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Nearly 400 million years of evolution and field-testing by the natural world
has given humans thousands of wood types, each with unique structure–
property relationships to study, exploit, and ideally, to manipulate, but the
slow growth of trees makes them a recalcitrant experimental system. Varia-
tions in wood features of two genotypes of peach (Prunus persica L.) trees,
wild-type and crinkle-leaf, were examined to elucidate the nature of weak
wood in crinkle-leaf trees. Crinkle-leaf is a naturally-occurring mutation in
which wood strength is altered in conjunction with an easily observed ‘crin-
kling’ of the leaves’ surface. Trees from three vigor classes (low growth rate,
average growth rate, and high growth rate) of each genotype were sampled.
No meaningful tendency of dissimilarities among the different vigor classes
was found, nor any pattern in features in a genotype-by-vigor analysis. Wild-
type trees exhibited longer vessels and fibers, wider rays, and slightly higher
specific gravity. Neither cell wall mechanical properties measured with
nanoindentation nor cell wall histochemical properties were statistically or
observably different between crinkle-leaf and wild-type wood. The crinkle-leaf
mutant has the potential to be a useful model system for wood properties
investigation and manipulation if it can serve as a field-observable vegetative
marker for altered wood properties.

INTRODUCTION

Predicting macroscale wood structure–property
relationships on the basis of wood anatomy is one of
the most desirable but elusive goals of wood utiliza-
tion research because it would accelerate research-
ers’ efforts to both target lesser-known and
plantation-grown woods to the most efficient end
uses and develop the information necessary to work
toward breeding or engineering trees to grow wood
with the most desirable traits for specific applica-
tions. Traditionally, wood structure–property rela-
tionships have been investigated by attempting to
correlate material property data collected from
‘‘small clear’’ specimens (in the United States,
historically 2¢¢ 9 2¢¢ 9 30¢¢ long; c.5 cm 9 5 cm 9

75 cm) with coarse wood anatomical observations
or metrics, such as growth ring width or relative
percent latewood, or with finer-scaled observa-
tions such as cell wall thickness, or S2 cell wall
layer cellulose microfibril angle.1–5 Despite dec-
ades of interest in descriptive research on struc-
ture–property relationships in wood based on
wood structure (see Barnett and Jeronomidis6 for
an overview), a global predictive model for bulk
wood properties based on wood anatomy remains
elusive.

One constraint on our ability to predict properties
is related to natural variability within a wild-grown
tree—the wood is not the same from the pith to the
bark, nor from the base of the tree to the top of the
crown, and several trees of the same species may
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vary widely relative to each other based on site
characteristics and the interaction between differ-
ent local environments and the genetics of individ-
ual trees, generating a prohibitively large database
for analysis.7–11 Plantation forestry seeks to elimi-
nate some of that variability by controlling, either
partially or completely, the genetic factors (choosing
carefully bred stock for planting, or genetically
identical clones of the same plant) and then plant-
ing those seedlings in known spacing on known
soils.12–14 Adjacent trees will experience the same
environmental conditions, and thus local variability
is comparatively minimized.15

Another factor constraining our ability to predict
macroscale wood properties is the long time-hori-
zons for controlled experimental work in trees. It
can take 7–20 or more years for most commercially
relevant temperate tree species to reach an age and
stature where harvest is at all feasible. Such a
generation time is a significant fraction of a scien-
tist’s total career, thus long-term studies of this type
are comparatively rare.

One approach to overcome the time-lag associated
with tree generation times is to develop tree ‘‘model
systems’’ for experimental manipulation. Such sys-
tems should be genealogically known, reliably
propagable (vegetatively and sexually), fast-grow-
ing, not too large in stature, and, ideally, deliver
commercial value on short time scales. In this
regard, fruit trees are excellent potential model
systems because they meet the scientific and eco-
nomic criteria, and are an existing resource with
well-established markets.

A potentially fruitful model system is peach or
peach-almond trees (Prunus persica) because they
are actively studied for commercial crop production,
cultivated across a wide geographic range, and have
an extremely well-established commercial market
for fruits from a breadth of cultivars. In California
alone, a US$233 million freestone peach market is
represented by over 50 diverse cultivars grown on
24,000 acres (c. 9700 ha).16 The genome of peach is
also known.17 In addition to commercial cultivars
and other lineages under breeding or development,
there are also naturally occurring mutants, includ-
ing a Prunus persica mutant known as crinkle-
leaf.18

Plants exhibiting the crinkle-leaf (CL) phenotype
are characterized by leaves with crinkling and
undulation in the laminar surface, thicker and
wider lamina, reduced lengths of lamina, fewer
serrations of the leaf margin, and shorter petioles
and stipules, as compared with leaves in wild-type
(WT) trees.18 The CL mutation was found among
the progeny of a cross between two normal-leafed
peaches.18 Despite these morphological alterations
of the leaves, there appears to be no difference in
the vigor and fertility of peach and peach-almond
hybrids showing the CL phenotype, as compared to
normal-leafed siblings. Controlled crosses carried
out by Ledbetter18 revealed a pattern consistent

with Mendelian inheritance, in which the crinkle-
leaf phenotype appears to be controlled by a single
recessive gene.

CL trees are also characterized by having brittle
branches that prune with approximately 50% of the
effort of wild-type wood, suggesting an altered wood
phenotype in conjunction with the CL leaf pheno-
type. This observation is particularly important in
the context of a fruit tree because heavy fruit loads
can cause branch failures in plants with weak wood.
Fruit tree breeding thus requires plants with suf-
ficient wood strength to bear a commercially useful
crop, in addition to selecting for desirable fruit
characteristics. The apparent correlation between
the CL leaf phenotype and observably altered wood
properties suggests a unique opportunity to use a
foliar character to track the presence of a specific
wood property in subsequent generations.

The microscopic wood anatomy of Prunus in
general is well known, and that of peach wood has
been described,19–21 but not surprisingly the liter-
ature shows no comparisons between wood anatom-
ical characteristics of crinkle-leaf and wild-type
trees, although there have been characterizations
of the wood anatomy of transgenic aspen.22–24

Macroscale wood properties (such as resistance to
pruning) will be a result of the interaction of wood
component properties at a variety scales, from bulk
wood metrics at the growth-ring level, to wood
anatomy (cell types, sizes, and relative abundance),
to cell wall mechanics, to cell wall chemistry and
ultrastructure.1,3,8,9 We hypothesize that differ-
ences in bulk wood properties, wood anatomy, cell
wall mechanics, and/or cell wall chemistry between
CL and WT wood can explain the field observations
of brash, weak CL wood. To best assess these
differences, we also examine the effect of plant
vigor across three vigor classes, and make a provi-
sional examination of genotype-by-vigor effects.

MATERIALS AND METHODS

Samples were obtained from 4-year-old Prunus
persica trees cultivated under the same silvicultural
conditions in Parlier, California, at the San Joaquin
Valley Agricultural Sciences Center. Sampled trees
were part of progeny 72001, a family developed to
examine genetic linkage between red leaves, ever-
green and CL characteristics. Individual trees were
short (less than 3 m tall) with abundant branches
and short internodes. Wild-type and crinkle-leaf
individuals were sampled in each of three vigor
classes: low, average, and high vigor, based on plant
stature observed across the range of the plantings.
A tree from each vigor class was harvested and
stored at 0�F (�17.8�C). Short stem segments were
cut and stored in 75% ethanol prior to sectioning.
One individual per vigor class was used to measure
wood anatomical characters. Sections 20–30 lm
thick were cut with a sliding microtome, compressed
between glass slides, boiled in water, then cooled
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and mounted in glycerin. Sections for phlorogluci-
nol-HCl staining to determine relative lignification
between high-vigor individuals of the two genotypes
were cut separately and stored in water, without
boiling or other chemical modification prior to
observation, and the results in CL and WT wood
were compared to a xylarium specimen of P. persica,
MADw 18883. Sections made for phloroglucinol
staining were also stained with Safranin-Astra blue,
mounted in water, and photographed on a Leica DM
4000B using a Point Grey Flea3 digital camera.
Wood macerations were made using acetic acid and
peroxide following Ruzin25 Sections and macera-
tions were observed with a light microscope (Leica
DM 2000) and anatomical measurements were
taken with the aid of a digital camera (Leica DFC
420). An electronic digitizer (Numonics AccuGrid
Digitizer) was used to quantify vessel element
length and fiber length (as in Berry and
Wiedenhoeft26).

The IAWA List of Microscopic Features for Hard-
wood Identification27 was used as baseline for
description, but the definitions by Wiedenhoeft28

were followed. Characters not mentioned are absent
or not applicable.

Measurement of Wood Features

A list of all measured wood features and calcu-
lated quantitative indices can be found in Table I.
Vessel-related measurements were taken only from
the latewood region of the 3rd year (the most
external growth ring). The fiber length to vessel
length ratio (F/V) represents an approximate mea-
sure of the degree of intrusive growth by the fibers
during cell maturation and is a means to compare
fiber lengths by controlling for fusiform initial
length, as represented by the vessel element
length.29 A ray area index (RAi) was estimated as
a dimensionless quantity to characterize the total
area of the ray tissue per unit of tangential area.

Wood specific gravity was measured following
Williamson and Wiemann,30 with bark and pith
removed from samples prior to measuring.

Nanoindentation of Latewood Fibers

Nanoindentation surfaces were prepared such
that the indentation direction was perpendicular
to the fiber long axis to better replicate the direction
of force application during pruning. Specimens were
prepared without epoxy embedment to avoid any
cell wall alteration by the epoxy.31 One latewood
specimen each of CL and WT high-vigor individuals
that were not soaked in ethanol or chemically
altered were surfaced on a sliding microtome to
expose a perfectly tangential surface. That surface
was then glued to a stainless steel cylindrical stub.
A hand razor was used to carefully trim a pyramid
in the exposed wood surface with an apex in a region
of fiber cells. Then, the cylindrical stubs were fitted
into Sorvall MT-2 ultramicrotome equipped with aT
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diamond knife and nanoindentation surfaces pre-
pared by removing 200-nm-thick sections from the
apex until a surface approximately 200 lm on a side
was prepared. The resulting surface for nanoinden-
tation was thus perfectly tangential as well.

A Hysitron (Minneapolis, MN, USA) TriboInden-
ter� equipped with a Berkovich probe was used. The
machine compliance, probe area function, and tip
roundness effects were determined from a series of
80 load control nanoindents in a fused silica stan-
dard as previously described.32 The relative humid-
ity (RH) inside of the nanoindentation enclosure
was maintained at 86% RH with an InstruQuest
(Coconut Creek, FL, USA) HumiSysTM HF RH
generator while the specimens conditioned inside
the enclosure for 48 h before and during the testing.
The high humidity condition was chosen to again
better replicate the moist conditions of the wood
inside of a living tree during pruning. On the
prepared surface, fibers medially cut through their
lumina were chosen for testing. All nanoindent
locations were chosen in the middle of an S2 wall
layer next to an exposed lumen. The same multiload
nanoindents (maximum load of 65 lN) and analyses
were used as previously described32 to assess
nanoindentation hardness and elastic modulus.

Statistical Analyses

Measurements were grouped to evaluate differ-
ences between genotype (wild-type vs. crinkle-leaf),
vigor classes (average vs. high vs. low), and

genotype-by-vigor. Quantitative ray features were
treated separately for each ray width class. Trends
of variations were examined using descriptive sta-
tistical data analysis33 with Bonferroni corrections
in all t tests to account for multiple comparisons. We
consider P< 0.05 the minimum threshold to war-
rant further consideration of a factor. All statistical
work was performed in R.34

RESULTS

General qualitative features of the wood regard-
less of genotype or vigor class are consistent with
the description for Prunus persica found in Inside-
Wood.20 Transmitted light micrographs of the late-
wood of WT and CL wood are shown in Fig. 1.
Specific quantitative features of WT and CL wood,
as well as differences by vigor class, are reported
below, as well as stem diameter, specific gravity, cell
wall elastic modulus, and cell wall hardness
(Tables II, III).

Comparison of Genotypes

Wood Features

Wild-type wood showed significantly higher wood
specific gravity than crinkle-leaf (CL) (SG;
P = 0.015). WT wood bore longer vessel elements
(VEL; P > 0.001), longer fibers (FL; P > 0.001) and
wider rays (RW, when considering all types of rays
together; P = 0.013). There were no significant
differences between WT and CL trees in mean stem
diameter (SD), tangential vessel diameter (TVD),
vessels per mm2 (VNM2), or in any of the other
measured ray features (RNM2, RH, RHC and
TTRH). The fiber to vessel ratio (F/V) and ray area
index (RAi) did not differ between genotypes.

Cell Wall Mechanical Properties

Cell wall mechanical properties measured by
nanoindentation showed no significant differences
between genotypes for either elastic modulus (N-
MoE) or Meyer’s hardness (N-H).

Cell Wall Histochemistry

Phloroglucinol-HCl staining of CL and WT wood
showed comparatively weak reactions, requiring
comparison to the staining reaction with a xylarium
specimen of P. persica which also showed a weak
staining reaction. There were no observable differ-
ences in staining intensity between CL, WT, and the
xylarium specimen.

Comparison of Vigor Classes

When comparing among vigor classes, there was
no consistent statistically significant pattern, other
than for SD, which is a direct proxy for vigor: high
vigor samples had significantly higher SD than
average vigor (P > 0.001), which in turn had higher
SD than low vigor (P< 0.01). Similarly, high vigor

Fig. 1. Transmitted light micrographs of the latewood of wild-type
(top) and crinkle-leaf (bottom) wood stained with Safranin-Astra blue
and mounted in water. Note the similar relative size, abundance and
distribution of vessels and fibers in the two woods. Wild-type wood
shows larger rays. Scale bars 250 lm.
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samples had significantly higher TVD (Ps< 0.01).
Average vigor samples had significantly higher
VNM2 (Ps< 0.01) and VEL (0.01< Ps< 0.05),
and low vigor samples had significantly lower FL
(Ps £ 0.01). F/V and RAi were not significantly
different between vigor classes.

Genotype-by-Vigor Analysis

Results of genotype-by-vigor analysis are shown
in Table III, with a number of features showing
statistically significant differences, the relevance of
which are discussed below.

DISCUSSION AND CONCLUSIONS

Field observation of brash, weak wood, easy
pruning, and wood failure correlated with the
presence of an easily observed vegetative phenotype
(crinkled foliar leaves) provided the impetus for this
study. Because CL shows Mendelian inheritance
and to be recessive,18 it presents a unique opportu-
nity to use the CL leaf phenotype as a marker for
altered wood phenotype. To that end, we attempted
to elucidate a structure–property relationship in CL
and WT wood sufficient to explain the weak, brash
wood as a first step toward justifying further

Table II. Wood features, calculated indices, and units of measurement by genotype and vigor in (Prunus
persica) trees

Features

Genotype Vigor

WT CL Low Average High

SG 0.72 ± 0.04a 0.67 ± 0.04 0.73 ± 0.03 a 0.66 ± 0.06 b 0.69 ± 0.02 ab
SD (mm) 17.0 ± 6.3 16.4 ± 8.9 8.8 ± 0.7 c 14.4 ± 4.2 b 25.7 ± 1.2 a
TVD (lm) 23 ± 8 22 ± 9 21 ± 8 b 20 ± 7 b 26 ± 9 a
VNM2 169 ± 40 153 ± 30 151 ± 15 b 184 ± 45 a 149 ± 31 b
VEL (lm) 322 ± 50a 287 ± 49 295 ± 53 b 322 ± 55 a 296 ± 45 b
FL (lm) 860 ± 216a 672 ± 178 678 ± 210 b 803 ± 187 a 816 ± 233 a
RNM2 32 ± 8 34 ± 11 27 ± 5 b 38 ± 12 a 34 ± 8 a
RH (lm) 445 ± 233 439 ± 256 462 ± 248 444 ± 244 422 ± 240
RW (lm) 46 ± 27a 38 ± 22 43 ± 26 ab 49 ± 28 a 35 ± 20 b
TTRH (lm) 807 ± 139 817 ± 115 813 ± 120 835 ± 116 786 ± 143
N-MoE (GPa) 2.2 ± 0.4 2.2 ± 0.2
N-H (MPa) 97.4 ± 11.2 103.1 ± 9.1
F/V 2.66 ± 0.26 2.35 ± 0.3 2.29 ± 0.4 2.49 ± 0.05 2.73 ± 0.31
RAi 0.348 ± 0.027 0.338 ± 0.098 0.346 ± 0.042 0.394 ± 0.071 0.287 ± 0.049

Values are expressed as mean value ± SD.aOr different lowercase following values indicate significant differences (P £ 0.05).

Table III. Wood features, calculated indices, and units of measurement in a genotype-by-vigor analysis of
(Prunus persica) trees

Features

Wild-type Crinkle-Leaf

Low Average High Low Average High

SG 0.75 ± 0.02 a 0.72 ± 0.01 a 0.69 ± 0.05 a 0.70 ± 0.02 a 0.62 ± 0.02 a 0.69 ± 0 a
SD (mm) 8.6 ± 0.6 d 17.6 ± 0.3 c 24.6 ± 0.6 b 9.5 ± 0.5 d 9.5 ± 0.8 d 26.7 ± 0.3 a
TVD (lm) 24 ± 6 bc 20 ± 8 bcd 27 ± 9 ab 19 ± 9 cd 21 ± 6 bcd 27 ± 9 ab
VNM2 148 ± 14 b 214 ± 34 a 147 ± 24 b 154 ± 17 b 154 ± 30 b 152 ± 37 b
VEL (lm) 315 ± 46 abc 343 ± 44 ab 302 ± 44 bc 266 ± 43 d 297 ± 51 bc 292 ± 42 c
FL (lm) 806 ± 174 abc 844 ± 218 ab 892 ± 246 ab 533 ± 146 d 694 ± 194 bc 732 ± 185 bc
RNM2 28.9 ± 4.8 abc 27.7 ± 5.5 bc 39.6 ± 4.6 ac 28 ± 4.8 ac 49.9 ± 6.7 ac 29.5 ± 4.4 bc
RH (lm) 467 ± 250 abc 515 ± 245 ab 371 ± 188 cd 384 ± 226 bcd 407 ± 241 bcd 530 ± 279 ab
RW (lm) 47 ± 30 abce 53 ± 28 abc 38 ± 23 cdef 38 ± 22 bcdef 45 ± 26 abcde 32 ± 14 def
TTRH (lm) 871 ± 101 ab 864 ± 102 ab 685 ± 130 cd 755 ± 113 bcd 807 ± 128 abc 926 ± 110 ab
F/V 2.56 2.46 2.95 2.01 2.53 2.51
RAi 0.375 0.344 0.321 0.317 0.444 0.253

Values are expressed as mean value ± SD. Different lowercase letters following values indicate significant differences (P £ 0.05).
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research into CL as a model organism for wood
properties investigation. Whether CL is a single
gene mutation with broad pleiotropic effects, or
ideally, if CL is a two-or-more gene mutant, the
ability eventually to alter or add genes of interest
and use the CL leaf phenotype as an easily visible
marker for the presence of the wood alterations
warrants further research.

When exploring structure–property relationships
in wood, it is logical to look for factors that occur at the
same scale as the phenomenon. Pruning resistance is
a bulk wood property, as is wood specific gravity (SG).
WT wood has 7% higher SG than CL wood (Table II).
This difference, while statistically significant, is not
of a magnitude sufficient to explain the field obser-
vations of weaker wood and reduced pruning resis-
tance, which we estimate to closer to a factor of 50%.
In general, approximately 60% of the variation in
wood mechanical properties is explained by varia-
tions in wood SG.4 In this case, we assume that the
wood mechanical property most closely related to
pruning resistance is Janka side hardness. Wiemann
and Green35 report a general equation to estimate
Janka side hardness based on SG. Using the SG
reported in Table II and the Wiemann and Green35

equation for hardwoods, we find that predicted bulk
hardness of WT wood is estimated to be 15% harder
than CL wood, which is still not on the order of the
field-observed differences. Clearly, directly measur-
ing pruning resistance would be valuable, and
instrumenting pruners for such field measurements
is of interest for future research and quantification of
field observations.

With the bulk wood metrics insufficient to explain
field observations, variations in wood cellular anat-
omy are the next scale of analysis. A range of wood
anatomical features varied according to plant vigor,
and many features were also significantly different
in the genotype-by-vigor analysis. In both analyses,
there were no over-arching patterns other than
expected relationships (e.g. higher SG in slower
growing individuals, increased F/V in higher vigor
plants),thus we feel secure combining results across
vigor classes for a genotype-only comparison.

Three wood anatomical features were significantly
larger in WT than CL wood: VEL, FL, and RW. In
wood anatomy and development, VEL is a proxy for
fusiform initial length in the vascular cambium—it is
essentially an indication of the length of the mother
cells that gave rise to both vessel elements and fibers.
Because fibers grow in length from both tips as they
mature, the ratio of the fiber length to the vessel
element length (the F/V) is a way to look at a relative
amount or degree of interdigitation between cells and
thus a type of mechanical interlocking of cells.
Comparing VEL between genotypes also gives an
indication of the relative starting size of cells, so in
this way provides a frame of reference to determine if
the ultimate FL is a result of larger mother cells
(larger VEL), a higher degree of tip growth (higher F/
V) or both.

For WTwood, longer fibers area result ofboth larger
cambial initials (proxied by VEL), and a higher degree
of tip growth, although the F/V did not differ signif-
icantly between the two genotypes. This is likely a
result of the small n associated with genotype level
comparisons in a calculated index as compared to a
directly measured feature with larger n. The F/V for
WT wood ranged from 2.46 to 2.95, whereas in CL it
ranged from 2.01 to 2.53, with only a slight overlap
between the lowest WT values and the highest CL
values. We do not have enough data to assert an effect
or a direct relevance, but if with larger sampling a
similar difference in F/V were borne out, it could begin
to provide a plausible explanation for the field-obser-
vations of easier pruning. Even without the mechan-
ical interlocking implied by a higher F/V, the shorter
fiber lengths of the CL wood could be a partial
explanation for establishing perpendicular-to-grain
cleavage paths for pruning forces, because shorter
cells must be more abundant per unit length of stem,
and thus have more frequent cell ends.

Ray width (RW) also differed significantly
between WT and CL, with WT wood having wider
rays (Table II). WT wood had slightly less abundant
rays (lower RNM2) but not significantly so. A better
metric for total ray volume in the wood is the
calculated RAi, which was slightly but not signifi-
cantly higher in WT wood. Rays function in storage,
translocation, and biosynthesis in wood, and are not
typically implicated in wood mechanical strength,
other than in a negative context. That is, it is
typically thought that woods with more parenchyma
(either in radial system or axially) will, all other
factors being equal (vessel size and abundance, fiber
wall thickness and length), have lower wood
strength, as parenchyma cells are not specialized
for mechanical support. In this regard, increased
RW in WT wood does not facilitate a logical
explanation of greater WT wood strength, based
on our understanding of structure–property rela-
tionships in wood at this time.

It is interesting that the S2 cell wall mechanical
properties of the latewood fibers measured in CL
and WT woods were not statistically different.
Measured differences in cell wall properties at the
nanoscale would be an appealing argument for
macroscale wood property differences, but our data
do not support such a link.

The similar reaction with phloroglucinol-HCl
between WT and CL, and even with a xylarium
specimen of Prunus persica, indicates that the
relative lignification between these woods as
detected with this stain was negligible. The com-
parative lack of staining suggests that this species,
not just the genotypes in question here, have an
altered lignin composition compared to many other
hardwoods. It is known that phloroglucinol-HCl
reacts with 4-O-linked hydroxycinnamyl aldehyde
structures in lignin,36 so we infer that the lignin in
Prunus persica likely has a low abundance of these
reactive sites. Staining with Safranin-Astra blue
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produced a normal range of color and staining
intensity (shown in greyscale, Fig. 1) which indi-
cates that the lack of phloroglucinol staining is not a
result of the absence of lignin, but rather is a
function of the types of chemical linkages in the
lignin. Non-lignified tissues stained with Safranin-
Astra blue are blue in color, and lignified cellulose
stains red. The sections shown in Fig. 1 developed a
strong red color, indicating the presence of lignified
cellulose. Because lignin is formed via a free-radical
polymerization process, the types and relative abun-
dances of linkages at the time of polymerization
contribute to its overall properties, including its
reaction with phloroglucinol. Our histochemical data
provide a complementary line of evidence supporting
the results of the nanonindentation testing, indicat-
ing no significant differences in cell wall chemistry
properties between the two genotypes, and further
show that Prunus persica, whether CL, WT, or a
completely different genetic lineage with the species,
shows weak staining with phloroglucinol, indicating
that a comparative absence of 4-O-linked hydrox-
ycinnamyl aldehyde structures in the lignin is likely
a species characteristic.

The potential power of CL as a model system is
contingent primarily on it being a two-gene system,
so that the wood-related gene can be modified to
understand control of wood structure–property rela-
tionships and the leaf gene serves as a marker for
altered wood properties. If CL is a single-gene
mutation with broad pleiotropic effects, that would
reduce the value of this system as a model system
for exploring control of wood structure–property
relationships, but could open another avenue of
potentially productive research, namely sourcing
CL wood as a feedstock for biofuels. Any change in
wood properties that reduces resistance to com-
minution improves the biofuel conversion energy
metrics, so brash, easily pruned CL wood would
likely require much less energy to break down into
small particles to feed into a biofuels process.37 If
this were the case, our data about the chemical
composition of the wood cell wall lignin could also be
of use in targeting chemical or physical pretreat-
ments to improve conversion efficiency.

Differences in wood specific gravity, vessel length,
fiber length, and ray width do not by themselves
explain the brash, weak wood characteristic of CL
trees. Given the importance of wood specific gravity
in structure, storage, and translocation,38 this is
certainly an important trait in the CL wood syn-
drome. Still, we suspect that vessel elements and
fibers are good candidates for further study in order
to establish if they are actually the result of a
pleiotropic effect from the crinkle-leaf expression
(CL/cl). The 4-year-old stem material studied here
most likely represents juvenile wood, the properties
of which may differ from mature stem wood pro-
duced by these genotypes. If these genotypes were to
be used as a model system, exploration of axial and
radial variation in wood properties would be

prudent, as the wood properties of CL and WT
may change with plant stature and age. Future
work to characterize the CL wood phenotype and
evaluate its power and potential as a model system
should employ quantitative characterization of the
wood mechanical properties at the mesoscale, as
well as increased numbers of individual trees so
that the statistical power of tests is increased.
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