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e Background and Aims Progress has been made in understanding the physiological and molecular basis of root
response to mechanical stress, especially in the model plant Arabidopsis thaliana, in which bending causes the initi-
ation of lateral root primordia toward the convex side of the bent root. In the case of woody roots, it has been re-
ported that mechanical stress induces an asymmetric distribution of lateral roots and reaction wood formation, but
the mechanisms underlying these responses are largely unknown. In the present work, the hypothesis was tested
that bending could determine an asymmetric response in the two sides of the main root axis as cells are stretched on
the convex side and compressed on the concave side.

e Methods Woody taproots of 20 seedlings were bent to an angle of 90° using a steel net. Changes in the anatomy,
lignin and phytohormone content and proteome expression in the two sides of the bent root were analysed; anatomical
changes, including dissimilarities and similarities to those found in poplar bent woody stem, were also considered.

e Key Results Compression forces at the concave side of poplar root induced the formation of reaction wood which
presented a high lignin content and was associated with the induction of cambium cell activity. Auxin seemed to be
the main hormone triggering lignin deposition and cell wall strengthening in the concave sides. Abscisic acid ap-
peared to function in the water stress response induced by xylem structures and/or osmotic alterations in the com-
pression sides, whereas gibberellins may control cell elongation and gravitropisms.

e Conclusions Poplar root reaction wood showed characteristics different from those produced in bent stem.
Besides providing biomechanical functions, a bent root ensures water uptake and transport in the deforming condi-
tion induced by tension and compression forces by two different strategies: an increase in xylem thickness in the
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compressed side, and lateral root formation in the tension side.
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INTRODUCTION

Roots are important to plants as they perform fundamental
functions, such as nutrient and water uptake, anchorage and
mechanical support. Plants exhibit a remarkable root plasticity
(reviewed in Hodge et al., 2009), whereby root undergo mor-
phogenetic changes to react and/or to adapt to environmental
stress conditions (Di lorio er al., 2008; Montagnoli et al.,
2012a, b, 2014; Foti et al., 2014).

Several factors, including alteration of gravity direction,
touch, wind and bending, occurring in the environment may in-
duce a mechanical stress condition and strongly affect plant
stability.

Progress has been made in the understanding of the physio-
logical, molecular and biochemical basis of root response to
mechanical stress, especially in the herbaceous model plant
Arabidopsis thaliana (Ditegou et al., 2008; Monshausen et al.,
2009; Richter et al., 2009). Ditengou et al. (2008) and Richter
et al. (2009) demonstrated that bending of arabidobsis roots

causes the initiation of lateral root primordia towards the con-
vex side of the bent rozot. It has been proposed that curve-
related lateral root formation reflects differential dynamics of
auxin transport/uptake in stretched and compressed cells
(Laskowski et al., 2008), and that tension forces in the cell wall
and/or the plasma membrane on the convex side of the bent
root may trigger Ca>" changes in the pericycle (Monshausen
et al., 2009). However, despite this recent progress, the precise
signalling/response pathways and molecular factors directing
lateral root production to the convex side of curving roots re-
main to be determined in annual plants, whereas in the case of
woody roots the regulatory mechanism underlying mechanical
stress response is almost totally unknown.

In the root of a woody plant species such as Fraxinus ornus,
Chiatante et al. (2007) observed that bending induces the emis-
sion of new lateral roots and the formation of a small amount of
reaction wood. Reaction wood is formed as part of a develop-
mental process, important to re-orient plant growth (Timell,
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1986; Zobel and van Buijtenen, 1989; Plomion et al., 2001). In
the stem of softwood species, reaction wood is generally called
compression wood (CW) as it often appears in localized zones
of the tree held in compression (the underside of a leaning
stem). CW is highly lignified and contains less cellulose than
normal wood; furthermore, tracheid length is reduced, the cell
cross-sectional profile is rounder and the intercellular spaces
are larger than in normal wood. In hardwood species, reaction
wood is called tension wood (TW) as it tends to form in zones
of the tree held in tension (the upper side of a leaning stem).
The morphology, anatomy and ultrastructure of TW have been
extensively studied (reviewed by Ruelle et al., 2014), and it is
well known that TW is less lignified, has more longitudinally
oriented cellulose microfibrils, and higher cellulose crystallinity
and content than normal wood. Furthermore, the cell wall struc-
ture of TW exhibits the formation of a specialized gelatinous
wall layer which has been proposed to be a low-cost, efficient
strategy for the fast generation of tensile stress in broadleaved
trees (Abedini et al., 2015). The wood produced on the side of
a stem or branch opposite to the reaction wood is named oppos-
ite wood (OW) and is characterized by properties intermediate
between normal and reaction wood (Timell, 1986). A large
number of investigations have been carried out on TW forma-
tion in response to natural or artificial bending, providing im-
portant insights into the alteration of cell wall- and hormone-
related genes (Déjardin ef al., 2004; Lafarguette et al., 2004;
Andersson-Gunneras et al., 2006). Data are also reported in the
literature on signalling pathways involving post-translation pro-
tein regulation (Mauriat et al., 2015) and hormones
(Andersson-Gunnerds et al., 2003; Israelsson et al., 2005;
Gerttula et al., 2015). Despite this abundance of information re-
garding the stem, the exact mechanisms involved in the re-
sponse of woody root to mechanical stress still remain to be
investigated.

In our previous studies, we have established that bending
stress in poplar woody root induces specific responses in three
different regions, namely the above bending sector (ABS), the
bending sector (BS) and the below bending sector (BBS),
which are subjected to different intensities of tension and com-
pression forces and different directions of gravity. Indeed, we
observed that in these three bending sectors lateral root emis-
sion and reaction wood formation are temporally and spatially
modulated by a complex interplay among different signal trans-
duction pathways involving reactive oxygen species (ROS),
hormones and specific molecular factors regulating lignin de-
position, cell wall integrity and lateral root formation (Trupiano
et al.,2012a, b, 2013b, 2014; Rossi et al., 2015). However, ac-
cording to the mechanical force distribution model proposed by
Trupiano et al. (2012b), the convex and concave sides of each
bent root sector undergo a different distribution of mechanical
forces, whereby the convex side is subjected to tension forces,
whereas the concave side is subjected to compression forces.
As reported in the case of A. thaliana (Ditegou et al., 2008;
Monshausen et al., 2009; Richter et al., 2009) and on the basis
of our previous work, we hypothesize that in poplar woody tap-
root, bending may also determine an asymmetric response in
convex and concave sides. Indeed, specific signal transduction
pathways involving different molecular factors and phytohor-
mone cross-talk could control the asymmetric distribution of
lateral roots and reaction wood formation in stretched cells on
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the convex side and in compressed cells on the concave side.
To test this hypothesis and to widen our knowledge on woody
root biology, in the present work the response of the convex
and concave sides of poplar bent woody taproot were separately
analysed in terms of changes in anatomy, lignin and phytohor-
mone content, and protein expression.

MATERIALS AND METHODS
Plant material and simulation of mechanical stress

Taproots of 22-year-old Populus nigra seedlings were subjected
to bending stress as described in Scippa et al. (2008) and
Trupiano et al. (2012a). Briefly, poplar taproots were tied
around steel nets curved at a right angle (bent), while an equal
number of taproots were linked to vertical steel nets (C, con-
trol). Afterwards, seedlings were grown in a greenhouse for 6
months under a controlled water regime, temperature and nat-
ural photoperiod. Taproots of control plants were randomly
sampled at 12-27cm from the base of the root collar zone
(equivalent of the stem base), where secondary structure was
well developed; each control sample was 5 cm long. In the case
of bent roots, three different sectors were sampled, each 5cm
long: (1) the sector just above the bending zone, named the
above bending sector (ABS) (12—17 cm distant from the root
collar); (2) the sector representing the point of maximum rad-
ical bending, named the bending sector (BS) (17-22 cm distant
from the root collar); and (3) the sector just below the bending
zone, the below bending sector (BBS) (22-27 cm distant from
the root collar). For lignin, hormone and protein content ana-
lyses, each region (ABS, BS and BBS) was further divided into
two parts: the convex and concave sides (Supplementary Data
Fig. S1). Sampled taproots from identical sides and sectors (C,
ABS convex/concave, BS convex/concave and BBS convex/
concave), freed of all laterals, were frozen in liquid N, and
stored at —20 °C until successive analysis.

Root anatomy

Samples of controls and of each sector (ABS, BS and BBS)
of the bent root were fixed in formalin—acetic acid—alcohol
(FAA, 5:5:90), dehydrated through an ethanol series and
embedded using the Technovit 7100 resin system (Heraeus
Kulzer, Wehrheim, Germany) based on 2-hydroxyethyl-meth-
acrylate. Root samples were sectioned into cross-sections
(12 pm thick) using a sliding microtome. Finally, sections were
stained in Toluidine Blue O (Parker et al., 1982) for 1min.
Sections were photographed using a Olympus BX63 light
microscope equipped with a Olympus DP72 camera. Images
were analysed by Imagel] 1.41o software (Wayne Rasbanb,
National Institute of Health, USA). In order to define the con-
vex and the concave sides precisely, a 45° rotated graphic
crosswise object was applied, having the centre of the primary
xylem stele as the anchor point (Supplementary Data Fig. S2)
Measurements were carried out in the areas formed after the ap-
plication of bending, i.e. the dark and light grey areas contain-
ing xylem and phloem, respectively, present in Fig. S2. For
each root section (convex and concave sides), the following
parameters were measured: (1) cambial cell number, which was
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calculated considering all cells as having a thin cell wall and a
small radial diameter (Morel et al., 2015); (2) vessel wall thick-
ness (um); (3) fibre wall thickness (um); (4) relative xylem
thickness (%); and (5) relative phloem thickness (%). The latter
two parameters represent the thickness of xylem and phloem,
respectively, expressed as a percentage of the total root diam-
eter. We also evaluated: (1) relative vessel area (%), corres-
ponding to the vessel area measured in the xylem area analysed
divided by the vessel area in the total xylem section; (2) spe-
cific vessel area (mm2 mmfz), which is the vessel area meas-
ured in the xylem area analysed divided by the xylem area
analysed; (3) relative vessel number (number mm™ ), corres-
ponding to the number of vessels counted in the xylem area
analysed divided by the number of vessels counted in the total
xylem section; (4) specific vessel number (number mmfz),
which is the number of vessels counted in the xylem area ana-
lysed divided by the xylem area analysed; and (5) mean vessel
area (mmz), which represents the sum of the vessel areas div-
ided by the number of vessels inside the xylem area analysed.
As anatomical data did not follow a normal distribution, non-
parametric statistics were applied. The Kruskal-Wallis
multiple-comparison test was used to compare anatomical
measurements among sectors for each side. The Mann—
Whitney U-test was used for pairwise comparison of anatom-
ical measurements between each bent root region and control
roots. The latter test was also applied to compare convex and
concave sides of each sector in bent roots and control roots. A
95 % significance level was applied to analysis with non-
parametric methods. Statistical analysis was carried out using
the statistical software package SPSS 17-0 (SPSS Inc., Chicago
IL, USA).

Lignin content measurement

Lignin content in control and stressed root sections was
measured using the thioglycolic acid method (Doster and
Bostock, 1988) with some modifications, as already reported in
Trupiano et al. (2012b). Lignin concentration was calculated by
measuring the absorbance at 280 nm, using a specific absorb-
ance coefficient of 6-0L g~' cm™"; the sample with the highest
lignin content was used as a standard to normalize lignin con-
tent in other samples. Three biological replicates were used for
statistical analysis (P < 0-01).

Hormone extraction and analysis

Indole-3-acetic acid (IAA), abscisic acid (ABA), gibberellins
(GAs) and kinetin (Kin) in control and bent stressed root sec-
tions were extracted as reported in Trupiano et al. (2012b).
Compounds were measured by reversed-phase high-pressure li-
quid chromatography (HPLC) performed on a Gemini-NX C18
(250 x 4-5mm, 5Spm particle size) column (Phenomenex,
Torrance, CA, USA) bearing a Security Guard® pre-column
(Phenomenex), which was eluted with a gradient of acetonitrile
containing 0-1 % (v/v) trifluoroacetic acid (solvent B) in aque-
ous 0-1% (v/v) trifluoroacetic acid (solvent A), at 45°C.
Solvent B was ramped up from 15 to 30 % over 5 min, from 30
to 50% over 5min, from 50 to 80% over 2min, and then

restored to starting conditions, at a flow rate of 1-5mL min .
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Compounds were identified based on retention times, UV spec-
tra and literature data using TAA (12886, Sigma Aldrich, Milan,
Italy), ABA (A1049, Sigma), GA; (G7645, Sigma), GA4
(G7276, Sigma) and Kin (K0753, Sigma) standards. Standard
compounds were also used to build calibration curves (in the
range 5-200pg mL™') at specific wavelengths (JIAA =
254nm; AABA =254nm; AGAs=205nm; AKin=269 nm).
For quantitative analysis, two different extract amounts from
unknown samples were injected in triplicate. Hormone concen-
tration in plant tissues was expressed as pg of hormone per g of
fresh tissue. The concentration of GAs was reported as the sum
of the GA; and GA, content. Four independent extractions
were used for statistical analysis (P < 0-05).

RNA extraction and expression analysis of ACO

To measure the 1-aminocyclopropane-1-carboxylate oxidase
(ACO) gene expression level in control and stressed root sec-
tions, total RNA was extracted from root tissue (0-07 g) using
the mirPremier® microRNA Isolation Kit (Sigma-Aldrich) ac-
cording to the manufacturer’s instructions. Extracted total
RNA samples were retro-transcribed using the ImProm-II"™
Reverse Transcription System kit (Promega, Madison, WI, USA)
and oligo(dT);s primers. Gene-specific primers were used
for amplification of the ACO gene (F5'-TTCAGGTTGAG
AACCATGGAC-3’; R5-GGGATCTTTATCCATCCTCCA-3).
Conditions for reverse transcription-PCR (RT-PCR) analysis
were as follows: 95 °C for 4 min; 38 cycles of 45s at 95°C, 455
at 50°C and 50s at 72 °C; followed by a final extension of 7 min
at 72°C. PCRs were performed with GoTaq® G2 Flexi DNA
Polymerase (Promega) in a 25 pL final volume. Three independ-
ent biological replicates were used for each sample. PCR prod-
ucts were separated on a 1-5% (w/v) agarose gel in 1x TBE
(Tris-borate/EDTA) buffer, with three technical replications.
Cyclophilin gene expression levels (F5’-GGCTAATTTT
GCCGATGAGA-3; R5-ACGTCCATCCCTTCAACAAC-3)
were used to normalize data. Images of gels were acquired by
ChemiDoc (Bio-Rad Hercules, CA, USA) using Quantity One
software (Bio-Rad) and analysed using ImagelJ 1.410 software.

Cloning and sequencing

To determine the sequence of the ACO gene evaluated by
RT-PCR analysis, a corresponding gel slice was purified using
the Wizard® SV Gel and PCR Clean-Up System (Promega) ac-
cording to the manufacturer’s instructions. The purified product
was then analysed and quantified on a 1-5 % agarose gel and
subsequently cloned using pGEM®—T Easy Vector System I
(Promega) according to the manufacturer’s instructions. The
cloning reaction was incubated overnight at 4 °C and then used
to transform Escherichia coli chemocompetent cells. Plasmids
were isolated from individual colonies and sequenced by BMR
genomics (http://www.bmr-genomics.it/). The obtained se-
quence was matched and identified in the Phytozome V.9 data-
base (http://www.phytozome.org).
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Protein extraction and separation

Total proteins of control and stressed root samples were ex-
tracted from 2 g of root tissue following a phenol-based proto-
col (Mihr and Braun, 2003), as previously described by Scippa
et al. (2008). The Bradford assay (Bradford, 1976) was used to
quantify protein concentration, using bovine serum albumin
(BSA) as standard.

For isoelectric focusing (IEF) analysis, immobilized pH gra-
dient (IPG) strips (17 cm; pH 3—10 non-linear; Bio-Rad) were
rehydrated overnight with 300 mL of rehydration buffer [6 M
urea, 2% (w/v) CHAPS, 0-5% (v/v) Triton X-100, 20 mm
dithiothreitol (DTT) and 1 % (w/v) carrier ampholytes pH 3—
10] and 700 pg of total proteins. IEF was performed in a
PROTEAN IEF Cell (Bio-Rad) set up with the following pro-
gram: (1) 250 V for 90min in linear mode; (2) 500 V for
90 min in linear mode; (3) 1000 V for 180 min in linear mode;
and (4) 8000 V in rapid mode until 56 kVh is reached. After
IEF, the IPG strips were equilibrated in 10 mL of equilibration
buffer [S0 mm Tris—HCI, pH 8-8, 6 m urea, 30 % (w/v) glycerol,
2 % (w/v) SDS] supplemented with 1 % (w/v) DTT for 20 min;
then, they were treated with 10 mL of equilibration buffer con-
taining 2-5 % (w/v) iodoacetamide, for 20 min. The latter two
treatments allowed the reduction and alkylation of proteins,
respectively.

Proteins were separated in the second dimension by 12 %
polyacrylamide gel (17cm x 24cm x 1mm) electrophoresis
(SDS-PAGE); in detail, analysis was performed in a
PROTEAN (Bio-Rad) vertical apparatus containing 25 mm
Tris—HCI, pH 8.3, 1.92 m glycine, 1 % (w/v) SDS as running
buffer. A constant voltage of 70 V was applied for 16h, until
the dye front reached the bottom of the gel. For each sample,
three replicates were run. Finally, separated proteins were fixed
by treating gels with 40 % (v/v) methanol, 7 % (v/v) acetic acid,
for 30 min, and then visualized by staining with Coomassie
Brilliant Blue G-250 (Bio-Rad). Gels were scanned using a GS-
800 calibrated densitometer (Bio-Rad); corresponding digital
images were recorded and analysed using PDQuest software
(Bio-Rad). Finally, statistical analysis was conducted applying
a Student’s #-test (P < 0-01). A 2-fold change (<0-5 and >2) of
normalized spot densities was considered indicative of differen-
tial expression between samples.

In-gel protein digestion, mass spectrometry analysis and
identification

Protein spots of interest were excised from gels and tritu-
rated. After a washing step with water, proteins were reduced,
S-alkylated and digested with trypsin as previously reported
(Vascotto et al., 2006). Digest aliquots were removed and sub-
jected to a desalting/concentration step on pZipTipCl8
(Millipore Corp., Bedford, MA, USA) using 5 % formic acid/
50 % acetonitrile as eluent before matrix-assisted laser desorp-
tion ionization-time of flight-mass spectrometry (MALDI-
TOF-MS) or nano-liquid chromatography-electrospray
ionization-linear ion trap-tandem mass spectrometry (nanoLC-
ESI-LIT-MS/MS) analysis. The Mascot software package
(Matrix Science, UK) was used to identify spots unambiguously
as described in detail in Trupiano et al. (2012a).
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RESULTS

Root anatomical analysis

Compared with the control, different intensities of mechanical
forces asymmetrically affected wood formation and cambium
cell activity in the convex and concave sides of the three bent
poplar woody root sectors (Fig. 1A). Indeed, the highest number
of cambial cells was determined in BS concave, whereas in BS
convex and in both sides of ABS and BBS it was similar to that
of control roots (P < 0-05, Table 1). Moreover, quantitative ana-
tomical analysis revealed differences (P < 0-05) in almost all
measured traits between convex and concave sides of each bent
sector (ABS, BS and BBS). In BS concave, two types of second-
ary xylem were measured, which were characterized by differ-
ences in both fibre and vessel wall thickness (um). In particular,
fibre wall thickness measured in cells in contact with the cambial
zone was found to be significantly lower (P < 0-05) than that
determined in fibre cells at a distal position (Fig. 1; Table 1). The
fibre wall thickness value in BS convex was comparable with
that of convex and concave sides of the other two sectors, and
with that of control roots, where both vessels and fibres in con-
tact with the cambial zone were fully differentiated (Table 1).
Although not significant, vessel wall thickness was smaller in
cells in contact with the cambial zone.

Significant differences were measured in the relative second-
ary xylem thickness. In particular, its value was significantly
higher in BS concave compared with all other sectors, i.e. al-
most 2-fold higher than that of the control and >3-fold higher
than that of BS convex (Table 1). Compared with the control,
relative xylem thickness values were higher in ABS and BBS
concave, and similar in ABS and BBS convex. The lowest
value compared with all other sectors and with the control root
was found in BS convex.

Relative phloem thickness showed the lowest values in both
sides of BS, compared with all other sectors and the control
root. Moreover, its value was significantly lower in BS convex
than in BS concave. In the case of ABS and BBS, there were
no differences in relative phloem thickness values between the
convex and concave sides (Table 1).

Relative vessel area showed the lowest value in BS convex,
whereas specific vessel area presented similar values in both
sides for all the three bent sectors (Table 1). Furthermore, the
specific vessel area value measured in BS concave was signifi-
cantly lower than those measured in both ABS and BBS con-
cave and in control roots; it was significantly lower in BS
convex compared with BBS convex, but similar in ABS convex
and control roots (Table 1).

The relative vessel number in ABS was significantly higher in
the concave compared with the convex side; it was significantly
lower in BS convex than in BBS convex and control roots,
whereas it showed similar values in the concave sides of all bent
sectors and control root (Table 1). Only in the case of BS was the
specific vessel number significantly higher in the convex than in
the concave side. Furthermore, the specific vessel number meas-
ured in BS concave was significantly lower than its counterparts
measured in the concave side of all bent sectors and control roots.
The specific vessel number measured in BS convex was signifi-
cantly higher than in BBS convex and control roots (Table 1).

The mean vessel area was significantly larger in the concave
side compared with the convex side, only in the case of BS.
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FiG. 1. Photographs of the control and of the convex and concave sides of a bent taproot sector. Root sections were stained in Toluidine Blue O. Cross-section of the
cambial zone in control (A), bending sector (BS) convex (B) and BS concave (C) roots. Scale bar = 20 um. Entire cross-section of control (D) and a bent taproot sec-
tor (E); in the case of the bent taproot, the BS was analysed. Scale bar =2 mm.

It was significantly smaller in BS convex compared with the
convex side of all other bent sectors and control roots. The
mean vessel area was similar in the concave side of all bent sec-
tors and control roots (Table 1).

Lignin content

Lignin quantification showed comparable values ( not statis-
tically significant) among control, the concave side of ABS and
the convex side of all bent root regions (ABS, BS and BBS)
(Fig. 2). In BS and BBS, lignin content was significantly higher
(P < 0-01) in the concave sides compared with the correspond-
ing regions of the convex side, as shown in Fig. 2.

Distribution of hormones along the bent taproot

The content of the main endogenous plant hormones (IAA,
ABA, GAs and Kin) measured in the control and in the differ-
ent portions of bent roots (ABS convex/concave, BS convex/

concave and BBS convex/concave) is reported in Fig. 3. [AA
showed an asymmetric distribution between the convex and
concave sides of BS and BBS; indeed, compared with the con-
trol, IAA levels were significantly (P < 0-05) lower in the con-
vex and higher in the concave side, whereas they remained
unchanged in both sides of ABS (Fig. 3A). ABA levels were al-
ways higher (P < 0-05) in both sides of all the three bent sec-
tors, compared with the control; in BS and BBS they were
higher in the concave side than in the corresponding convex
side (Fig. 3B). The GA concentrations were significantly lower
in both sides of all three bent sectors compared with control
roots (Fig. 3C). Differences between convex and concave sides
were significant (P < 0-05) only in BBS, with a higher content
of these hormones in the concave than in the convex side (Fig.
3C). Kin levels were found to be unchanged in ABS concave
and in both sides of BBS, compared with control root, while
they were higher (P < 0-05) than the control in ABS convex
and in both sides of BS (Fig. 3D). Differences between convex
and concave sides were significant (P < 0-05) only in ABS,
with a higher content in the convex side.
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TaBLE 1. Root anatomical analysis

ABS BS BBS Control
Convex side Concave side Convex side Concave side Convex side Concave side Left side Right side
CCN 3.8 (0-™ 4.9 (1.0)* 4.5 (0-9)" 8111 4.0 (0-5* 4.8 (0-8) 34 (0-5) 3.5 (0-5)*
VWT 2.7 (0-1)* 3.0 (0-9)° 32 (0-4) n.p. 3_0(03):3 29 (0-8)* 32 (0-6)° 33 (0-4)" 3.5 (0:3)
3-8 (0-8)™
FWT 26 (0-8)" 2.8 (0-8)a 2.4 (0-5* n.p. 085 (0-3)° 27 (0-4)" 2.6 (0-3)* 3.0 (0-D” 2.9 (0-1)*
2.4 (0-5)™
RXT 237 (5-8)"F 36-4 (4-0)° 16-6 (2-1)® 55.3(6-2)° 24-6 (1.6)* 333 (4™ 26-1 (1-8)* 28-8 (1-8)
RPT 182 (4-2)"B 21-5 (2-8)° 10-3 (0-7)¢ 17-5 (0-3)° 17-1 (1-6)® 22:3 (47)* 22:6 (1-5)* 22:5(1-8)
RVA 1.84(0-37)"P 4.48 (0-74)a 0-62 (0-16)® 265 (1-09)° 332 (0-66)" 3-49 (0-37)* 294 (0-27)" 3-49 (0-71)°
SVA  0-30 (0-03)AP 0-28 (0-02)° 0-23 (0-03)® 0-17 (0-03)° 0-35 (0-01)* 0-30 (0-03)* 0-29 (0-03) 0-27 (0-01)*
RVN 7-3(0-8)"F 121 (3-Da 5.0 (1-0)® 75 (2:3) 10-4 (1-8)* 110 (1-6)* 10-7 (1-3)* 12-5 (2-7)
SVN 126 (23)"B 82 (4)* 207 (63)® 51(2)° 111 (7 95 (8)* 106 (13)* 99 (6)°
MVA  0-0025 (0-0004)* 0-0034 (0-0003)* 0-0016 (0-0008)% 0-0034 (0-0005)" 0-0032 (0-0001)* 0-0032 (0-0002)" 0-0028 (0-0001)* 0-0028 (0-0000)*

Cross-sections of control root and of each sector (ABS, BS and BBS) of the bent root. The following parameters were analysed: CCN, cambial cell number;
VWT, vessel wall thickness (um); FWT, fibre wall thickness (um); RXT, relative xylem thickness (%); RPT, relative phloem thickness (%); RVA, relative ves-
sel area (%); SVA, specific vessel area (%); RVN, relative vessel number (number of cells mm 2); SVN, specific vessel number (number of cells mm~2);
MVA, mean vessel area (mm2). ABS, above bending sector; BS, bending sector; BBS, below bending sector.

*Partially differentiated tissue adjacent to the cambial zone.
Fully differentiated tissues.
n.p., absence of partially differentiated tissue.

The side of unstressed root corresponding to the concave side of bent taproot was named ‘right’, while that corresponding to the convex side was named

‘left’.

Lower case letters indicate significant differences (Mann—Whitney U-test, P < 0-05) between the right side of control and the concave side of the three bent
sectors. Upper case letters indicate significant differences (Mann—Whitney U-test, P < 0-05) between the left side of the control and the convex side of the three
bent sectors. Bold values indicate significant differences (Mann—Whitney U-test, P < 0-05) between the convex and concave sides of the same sector. Values
marked with the same letter are not statistically significant (Mann—Whitney U-test, P < 0-05).
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FiG. 2. Lignin content in control and convex and concave sides of three bent sec-

tors. Lignin content is expressed as a percentage of the value measured in BBS

concave, considered as 100 %. Data represent the mean of three independent ex-

tractions * s.d. Values marked with the same letter are not statistically signifi-

cant (t-test, P < 0-01). ABS, above bending sector; BS, bending sector; BBS,
below bending sector.

ACO gene expression along the bent taproot

The ACO gene expression level analysed by RT-PCR was
used as an indirect indicator of ethylene content in the control
and in the different sectors of bent root (ABS convex/concave,
BS convex/concave and BBS convex/concave). Data showed a
significant reduction of ACO mRNA level (Potri.006G151600;
Supplementary Data Fig. S3) in the convex and the concave
side of ABS, with respect to the control (P < 0-05); however,
no change was observed between the two sides of this region

(Fig. 4). Moreover, the ACO expression level was unchanged
in BS convex, compared with the control, while it was found to
be completely absent in BS concave and BBS convex and con-
cave (Fig. 4).

Proteomic analysis

Highly reproducible proteomic 2-D electrophoresis maps
were obtained for the control and the convex and concave sides
of each bent-stressed region (ABS, BS and BBS), with an aver-
age of 197-383 well-resolved spots, ranging in M, from about
97 to 14-4 kDa (Supplementary Data Fig. S4).

The comparison of the 2-D electrophoresis maps through
PDQuest-assisted analysis revealed a total of 66 protein spots
differentially expressed (P < 0-01) among all samples, repre-
senting 33-5 % of all resolved spots. These protein spots, indi-
cated by arrows in the master gel (Fig. 5), were further
identified by MALDI-TOF-MS or nanoLC-ESI-LIT-MS/MS
(Table 2). Only one spot (spot 39) was not associated with a
protein component.

The expression profiles of all identified proteins were repre-
sented in a heat map (Fig. 6) that shows the corresponding over-
or under-representation in convex and concave sides of the three
bent sectors, compared with the control. This figure also cata-
logues proteins with respect to their predominant function ac-
cording to Bevan et al. (1998). Furthermore, heat map
information was summarized in two-way diagrams shown in Fig.
7. In detail, the two-way diagram groups proteins that, compared
with the control, are over- or under-represented: (1) in both con-
vex and concave sides of a bent sector (ABS, BS and BBYS), re-
ported in the overlapping regions of the diagrams; or (2) in either


http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mcw159/-/DC1
http://aob.oxfordjournals.org/lookup/suppl/doi:10.1093/aob/mcw159/-/DC1
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FiG. 3. Content of phytohormones in control and convex and concave sides of three bent sectors. Concentrations represent the amount of each phytohormone in root

tissues (g g~ ' of fresh weight) as analysed by HPLC. Data represent the mean of four independent extractions * s.d. Values marked with the same letter are not

statistically significant (z-test, P < 0-05). IAA, indole-3-acetic acid; ABA, abscisic acid; GAs, gibberellins (GA; + GA,); Kin, kinetin. ABS, above bending sector;
BS, bending sector; BBS, below bending sector.
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FiG. 4. Relative ACO gene expression levels measured in control and in convex

and concave sides of three bent sectors. Data were normalized to cyclophilin

gene expression values and represent the mean of three independent extractions

=+ s.d. Values marked with the same letter are not statistically significant (s-test,

P < 0-05). ABS, above bending sector; BS, bending sector; BBS, below bending
sector.

the convex or concave side of each bent sector. The results
clearly indicate that proteins are asymmetrically expressed in the
convex and concave sides of each bent root sector (Fig. 7).

In ABS, 19 (spots 4, 7, 8, 12, 13, 22, 24, 25, 26, 28, 30, 36,
37, 38, 40, 49, 61, 62 and 66) and eight protein species (spots
15, 17, 35, 46, 47, 53, 54 and 55) were over- or under-

represented, respectively, in both the concave and convex sides.
Among the protein components induced at both sides of ABS,
an ATP synthase B-subunit fragment (ATPsyn*, spot 38) was
more abundant in the concave than in the convex side. Several
proteins were specifically over- or under-represented in either
the convex or concave side of ABS. In detail, five protein spe-
cies were induced in the convex side of ABS, namely a protein
disulphide isomerase isoform (PDI, spot 5), ATP synthase -
subunit (ATPsyn, spot 11), glutathione peroxidase (GPX, spot
57), peroxiredoxin (Prx, spot 58) and a nucleoside diphosphate
kinase isoform (NDPK, spot 64), while another five were
under-represented, i.e. bark storage protein B (BSP, spot 23),
an enolase isoform (ENO, spot 27), a fructose-bisphosphate
aldolase isoform (FBA, spot 31), phi class glutathione transfer-
ase 2 (GSTF2, spot 50) and a putative ethylene-responsive pro-
tein (ERP, spot 59). At the concave side of ABS, three protein
species were over-represented, namely cell division cycle pro-
tein 48 (CDC48, spot 2), importin alpha2 (spot 6) and an ENO
isoform (spot 14), whereas eight proteins showed reduced lev-
els, i.e. a dehydrin 1 isoform (DHNI, spot 3), a PDI isoform
(spot 5), ribulose-1,5-bisphosphate carboxylase/oxygenase large
subunit (Rubisco large subunit, spot 16), a peroxidase isoform
(PX, spot 32), a pectinesterase precursor isoform (PE, spot 33),
proteasome subunit alpha type (spot 41), V-type proton ATPase
subunit E (V-type ATPase, spot 48) and cystathionine-B-syn-
thase 1 protein (CBS 1, spot 60).
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FiG. 5. Master gel. Map showing the 66 proteins differentially represented in unstressed, and in convex and concave sides of three bent sectors (ABS, BS and BBS).
Arrows indicate the position of each protein spot and corresponding spot ID reported in Table 2.

In BS, 16 proteins were found to be over-represented (spots
6, 10, 12, 13, 14, 21, 24, 25, 26, 28, 30, 37, 38, 40, 49 and 66)
and 12 under-represented (spots 3, 32, 33, 34, 46, 47, 50, 53,
54,55, 59 and 63) at both sides (convex and concave). Among
the protein species induced in both sides of BS, glyceraldehyde
3-phosphate dehydrogenase (GPDH, spot 28) and core protein
(spot 66) were more abundant in the concave than in the convex
side; in contrast, endomembrane-associated protein (spot 37)
and ascorbate peroxidase (APX, spot 40) were more abundant
in the convex than in the concave side. In the case of under-
represented proteins, the level of a DHNI1 isoform (spot 3) was
higher in the concave than in the convex side, in contrast to
GSTF2 (spot 50), major storage protein (MSP, spot 34), ERP
(spot 59) and universal stress protein (USP, spot 63) which
were more abundant in the convex than in the concave side. At
the convex side of BS, seven protein species were over-
represented, namely a PDI isoform (spot 5), methylmalonyl
semialdheyde dehydrogenase (MMSDH, spot 17), mitochon-
drial lipoamide dehydrogenase (mtLPD, spot 18), serine
hydroxymethyltransferase (SHMT, spot 19), alanine amino-
transferase 1 (AlaTl, spot 20), an FBA isoform (spot 29) and
acidic endochitinase (WING6, spot 36), while 18 components

showed reduced levels, i.e. ara4-interacting protein (Ara4, spot
1), two DHNI1 isoforms (spots 4 and 9), ATPsyn (spot 11), an
ENO isoform (spot 15), a PE isoform (spot 35), proteasome
subunit alpha type (spot 41), three triosephosphate isomerase
isoforms (TPI, spots 42, 44 and 51), class I chitinase (CHI, spot
45), V-type ATPase (spot 48), phi class glutathione transferase
1 (GSTF1, spot 52), protein translocase (spot 56), GPX (spot
57), an MSP proteolytic fragment (MSP*, spot 61) and two
NDPK isoforms (spots 64 and 65). At the concave side of BS,
four protein species were induced, namely ATPsyn (spot 11), a
DHNI1 isoform (spot 22), an FBA isoform (spot 31) and MSP*
(spot 61), whereas two were under-represented, i.e. BSP (spot
23) and CBS 1 (spot 60).

In BBS, 11 (spots 2, 5, 6, 10, 12, 14, 24, 25, 26, 30 and 36)
and 22 protein species (spots 3, 23, 32, 33, 34, 35, 42, 43, 46,
48,49, 50, 51, 52, 53, 54, 55, 56, 60, 61, 62 and 65) were found
to be over- or under-represented, respectively, on both sides.
Among the induced proteins, WIN6 (spot 36) was more abun-
dant in the concave than in the convex side; in contrast, an
ENO isoform (spot 12) and a PX isoform (spot 30) presented
higher levels in the convex than in the concave side. Among
the under-represented proteins, BSP (spot 23), a TPI isoform



873

(panunuod)
aseudgoIpAyap oeyd
ASroug  -soyd-¢ opAyaperadiH (66) T7E0SSST LLE T 9 SWL S Lg/Lo-L  pdaooydly d $T888YSIT urajoxd parorpaig 8T
ASroug osejouq (001) SS€SLSSST £ee 11T S JNd €S 8Y/L9S pd.w20ydLy "d 9089€1#TT urojoxd paipaid LC
951018 9SBIQWIOST
/uonEBUnSIP UII0I] aprydinsip urejoiq (66) S0S8FSSST €el 6 [4 SWNL Tv S¢/1es pd.w20ydLy "d 096T8YSTT umouyury 9¢
¢ urjoxd Sur
2 juswdofoaap -1oRIUI-(14Ad) | 103
m JUOTSIAIP/IMOIT [[9)  -Ovf [ewIdpolold dAneIng (28 1TlvpeLee 781 Sl ¥ SINL ¢€v  1€/9LS pd.wooyory "d 1611+8CTT urajoxd pajorpaig S¢
= aseprxoxad
b Qou”jep/aseasiq 91LQI00SE DI[0SOIAD) (001) 8LLSLLIYL 61¢ Le S SINL €V LT/ESS pd.wo0yoLy g 1€901+CT urajoxd parorpaig ¥
) o8eI1018
m /uoneunsap urxj0id €l |13 8 dNd Ly ¥€/069 $ap1o1jop "d L868CL g urojord oFeI0ls Yreg €C
S Qdu”Jep/asessiq 0€C 124 91 dNd 9y 9T/L1-S SIsuappupIX"d  £500C16¢ INHA <
S ] aseuny
2 ABroug S 6€ el dNd IS €V/0LS DSt d 6STYELE arexdaki3oydsoyd o1jos01l) Iz
m (1Le1v) 1
A WISTOQEI9N - 9selgjsurnjouliue sulie]y (001) ¥TSTYSIL 6L1 8 € SINL VS ¥5/T69 pd.w20ydLy "d G1LY98TTT urajo1d pardIpalg 0¢
H QSBIQJSUBIAYIQWAXOIPAY
8 WwSTioqeIsN IT1 81 8 dANd  ¥S  TS/6SL Sopropmutadl“d S90TYIvel QULIRS 6l
8 aseudgoIpAyap
S) ASroug 101 8C 01 ANd 9§  ¥S/STL sopropud.1y "d TOSTHIYEL aprureodI| [eLIPUOYI0IA 81
1M wsIjoqeowt 9seud3oIpAyep ApAyp
g Arepuodag  -[eruds oyeuo[ew AN (001) 609%55SST 6¢l 8 € SINL SS  ¥S/L6S pd.w20ydLy "d 99TLY8TTT urojoxd papipaid Ll
et jiungns d3Ie|
L aseuaAxo/ase[Ax0qIed
g ASrouy yel L1 01 dNd  ¥S  6¥/2€9 nuojnuvy "I 0£STI6 areydsoydsiq-g*1-osonqry 91
o ASroug osejouq (001) £696£555T LST 9% el dNd  ¥S  8Y/L9S pd.w20ydLy "d 9089E1HTT urojoxd paipaid Sl
g ASroug ssejouy (001) £696£5S5T 43 L9 Le JNd  SS 8Y/L9S pd.p20yoLy "d 9089€ 14T urajoxd pajorpaig 4!
= ASrouyg asejoug (001) £696£5S5T 86¢ Y4 9 SINL 95  8¥/L9S pd.w20ydLy "d 9089ETHTT urjo1d pardIpalg €1
S ASroug ase[ouy (001) §S€6LSSST 961 144 4! dNd  ¥S  89/9-S pd.p0yoLy "d LS6890%CT uraoxd pajorpaig cl
- jlunqns
S ASrouy 1oq SBYIUAS IV (96) 11628SSST 61 [43 €l JNd 9§  09/16°S pd.p20yoLy "d LEY660%TT urajoxd pajorpaig 11
N aseqIuks gLV 14
S ASroug e 144 L1 dNd  SS 09/96:S A0yl g $9STIIHTT JO NUNQNS ©1q [ELIPUOYIONA (¢
& QdudJop/aseasiq 9LI1 23 Sl dNd 0§  9T/L1-S SIsuapvupIxX"d £00C16¢ INHA 6
[ urojoxd Sunoerdjur
_ ddudJop/aseasiq -0L uraoxd yooys yeay (00T) LTOLESSST [\ 9 € SINL 19 99/L19 pdw20ydLy "d SS60¥8TTT urajo1d pardIpald 8
— urojoxd Sunoerdjur
m ddudjop/aseasiq -0L uretoxd ooys 1oy (86) LTOLESSST 019 6C 4! SINL 19 8S/8SL pdw20ydLy "d GTO9SYSTT umouury L
© s1ouodsuel], geydre untoduwy (001) T9STSLET 9Tl 6 € SINL 8S 6S/0TS pd.p20yoLy "d 8SS8EVTTT uraoxd pajorpaig 9
% ERAGN QSBIOWOST
N /UOTIEULISOP UIR)0I] aprydnstp uraloig (S6) 89€SHSSST 19¢ 8Y 1C dNd 65 9S/9L¥ pd.p20yoLy "d 990£90%CT urajoxd pajorpaig S
Q QdUdJop/aseasiq 60¢ L L SINL €8 69/C19 Sisuapouvo “d  Sy00CT16¢ uLpAyop eAneINg %
AJURJAP/3seIsIq Ses 91 Sl SINL S8 69/T19 Sisuappuvs "d  S¥00C16<C utpAyop oAneIng €
juowdoroaap Q¥ U1}
JUOTSIAID/PMOIT [[9)  -01d S[OAD UOTSIAID [[9D (96) TTT90L80T LLT 9¢ 4! dNd L9 06/91-S pd.pr0yory "d 9T8ITIHIT urajoxd pajorpaig [4
oyjen repjeoenu]  urejoxd Sunoviolul-peIy (001) L6TLESSST 16 % [4 SINL €9 $9/08 ¥ pd.w2oydLy "d §189%8CTT urojoxd papipaid !
(Amuapr 2ouanbas 95) (%) Ceayn (eaw
Quwreu 2109s 1SV 14 15Uy oy yiim  2109s  o3e1oa0d sopndad poyrowr iy p/id UoIS$a00. Quwreu
uonoun,j uraoig uoIssadoe [gON pajelouuy  Joose]y @duenbag enbrun qp  dxg  t1ooyp wistue3i0 19DON urdo1g i lods

s300.1dpy poom .upjdod passa.s KJ1po1upYIW JO SIPIS X2AUOD PUD 2ADIUOD Ul PUD SJO0.L [0.47U0D Ul SU12jo.1d pajuasa.da-Kpua.affiq g 91qel,



(panunuoo)

20URJop/aSEAsI €0T L1 S SWL VT 8¢t vpdwooydry d 0S81L0YIT aseprxorad suoryieInio LS
sropodsuer], 95L0[SURI) UIDJOI] (001) 8£€9S5SST 843 s L SIWL ST 61/089  pdwooydry d 696£98CCT urajoxd pardIpalqd 9¢
GALSD aserdysuern)
90UQJop/asEAsI( auoryIeIN(3 SSE[D 1] (+6) #885€1¢8C St 8¢ L SWL LT tT/eLs  pdwooydry d 8yETEIFTT uraj01d parIpald SS
GALSD aserdjsuen)
90UQJOP/asEAsI( auoryIEIN(S SSE[D 1] (+6) #885€1£8C €l s 8 ANd LT pT/eLs  pdawooydry d 8yETEIFTT uraj01d pardIpald S
GALSD aserdysuern)
a0uajop/aseasiq auoIEIN(S SSE[D I (16) ¥88SET€8T 0zl 8¢ L ANd LT pT/eLs  pdwooydry d 8yETEIFTT uraj01d parIpald €S
S [ALSD aserajsuen
S 90UQJop/asEasI( auoIyIEIN(S SSE[D 1 (001) 8L8SETE8T €zl €€ L ANd 8T T/ce'9  pdaooydry d [TLSIOYTT urojoid pajorpard 48
= OSBIOWOST
2 ASroug ajeydsoydasoy, (66) £98+855ST €61 8% 11 AN 8T LT/009  pdipooydrird 1TH860VIT uraj01d parIpald I$
L 741LSD aserdjsuen)
g 90UQJoP/asEasI( auoIyIEIN(S SSE[D 1 (001) 088S€1£8C €€l € 8 ANd 8T ST/cs's  pdavooydry g 6TLSIOYTT urajoxd parorpaig 0s
N 20UQJop/asEAsI uniqryoid (001) 109£$5SST L91 S o1 ANd L€ TE9T6  pdawooydryd $09$60¥CT urojoxd parpaid 6
W 9 unqns .
& ASroug  osed Ly uoloxd odK1-A (66) 0S09THSTT ¥9C S 0T INd 1€ 9T/8LL pd.w20ydLy " d IY9IETIHTT urojoid paIpald 8%
N 90UQJOP/asEASI( JIosmoaid uneuresz (66) 6601855ST 611 8 z SIL 0¢ 8T/6T8 pdip20yoLl "d OTELIYSTT umouyun Ly
= wisijoqejow
< Arepuodog asejonpar suourdox, (88) 8968555ST 0zl €1 z SINL 1€ 87/868 pdip20yoLl " d G6188YSTT umouyun 9%
S 20UdJap/aseasI(] aSeUnIY [ SSE[D (001) ¥$5695SST IL1 L1 € SIL 0€ $£/90'8 pd.wooydLy " d $316¥8CIT urajoxd parorpaid Sy
) ASBIAWIOST
8 !
S A31ouyg dreydsoydasori], (66) £98¥855ST €T 19 1 ANd  0€  LT/SH9 pdo0ydLL g 11018811 umouyu a4
~ [erIpuoyooI Tl
S ‘ungns e ¢
= ASroug  esequks LV 2qeqoid (001) 6TS8€7STT 91T 0¢ S SIL 0¢ 8T/0S'8 pd1w20ydLy g TYTHIYSTT umouyu( 194
N QSBIWOST
- H
3 ASroug areydsoydasorry, (66) £98+855ST ad! LE 8 ANd  0€  LT/00'9  pdwooydry d 1T¥860%TT uraj01d parIpald w
S a3eI01s odKy
m /uoneunsop utaloid eydpe 1rungns aWose)0I] (001) TS6£85SST 11g ST L SIWL 0¢ LT/pLs — pdwooydry d 6£THS8TTT urojord pajorpard Iy
< aseprxorod
W aouajop/aseasiq 218qI02SE I[0S0IK) (66) 8LLYLLTIT 331 St L ANd  0€  8TU8FS  pdipooydrird 98GRETHIT uraj01d parIpald oy
= 0¢ PaynUAPI-UON 6¢
S Juowidery onAk|
im -09j01d 9[qeqoid/yrun
S ASroug  -qns e1eq dseyiuks J 1V (96) 1167855ST or1 T o1 ANd €€ 09/16°S  pdipooydrir g LEP660YIT uraj01d pardIpald 8¢
& urojoid paje
p_. 2ImdNNS [[0)  -ID0SSE-dURIQUISWOPUL (€L) 0£6£855ST 061 61 € SWL 0¢ 1T/10s  pdwooydry d $S11+8CCT urojord pajorpard LE
ONIM
= a0uajop/aseasIq SEUNIYO0PUD JIPIOY (00T) TT8SOLT g€l €1 € SWL V€ Tty pdwooydry d STE6r8TTT uraj01d parIpald 9¢
o amnns [[0)  10sM0aId aseIe)SUNd] (66) 1L6¥SSSST 01¢ L1 S SIL 6€ 9¢/1T6  pdivdoydlyd G8SS8Y8IT umouyup) s
o3e10)s
m /uoneunsop urajoiq urojoxd a3e1o)s 1ofey (46) T99SLLY 48! LT L ANd  6€  9¢/pE'9  pdavooydly g 16981811 umowyup) e
N aImonns [[o)  10smoard aserolsaunood (66) T1L6YSSSST 0r¢ L1 S SIWL O 9¢/1T6  pdivooydry d G8SSRY8IT umouyun €€
Q 20UdJap/asEasI(q AsepIX0Io] (S6) 6¥01€0F1 7L 43 91 ANd  1¥ 6£/69°S  pdaooydly d y6¥T80¥CT urojoid parpaid 43
asejople
AS1oug  oreydsoydsiq-osojonrg (001) 18€SLSSST or1 9¢ 6 ANd St 6£/£9-8 pdo0ydLL g [T09T1¥CT urajoxd pajorpard ¢
aouajop/aseasI(q aSEPIXOIO] (6) 6¥01€071 8TI vT 6 ANd  S¥ 6€/69'S  pdwooydlyd $6¥C80%TT urajo1d parIpald 0¢
asejopre sap10119p
ASroug  ereydsoydsiq-osojonrg (001) 18€SLSSST (44| 6T 8 ANd  S¥ 6€/10°L “dXPdirooydly "d 661681811 umouyu( 6T
(Knuapr 2ousnbas ) (%) (eay) (eq)
ureu QI03S I SV1d umoﬂw_a AY) PIM  AI03S 9FLIOA0D mv—uCQOQ poyjoux hg hg\um UoISsadde wreu
uonoung urajolq uo1ssadoe HMMUZ Ppajejouuy JOOSeIN ooﬂvﬁvvm DSU«ED ar .mem “I09U ], Ew«ﬂmwho HmUZ urajold dar HOQm

874

panunuoy) g 414v],



875

De Zio et al. — Poplar bent taproot convex and concave side asymmetric response

"(8661) ‘Iv 12 ueAag 0} Surp1odoe popiaoid urejoid paynuapr yoes jo uonouny pue sweu urdjoid Surpuodsariod oy (9, A1uopr oouonbas) 01008 [ SV T4 1SOUSIY oY) I UOISSEIE [GIN PIed
-OUUE $2109S JOOSBIA 25eIaA00 20uanbas aejuadrad ‘paynuspr sapndad onbrun jo raquinu (JNJ) utidiaduy ssew opndad ‘(SIALL) Anowonoads ssew wapue) :poylawl UOHBIYNUIPI ‘San[eA (e "y [eIusw
-1radxo ‘sonfea (ey) ‘¢ pue [d [eoneIody) ‘wistuedio Jurpuodsariod ‘aseqeiep [FON Y U IQUINU UOISSadde ‘aureu urdjold (¢ "S1] 99s) [o8 1o)sew ay) uo soquinu jods pousisse ‘(I[ Jods :sopnpout Isij Y,

s1ojrodsuely, urdjord 210 (66) L8TOLET (Y4 9T 14 SINL ¥1  S1/66°8 pdir20ydL "d ObLySOYTT urdjoxd pajarparg 99
aseury

uononpsuen [eusts  areydsoydip oprsodonN (001) SE0TLSSST Q! 9 01 ANd 91  91/1€9 pdir20ydLy " §TTHSYSTT umouyun) SY
aseurny

uononpsuen [eusig  ajeydsoydip aprsosonN (001) SE0TLSSST CIl Ly L dNd 91 91/609 pdir20yILY "d THYIETHTT urdjoxd pajarparg 9
urojoxd Aqrwuey

QOULJOP/asEasiq  Urdjoxd Ssams [esIoATU) (86) 9€1078L6T (43! L9 4! ANd 91  ST1/0TS pdir20ydLy "d €TEOYTHTT urdjoxd pajdrparg €9
1 urdjord pojerax

d0udjap/aseasiq -sisouagoyed aaneng (001) STTH16£91 (43! 0¢ C SINL 0T SI/LS8 pdir20yd11 "d  166090%CT urdjoxd pajarparg 29
Juowey
ERAN onAjoajord ojqeqord

/uoneunsop urlold /urdj01d o5eI103s JofEIN (6) T99SLLY 011 ST 11 ANd 61 9¢/069 pdir20ydLI " 6879881 T umouyun) 19

WIST0qeIxA udloxd 1§90 (96) 8TOLTOLY 8¢1 129 €l dNd 1T €T/618 pdir20ydLy "d  LEOLTIYTT urdjoxd pajarparg 09
urdjoxd oA1s

Qdudjop/aseasi(]  -uodsar-oudlfylo sanEINg (001) 17266289 (454 8¢C 9 SINL 81 0T/L6S pdir20yd11 " 900L98TTT urdjoxd pajarparg 6S

saprojnwar}
d0udjap/aseasiq 911 81 C SINL 0T S81/96¢ ‘Y ppma g (09987S61 UIXOPaIIXoIod 8¢
(Kimuapr aouonbas ) (%) (@) (e
sweu 91008 [SV'Td 1Soy31y oyl yiim 21008 aferdoroo sopnded poyrowr iy ‘py/rd UO0ISS008 sweu
uonoung urdjold UoISSa0de [ON pajelouuy  Jodse]y oouanbag onbrun (g ‘dxg  1o9yg, wstuesio 19ON urjolg i yods

ponuyuo)) ‘7 a1av],



876 De Zio et al. — Poplar bent taproot convex and concave side asymmetric response

c ABS ABS BS BS BBS BBS

convex concave Convex cc e convex cc Function

Protein name Spot

Ara4-interacting protein 1 — _ . Intracellular traffic

—-—- I°‘*" growtn/dsion/development

g | -

E I T
Protein translocase 56

= IT“"S”""&'S
Core protein 66

Mitochondrial beta subunit of F1 ATP synthase 10
ATP synthase beta subunit 11
Enolase 12
Enolase 13
Enolase 14
Enolase 15
Ribulose-1,5-bisphosphate carboxylase/oxygenase large subunit 16
Mitochondrial lipoamide dehydrogenase 18
Cytosolic phosphoglycerate kinase 1 21
Enolase 27 Energy
Glyceraldehyde 3-phosphate dehydrogenase 28
Fructose-bisphosphate aldolase 29
Fructose-bisphosphate aldolase 31
ATP synthase beta subunit/probable proteolytic fragment 38
Triosephosphate isomerase 42
Probable ATP synthase 24 kDa subunit, mitochondrial 43
Triosephosphate isomerase 44
V-type proton ATPase subunitE 48
Triosephosphate isomerase 51

Tropinone reductase 46

Serine hydroxymethyltransferase 19
Alanine aminotransferase 1 (AlaT1) 20 Metabolism
CBS 1 protein 60

Pectinesterase precursor 33
Pectinesterase precursor 35 Cell structure
Endomembrane-associated protein 37

Nucleoside diphosphate kinase 64 - - - I Signal transduction
Nucleoside diphosphate kinase 65
|

2-Fold 1 0-5-Fold

Cell division cycle protein 48~ 2
PDFI 25

Putative dehydrin

Putative dehydrin

Heat shock protein 70-interacting protein
Heat shock protein 70-interacting protein
Dhnt

Dhnt1 22

Cytosolic ascorbate peroxidase 24
Peroxidase 30

Peroxidase 32

Acidic endochitinase WIN6 36

Cytosolic ascorbate peroxidase 40

Class | chitinase =~ 45

Zeamatin precursor 47

Prohibitin 49

Phi class glutathione transferase GSTF2 50
Phi class glutathione transferase GSTF1 52
Phi class glutathione transferase GSTF5 53
Phi class glutathione transferase GSTF5 54
Phi class glutathione transferase GSTF5 55
Glutathione peroxidase 57

Peroxiredoxin 58

Putative ethylene-responsive protein 59
Putative pathogenesis-related protein 1 62
Universal stress protein family protein 63

© 0N AW

Protein disulfide isomerase 5

Bark storage protein B 23

Protein disulfide isomerase 26

Major storage protein 34

Proteasome subunit alpha type 41

Major storage protein/probable proteolytic fragment 61

Importin alphs2 6

Fic. 6. Heat map. The map reports the expression level of proteins differentially represented in control, and in convex and concave sides of three bent sectors.

Proteins are grouped on the basis of assigned functional classification (Table 2). Light green and red block colours indicate, respectively, over- (2-fold) or under-

(0-5-fold) representation of each protein in both the convex and concave sides of the three bent sectors, compared with the control. Dark green and dark red block

colours indicate, respectively, proteins over- (2-fold) or under- (0-5-fold) represented in a specific side, compared with the opposite side of the same sector. ABS,
above bending sector; BS, bending sector; BBS, below bending sector.
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(spot 42), tropinone reductase (spot 46), V-type ATPase (spot
48) and MSP* (spot 61) were more abundant in the concave
than in the convex side, whereas a PX isoform (spot 32), a PE
isoform (spot 33), GSTF2 (spot 50) and traslocase (spot 56)
were more abundant in the convex than in the concave side. At
the convex side of BBS, 12 protein species were specifically
over-represented, i.e. a heat shock protein isoform (HSP, spot
8), ATPsyn (spot 11), an ENO isoform (spot 13), Rubisco large
subunit (spot 16), mtLPD (spot 18), SHMT (spot 19), AlaT1
(spot 20), phosphoglycerate kinase (PGK, spot 21), GPDH
(spot 28), an FBA isoform (spot 29), APX (spot 40) and core
protein (spot 66), whereas six components were under-
represented, namely Ara4 (spot 1), a DHN1 isoform (spot 22),
GPX (spot 57), Prx (spot 58), ERP (spot 59) and USP (spot 63).
At the concave side of BBS, five protein species were induced,
namely Ara4 (spot 1), a DHNI isoform (spot 22),
endomembrane-associated protein (spot 37), ATPsyn* (pot 38)
and GPX (spot 57), whereas 19 components were under-
represented, i.e. a DHNI isoform (spot 4), three ENO isoforms
(spots 13, 15 and 27), MMSDH (spot 17), mtLPD (spot 18),
SHMT (spot 19), AlaT1 (spot 20), GPDH (spot 28), FBA (spots
29 and 31), APX (spot 40), proteasome subunit alpha type (spot
41), TPI (spots 42 and 44), CHI (spot 45), zeamatin precursor
(spot 47), an NDPK isoform (spot 64) and core protein (spot
66).

DISCUSSION

Anatomical changes and lignin content

The characteristics of reaction wood induced by mechanical
stress in plant roots are still largely unknown. The results ob-
tained in the present study seem to indicate that they are signifi-
cantly different from those reported for the stem. In hardwood
species, reaction wood tends to form in zones of the tree held in
tension (the upper side of a leaning stem), and is characterized
by lower values of vessel area and number, and poor lignifica-
tion (reviewed in Plomion et al., 2001). Conversely, in the case
of poplar bent taproots, anatomical analyses revealed that reac-
tion wood is produced at the compressed concave side of the
three bent sectors, with the most significant difference in BS.
Indeed, the highest values of cambial cell number and relative
xylem thickness were measured in the concave side of BS. The
high number of cambial cells appears to be directly related to
cambium cell activity. Indeed, we observed that fibres and ves-
sels near the cambial zone had a thinner wall compared with
those at a centripetal position, suggesting the occurrence of dif-
ferent maturation stages. It has been reported that a different
distribution of environmental stress in roots might lead to asym-
metrical responses (Lux er al., 2011; Liska et al., 2016).
Furthermore, effects of compression forces on cambium cells
have been reported for Phaseolus vulgaris and A. thaliana,
where a compressive force on the stem determined the differen-
tiation of secondary vascular cambium and subsequent forma-
tion of secondary xylem (Biro e al., 1980; Ko et al., 2004).
Similarly, our data suggest that in thd4e concave side of BS
compression forces enhance cambium cell activity and the dif-
ferentiation of reaction wood with specific features, such as
high relative xylem thickness and low specific vessel number
and area. Moreover, despite the lower specific vessel number
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and area, relative vessel number and area were found to be
comparable with those measured in the control. Based on these
data, it is reasonable to suggest that besides achieving its bio-
mechanical function, the significant increase in relative xylem
thickness measured in BS concave may represent a way for the
root to balance water uptake and transport (Christensen-
Dalsgaard et al., 2008).

The above-mentioned anatomical features have been previ-
ously described for poplar stem TW (Jourez et al., 2001).
However, here we show that in bent poplar root, differently
from the stem, reaction wood is produced in compressed sectors
(BS and BBS concave sides) and characterized by high lignin
content, similarly to gymnosperm CW.

In the BS convex side subjected to high tension forces, OW
was formed with a smaller mean vessel area and a higher spe-
cific vessel number. Despite the higher specific vessel number,
values of relative xylem thickness, relative vessel area and
number in the BS convex side remained significantly lower
than in the BS concave side and in the control. These anatom-
ical features suggest that, in contrast to reaction wood in the BS
concave side, OW may not counteract the effects of tension
forces on water transport efficiency. Thus, the increase of lat-
eral root formation reported on the BS convex side (Trupiano
et al., 2012b) may be a strategy to safeguard water uptake on
this side.

Hormones

In poplar bent root, the most significant differences in IAA
and ABA distribution were observed between BS and BBS con-
cave and convex sides. Indeed, IAA and ABA levels in BS and
BBS concave sides were significantly higher than in the corres-
ponding convex sides and in the control. The functional role of
auxin in plant response to mechanical stress has been an active
area of research on arabidopsis roots and poplar stems. In fact,
Ditengou et al. (2008) and Richter er al. (2009) demonstrated
that bending of arabidopsis roots causes the initiation of lateral
root primordia toward the convex side. In gymnosperm and
angiosperm trees, IAA controls the extent of cambial growth
(Sundberg et al., 2000; Schrader et al., 2003), reaction wood
formation (Funada et al., 1990; Sundberg et al., 1994; Du et al.,
2004) and vessel density (Aloni et al., 2006). However, despite
these findings, the relationship between endogenous auxin lev-
els in the cambial region and the formation of TW and CW re-
mains to be elucidated (Du and Yamamoto, 2007). Hellgren
et al. (2004) found that the formation of TW and CW in poplar
and pine bent stems is not mediated by changes in the TAA
level in the cambial tissues, whereas Funada et al. (1990) and
Du et al. (2004) detected higher amount of endogenous IAA at
the side of the cambial region forming CW. The auxin accumu-
lation in the BS concave side reported here provides additional
evidence for the hypothesis that poplar stem and root respond
differently to bending stress. Indeed, similarly to the bent stem
of gymnosperms, but differently from that of hardwood species,
reaction wood formation in bent polar root is induced by com-
pression forces and mediated by high levels of IAA which may
enhance cambium activity and cell wall stiffening by means of
lignin deposition.
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BS and BBS). Overlapping regions include proteins over- or under-represented in both sides of a bent region, compared with control; underlined proteins were found
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Unlike auxin, the role of ABA in the response of woody spe-
cies to bending has rarely been investigated. ABA is known to
be present in cambial tissues (Funada et al., 2005) and has been
reported to act as an antagonist to [AA in xylem differentiation
(Sundberg et al., 2000; Mellerowicz et al., 2001; Muday and
DeLong, 2001). However, ABA is a well-known mediator of
the plant response to environmental stresses such as drought
(Zhu, 2002). The significant increase of ABA observed in pop-
lar bent root may be related to a water stress response induced

by compression forces, particularly intense in BS and BBS con-
cave sides (Trupiano et al., 2012b). CW was found to be par-
ticularly vulnerable to drought (Mayr and Cochard, 2003) due
to the deformation of conduits and changes in hydraulic con-
ductivity (Tyree and Zimmermann, 2002; Christensen-
Dalsgaard et al., 2007, 2008).

Other hormones, including GAs, cytokinins and ethylene,
have also been implicated in stem reaction wood formation and
are potentially involved in bending stress response, but a
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comprehensive understanding of their role remains incomplete.
GAs regulate early stages of xylem differentiation and cell
elongation (Israelsson et al., 2005), while in vitro studies sug-
gested an important function of cytokinins in regulating tra-
cheid differentiation and lignin biosynthesis (Little and
Savidge, 1987; Savidge, 1988). Ethylene is involved in both
TW and CW formation (Telewski and Jaffe, 1986; Yamamoto
and Kozlowski, 1987; Rinne, 1990; Little and Eklund, 1999;
Eklund and Klintborg, 2000; Andersson-Gunnerds et al., 2003;
Du and Yamamoto, 2003) and also seems to affect cell wall
composition, by altering deposition of polysaccharides and lig-
nification (Roberts and Miller, 1983; Miller er al., 1985;
Eklund, 1991; Ingemarson et al., 1991; Abeles et al., 1992).
However, while some data clearly indicate that ethylene re-
duces gravitropic responses by altering flavonoid synthesis and
IAA polar transport (Buer et al., 2006), others showed an in-
crease of gravitropic curvature by cell elongation inhibition
(Chang et al., 2004).

The lack of specific information on the role of these hor-
mones in the root response to bending stress together with the
contradictory results often reported in the literature make it dif-
ficult to interpret their role in modulating the asymmetrical re-
sponse at the two sides of the three bent sectors, creating a
demand for further investigations.

Proteomic analysis

Proteomic analysis confirmed our previous results which
demonstrated that the general response to bending, independ-
ently of the intensity of mechanical forces, involves the differ-
ential expression of proteins involved in carbohydrate and
energy metabolism, defence machinery and cell wall/membrane
stability (Di Michele et al., 2006; Trupiano et al., 2012a, b,
2013b, 2014; Rossi et al., 2015).

Here we report that tension and compression forces determine
an asymmetrical expression at the convex and concave side of
each bent sector of several proteins involved in xylem differenti-
ation, lignin production and lateral root formation. Ara4-
interacting protein (Ara4, spot 1) was found to be present at a
higher level at concave sides compared with convex sides of BS
and BBS. Ara4 has been suggested to be a part of the gene net-
work regulating secondary xylem development and differenti-
ation and the formation of secondary cell walls and lignification
(Brembu et al., 2005). Similarly, cystathionine-B-synthase 1
(CBS1) (spot 60) was found to be less abundant in ABS and BS
concave compared with the opposite sides and in both sides of
BBS. Evidence has been presented for the involvement of this
enzyme in ethylene synthesis (Wang ez al., 1982) and stress tol-
erance (Luhua et al., 2008), and in the negative regulation of lig-
nin accumulation (Yoo et al., 2011). However, although several
cystathionine-f-synthases have been identified in plants, their
functions remain largely unknown.

Mitochondrial lipoamide dehydrogenase (mtLPD, spot 18),
alanine aminotransferase (AlaT1, spot 20) and serine hydroxy-
methyltransferase (SHMT, spot 19) were more abundantly rep-
resented in BS and BBS convex sides, compared with concave
sides. mtLPD is part of four multienzyme complexes which
produce NADH as the main source of reductive potential en-
ergy further harvested by oxidative phosphorylation to generate
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ATP (Chen et al., 2014). SHMT is an important enzyme that
produces Ns,Njg-methylene tetrahydrofolate and glycine from
serine and tetrahydrofolate; it generates carbon units for cellular
use (Wang et al., 2015). AlaT1 converts pyruvate and glutam-
ate to alanine and 2-oxoglutarate, thereby ensuring the efficient
use of nitrogen and facilitating the maintenance of carbon—ni-
trogen homeostasis (Suarez et al., 2002; Miyashita et al., 2007).

An efficient use of carbon and nitrogen in BS and BBS con-
vex sides regulated by the above-mentioned enzymes may be a
mechanism to regulate osmotic potential and turgor in corres-
ponding concave sides subjected to high compression forces
and xylem cavitation. Indeed, it has been hypothesized that sol-
utes might move radially along the ray cell walls, enter the
embolized xylem conduits and increase the solute concentration
of the residual water within them, thus promoting xylem refill-
ing by altering osmoticum, as has been shown to occur during
drought (Salleo et al., 2009; Secchi et al., 2011).

Factors involved in signal transduction and secondary metab-
olism were also asymmetrically expressed. Two nucleotide dis-
phosphate kinase isoforms (NDPK, spots 64, 65) accumulated
differently in convex and concave sides of the three bent sec-
tors. NDPK belongs to a multifunctional gene family with
phosphodiesterase, peroxidase, ROS signalling, F-actin binding
and Ca®" channel activities, and involved in a wide range of
functions, such as root growth, lateral root development and the
response to adverse conditions, including mechanical stress
(Bassani et al., 2004; Clark et al., 2005a, b; Mortimer et al.,
2008).  Methylmalonate  semialdehyde  dehydrogenase
(MMSDH, spot 17), an enzyme of valine catabolism that cata-
lyses the conversion of methylmalonate semialdehyde into
propionyl-CoA and of malonate semialdehyde into acetyl-CoA,
was found to be most abundant in BS convex and almost com-
pletely absent in BBS concave. Oguchi et al. (2004) and
Tanaka et al. (2005) indicated a role for MMSDH in auxin-
mediated lateral root formation, and evidenced that high
MMSDH expression levels induced by auxin were maintained
over time. In BS convex, where a low IAA content was found,
we hypothesize that MMSDH overexpression could have been
initially induced by IAA and maintained over time (in an [AA-
independent manner) to guarantee lateral root formation.
Indeed, Richter et al. (2009) demonstrated that in arabidopsis
bent roots, auxin dynamics preceded and were correlated with
curve-dependent lateral root initiation. However, with time pro-
gressing, mechanical force alone was responsible for lateral
root formation at the convex side of the curve.

Two factors controlling cambial cell division, ethylene-
responsive protein (ERP, spot 59) and cell division control pro-
tein 48 (CDC48, spot 2), were also found asymmetrically dis-
tributed between the concave and convex sides of bent sectors.
Indeed, ERP was found to be less abundant in the convex side
of all three bent sectors, compared with the concave side. ERP
has already been implicated in many plant functions, such as
cellular proliferation and lateral root formation (Trupiano et al.,
2013a), hormonal signal transduction (Ohme-Takagi and
Shinshi, 1995), response to biotic or abiotic stresses (Gu et al.,
2000; Dubouzet et al., 2003) and regulation of metabolism (van
der Fits and Memelink, 2000; Zhang et al., 2005). Recent stud-
ies showed that ERPs are required for the increase of vascular
cambial cell division in poplar (Vahala et al., 2013), suggesting
that its low expression in the bent root convex sides may be
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associated with a decrease in cambial cell division. CDC48 was
more abundant in ABS concave than in the opposite convex
side, while it was found to be highly accumulated in both sides
of BBS. We previously suggested a role for this protein in the
control of cambial growth resumption (Trupiano et al., 2012a).
However, besides its control of cell cycle/proliferation,
CDC48 protein has been found to regulate cell expansion and
differentiation (Rancour et al., 2002, 2004; Park et al., 2008)
and to preserve cell wall and plasma membrane integrity (Shi
et al., 1995; Rancour et al., 2002). A similar function may be
associated with the high abundance of CDC48 in ABS con-
cave and both sides of BBS. This might be particularly true for
BBS, in which a gravitropic response possibly requires the con-
trol of cell elongation and cell wall elasticity for organ
curvature.

CONCLUSION

This study reports that differences in intensity of tension and
compression mechanical forces induce specific responses in the
convex and concave sides of bent poplar root. The results ob-
tained demonstrate, for the first time to our knowledge, that in
poplar bent taproot, in contrast to what happens in the stem, re-
action wood is produced at the compressed side, showing fea-
tures similar to that observed in gymnosperm CW in the stem.
The key results of this paper have been summarized in the
model presented in Fig. 8 which illustrates that the induction of
root reaction wood by compression forces is characterized by
an increase in xylem thickness, a low vessel density, a high lig-
nin content and an induction of cambium cell activity. All these
responses may be triggered by auxin and involve protein factors
that control cell wall deformation, lignification and xylem
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differentiation. Furthermore, besides ensuring biomechanical
functions, the bent root may use two different strategies to
maintain water uptake and transport in a deforming condition
induced by tension and compression forces: increasing xylem
thickness at the compressed side and enhancing lateral root for-
mation at the tension site.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxfordjour
nals.org and consist of the following. Figure S1: simulation of
mechanical bending stress in Populus nigra root. Figure S2:
anatomical measurements of Populus nigra bent root. Figure
S3: ACO sequence. Figure S4: two-dimensional proteomic
maps of Populus nigra woody taproots in control and mechan-
ical stress conditions.
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