-TOF MS spectra from the pectin-lyase hydrolysate of cell wall preparations from Jalousia × Fantasia cross. Left:
individual map. Right: variable map. Nomenclature as described in the text. Ellipses correspond to 95% confidence region of individuals.

Figure 5. PCA analysis of MALDI-TOF MS spectra from the pectin-lyase hydrolysate of cell wall preparations from Earlygold peach × Texas
almond. Left: individual map. Right: variable map. Top: components 1 and 2. Bottom: components 2 and 3. Nomenclature as described in the text.
Ellipses correspond to 95% confidence region of individuals.
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component explaining 10.5% of the total variance distinguished
further individuals (Figure 5). It mainly accounted for
variations in the intensity of DU5m4, DU4m3, DU6m5,
DU5m3, DU5m4a1(Na-H), and DU6m5a1(Na-H) ions. In
particular F2#23 significantly differed from all other individuals
except Earlygold. On the contrary, BC1#9 and BC1#78 differed
from one another and from all other individuals except F1#37
and F2#94. Additional significant differences were noted
between Earlygold and the four genotypes F1#37, F2#94,
F1#37, and Texas and between F2#94 and Texas.
In order to search for relationships between homoglactur-

onan methyl and/or acetyl esterification features within peach
genotype groups, Pearson correlation coefficients were
calculated between oligomers' MALDI-TOF ion intensity (r
≥ 0.7; Table 2). There were no or rare correlations between
monosodium adducts of partially methylated oligomers and the
salt form of the corresponding adduct (Na-H on the free
carboxylic acid) or between sodium and the potassium
oligomer adducts. These reflected unclear complex ionization
mechanisms of oligouronides in DMA/DHB matrix. There
were strong correlations between several structures observed in
the three groups of fruits: DU3m2(Na-H)/DU4m3(Na-H),
DU3m3K/DU4m4K , DU4m3/DU5m4 , DU4m3a1/
DU5m3a1/DU5m4a1/DU6m5a1 , DU5m4/DU6m5 ,
DU5m4a1K/DU6m5a1K, and DU6m5/DU6m5a1K. These
correlations testified structural similarities across the three
groups of fruits and affiliations of oligomers resulting from close
demethyl esterification mechanisms of pectin in cell walls.
Other correlations concerned two or only one group of
samples. These reflected genotype specific demethyl ester-
ification and/or acetyl esterification of pectin.
The Fine Structure of Hemicellulose in Peach Cell

Wall Varies with Genotypes. The cell wall polysaccharides
in the peach collections were hydrolyzed by an endoglucanase
to assess the fine structure variability of hemicelluloses. A
typical MALDI-TOF MS spectrum of the hydrolysis products
(Figure 6) showed major ions with m/z corresponding to

XXFGa1, XLFGa1, and XXXG xyloglucan structures. Lower
intensity ions correspond to XLXG, XXFGa2, and XLFGa2
xyloglucan structures and glucomannan oligomers (Hex6a1).
Other small ions were attributed to xyloglucan and
glucomannans as well as minor contribution of xylan
substituted by uronic acid (Pen5u1). Structural variation in
the glucanase hydrolysates of the different fruit groups was
assessed by PCA (Figures 7−9).
Texture contrasted peach varieties of commercial type were

distinguished from one another according to the second
component (Figure 7) which opposed primarily XLXGa1,
XXG to XLFG, XXFG ion intensity variations. The four
varieties differed significantly from one another along this axis
(Supplementary Table 5a in the Supporting Information), the
pasty peach being the richest in XLXGa1 and the juicy
nectarine the richest in XXFG and XLFG structures, which are
highly correlated.
The glucanase hydrolysate profile allowed a limited

discrimination among individuals from the cross between
Jalousia × Fantasia peaches on the first two principal
components (Figure 8). These two axes accounted for
monoacetylated XLFGA1, XXFGa1, and diacetylated
XLFGa2, XXFGa2 ion intensity variations, which are highly
correlated, respectively. Component 2 opposed contributions
of primarily XLFG, XXFG to that of XLFGa2, XXFGa2 ion
intensity. On the first axis, F2#178 significantly differed from
the four genotypes: Fantasia, F2#31, F2#71, and F2#74, and
F2#82 differed significantly from F2#31 and F2#71 (Supple-
mentary Table 5b in the Supporting Information). On the
second axis, Jalousia significantly differed from F2#82 and
F2#210, and Fantasia differed significantly from F2#25, F2#31,
F2#82, and F2#210. The third principal component furthered
the differentiation of individuals primarily on the basis of the
variation in the ion intensity of XLFGa1 opposed to XLXFGa1,
XXFGa1, XXG, and XLFGa1 xyloglucan structures. Jalousia
differed significantly from all other genotypes along this axis.
F2#71 also differed from most other individuals except F2#178.
F2#210 significantly differed from most other individuals
except Fantasia, F2#31, F2#74, and F2#143. Additional
significant differences were noted between Fantasia and
F2#178, F2#25 and F2#74, and F2#31 and F2#178, as well
as between F2#74 and F2#178.
Genotypes from the cross between Texas almond and

Earlygold peach presented remarkable different glucanase
profiles that allowed a clear distinction of nearly all genotypes
on the first principal component (Figure 9). This first axis
mainly opposed XLFGa2, XLFG to XXFGa1 ion intensity
variations. All genotypes significantly differed according to this
axis except Earlygold, F2#17, and F2#94 and between F2#17
and F2#94 (Supplementary Table 5c in the Supporting
Information). The second axis essentially accounting for
XLFGa1 ion intensity variation distinguished Texas from all
other genotypes except F2#94. F2#17 also significantly differed
from F2#94.
Few MALDI-TOF ion intensities of xyloglucan and

glucomannan oligomers correlated with each other (Table 3).
Common correlations between XLFGa1 and XLFGa2 were
only observed for contrasted commercial type varieties and for
genotypes from the Jalousia × Fantasia peach cross.

■ DISCUSSION
Peach and nectarine cell wall polysaccharides composition are
affected by genetic factors.24,25,28,31 Accordingly, significant

Figure 6. Mean MALDI-TOF MS spectrum of glucanase hydrolysate
of peach/almond cell walls. The nomenclature is as described in the
text.
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variations of uronic acids and total neutral sugar composition
on the weight basis of the cell wall material were observed
between the different individuals from the three groups of fruit
in the present study. They reflected variable contents in pectins
(mainly HG), other matrix glycans (RGI-rich pectins and
hemicellulose), and cellulose as well as nonsugar components
(i.e., proteins). This composition discriminated particularly the

different genotypes from the cross of Texas almond and
Earlygold peach parents with contrasted fruit traits. The
progenies were grouped between their parents, some in close
proximity of which they shared the overall fruit traits. The cell
wall sugar representative of the main cell wall polysaccharides
discriminated better the different individuals in the three groups
of genotypes. Uronic acids (pectin) and glucose and xylose

Figure 7. PCA analysis of MALDI-TOF MS spectra from the glucanase hydrolysate of cell wall preparations from texture contrasted peach. Left:
individual map. Right: variable map. Nomenclature as described in the text. Ellipses correspond to 95% confidence region of individuals.

Figure 8. PCA analysis of MALDI-TOF MS spectra from the glucanase hydrolysate of cell wall preparations from the Jalousia × Fantasia cross. Left:
individual map. Right: variable map. Top: components 1 and 2. Bottom: components 2 and 3. Nomenclature as described in the text. Ellipses
correspond to 95% confidence region of individuals.
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(cellulose/xyloglucan) proportions were the main discriminants
between the genotypes and to a variable extent, arabinose and
galactose attributed essentially to rhamnogalacturonan I pectin
side chains. Sugar composition may help distinguishing cell wall
contributors to contrasted fruit traits such as galactose and
arabinose often associated with mealiness and wooliness
textures in peach.21,27 In the present case, xylose and/or
glucose rich cell walls from almond and hybrid-like phenotype
or from nonmelting pavie peach were distinguished from other
genotypes though the relation between these high sugar
proportions with fruit shape or texture remains to be
established. In fact sugar composition was not able to
distinguish fruits with different shapes from the Fantasia ×
Jalousia peach cross.
Peach meltiness and stony-hard textures have been related to

homogalacturonan pectin structure while fruit softening implies

hemicellulose structural changes with yet unclear implications
of its fine structure.19,20,24,25,40,41 More detailed structural cell
wall polysaccharide analysis was realized to provide clues on
which sets of enzymes may contribute to cell wall reshuffling in
texture elaboration and fruit shape development.
Homogalacturonan (HG) pectin methyl esterification is

known to impact cell−cell adhesion and to regulate
endopolygalacturonase degradation with implications on fruit
texture and plant organ morphogenesis.42,43 Less documented,
acetyl esterification of pectin is known to perturb HG calcium
mediated dimerization in vitro, which may potentially affect
cell−cell adhesion in vivo.44 Although the fruit ripening stage
can affect the HG methyl esterification, clear differences were
observed between the different genotypes according to the
proportion of highly methylated oligomers and partially methyl-
and acetyl-esterified ones. Correlations between the MS peak
intensities of fully methyl-esterified or partially methyl- and
acetyl-esterified oligomers across the three different groups of
fruits indicate similar processing mechanisms of methyl-ester
removal from the native highly esterified pectin by pectin
methyl-esterases (PME).29 In contrast correlations limited to
specific groups highlight genetically controlled PME activities.
Of interest is the relationship between fruit shape and the
proportion of partially methyl and acetyl-esterified oligomers.
Fruit shape may involve specific HG biosynthesis and pectin
methyl- and/or acetyl-esterase remodeling during organ
development. Pectin methyl esterification modulation by
PME has already been shown to affect hypocotyl or stem
growth.45,46

Xyloglucan plays a key role on fruit texture.47 Fruit ripening
upregulates the hemicellulose structural reshuffling by
xyloglucan endotransglusosylase/hydrolases (XET/XTH) as
well as the loosening of its interactions with cellulose by
expansin. Its fine structure is known to vary with genetics, with
organ development and fruit ripening.12,14,15,48 The present
results show that its fine structure is also affected by genetics in
peach. In fact, variations in the xyloglucan fine structure
discriminated better the different genotypes in the three peach
groups than pectin lyase hydrolysis did. The least discriminated
genotypes were from the Jalousia and Fantasia peach cross.

Figure 9. PCA analysis of MALDI-TOF MS spectra from the Texas almond and Earlygold peach cross. Left: individual map. Right: variable map.
Nomenclature as described in the text. Ellipses correspond to 95% confidence region of individuals.

Table 3. Correlation between Glucanase MALDI-TOF MS
Ion Intensity (X, Y) within the Three Groups of Fruits:
Contrasted Peach Varieties (A), Fantasia and Jalousia
Peaches and Genotypes from their Cross (B), and Earlygold
Peach and Texas Almond and Genotypes from their Cross
(C)

X Y A B C

XLFG XXFG 0.82
XLFGa1 XLFGa2 0.77 0.72
XLLG Hex5a2 0.75
XLXGa1 XXG 0.82
XLXGa1 Hex6a1 0.76
XXFG XLFG 0.89
XXFGa1 XXFGa2 0.88
XXFGa1 XLXGa1 0.74
XXFGa1 XLFGa1 0.77
XLXG XLFGa2 0.73
XLXG XLLG 0.71
XLXGa1 XLFG −0.72
XXFGa2 XLFGa2 0.9
XXG Hex6a1 0.74
XXG XLFG −0.72
Hex6a1 Hex7a1 0.73
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Morphological traits do not appear to involve specific
xyloglucan structural features. The low level of correlation
between structural variations shared by the three groups of
fruits indicates a tight genetic regulation of biosynthesis and/or
remodeling of peach xyloglucan. Structural variations impacted
side chain sugars and acetyl-esterification and may involve
specific osidases.49 The relation between xyloglucan fine
structure, cellulose interactions, cell wall mechanical properties,
and fruit texture remains to be established. Galactosylation of
xyloglucan side chains appears to play a role in cell wall
mechanical properties.50 It may be important in regulating
XET/XTH activities.51

With regard to the impact of genetics on cell wall chemistry,
a strong correlation is apparent between genetic distance of the
individuals sampled and variability for all cell wall poly-
saccharide characters studied here. In the parents and offspring
of the most distant progenies (almond × peach) results
obtained were clearly contrasted and parents and progeny were
often distinguishable among them and with the parents. On the
other hand, the two parents of the peach F2, Jalousia and
Fantasia, while differing in various morphological characters of
simple inheritance, were genetically close. Differences in cell
wall polysaccharides among them and in their offspring were
slighter but showed significant differences of methyl ester-
ification of pectins related with their flat or round fruit
morphology. The four peach cultivars with contrasted fruit
features were of different origins and of an intermediate level of
genetic diversity as corroborated with the chemical data.
In conclusion, the variation of cell wall polysaccharide

composition and structure in peaches and related genotypes
with contrasted texture and morphological traits is conveniently
shown by chemical means and enzymatic degradation by pectin
lyase and glucanase coupled to MALDI-TOF MS. The results
indicate that pectin methyl- and acetyl-esterification appear
associated with fruit shape and that xyloglucan fine structure is
under a fine genetic control that remains to be linked with
texture. Such an approach opens the way to the identification of
specific quantitative trait loci for cell wall determinants of
texture and peach shape.
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