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Tyloses are ingrowths of parenchyma cells into the lumen of embolized xylem vessels, thereby protecting the remaining xylem from
pathogens. They are found in heartwood, sapwood, and in abscission zones and can be induced by various stresses, but their
molecular triggers are unknown. Here, we report that down-regulation of PECTIN METHYLESTERASE1 (PtxtPMET) in aspen
(Populus tremula X tremuloides) triggers the formation of tyloses and activation of oxidative stress. We tested whether any of the
oxidative stress-related hormones could induce tyloses in intact plantlets grown in sterile culture. Jasmonates, including jasmonic acid
(JA) and methyl jasmonate, induced the formation of tyloses, whereas treatments with salicylic acid (SA) and 1-aminocyclopropane-1-
carboxylic acid (ACC) were ineffective. SA abolished the induction of tyloses by JA, whereas ACC was synergistic with JA. The ability
of ACC to stimulate tyloses formation when combined with JA depended on ethylene (ET) signaling, as shown by a decrease in the
response in ET-insensitive plants. Measurements of internal ACC and JA concentrations in wild-type and ET-insensitive plants treated
simultaneously with these two compounds indicated that ACC and JA regulate each other’s concentration in an ET-dependent

manner. The findings indicate that jasmonates acting synergistically with ethylene are the key molecular triggers of tyloses.

Tyloses, accompanied by gels or gums, are occlu-
sions of xylem conductive tissues in vascular plants
(reviewed in De Micco et al., 2016). They are ingrowths
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of parenchyma cells into the lumens of adjacent tra-
cheary elements, whereas gels and/or gums, depend-
ing on plant species, are secreted by the parenchyma
cells (Rioux et al., 1998). Tyloses have been reported in
many groups of vascular plants, including angiosperms
(Chattaway, 1949; Gottwald, 1972; Saitoh et al., 1993),
conifers (Chrysler, 1908; Peters, 1974; Dute et al., 1999;
Feng et al., 2013), progymnosperms (Scheckler and
Galtier, 2003), and ferns (De Micco et al., 2016).

In aspen (Populus tremula X tremuloides), tyloses are
formed by ray contact cells (Chafe, 1974). These cells first
synthesize secondary wall layers that lignify, together
with the walls of adjacent vessel elements (Murakami
etal.,, 1999), then they deposit a tertiary wall layer, called
the protective layer, over the secondary wall layer. The
protective layer, which has a composition similar to that
of the primary cell wall layer and remains unlignified
until heartwood forms (Chafe, 1974; Rioux et al., 1998), is
instrumental in tylose formation. It is deposited all over
the contact ray cell, including the pit membrane that
contacts an adjacent vessel element, and this process is
usually followed by the deposition of another layer of
secondary wall, which lignifies (Chafe, 1974). After the
death of the vessel element, the pit membrane arches
slightly into the vessel lumen, forming a tylosis initial,
which will remain inactive for many years until the
contact cell is triggered by a stimulus to form a tylosis in
embolized vessels.
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Typical triggers of tyloses include infections (Pérez-
Donoso et al.,, 2007; Collins et al., 2009), wounding
(Biggs, 1987; Schmitt and Liese, 1993; Sun et al., 2006,
2008), heartwood formation (Taylor et al., 2002), and
abscission (Scott et al., 1967; Sexton, 1976; Dute et al.,
1999). Within a couple of days following a trigger, the
tylosis initial balloons into the embolized vessel lumen.
The contact cell protoplast expands into this new space,
and the cell nucleus migrates into it (Peters, 1974; Sun
et al., 2006). The tylosis nucleus may divide, followed
by cytokinesis, or many tyloses may invade the same
vessel lumen and fill the space completely. The cell
walls of fully grown tyloses typically suberize and/or
lignify (Chafe, 1974). In this way, tyloses restrict fungal
invasion and growth within heartwood, abscission
zones, or necrotic tissues. The ability to form tyloses is
an important resistance factor in cotton (Gossypium
hirsutum; Shi et al., 1992), and it plays a crucial role in
some types of tree decline (McElrone et al., 2010).

The formation of tyloses is usually accompanied by
the secretion of gels or gums, which serve the same
function, by the parenchyma cells (Rioux et al., 1998). In
some species, only one type of occlusion has been
found: Tyloses occur in species having vessels with
large contact pits and gels or gums in species whose
vessels have small contact pits (Chattaway, 1949; Saitoh
et al., 1993). In other species, such as grape (Vitis vinif-
era), tyloses are formed in the summer, whereas gels are
produced in the winter (Sun et al., 2008).

Although hormonal triggering of tyloses formation was
proposed a long time ago (Bamber, 1976), the nature of
the hormone has been elusive. Ethylene (ET) was shown
to increase tyloses formation in wounded or infected
stems or cuttings (Hillis, 1975; Pérez-Donoso et al., 2007;
Mishra et al., 2013), and treatments with ET inhibitors
were found to abolish this effect, indicating that ET is
involved in tylosis formation (Sun et al., 2007). ET con-
centration was also observed to increase in the transition
zone where the heartwood is being formed (Taylor et al.,
2002) and during infections (Pérez-Donoso et al., 2007;
McElrone et al., 2010); that is, under circumstances in
which tyloses are induced. Recent transcriptomics studies
of heartwood formation indicated up-regulation of ET
and other stress signaling pathways during this process
(Huang et al., 2013; Xu et al., 2013). Moreover, the for-
mation of agarwood, which is the commercially valuable
heartwood of Aquilaria sinensis, was intensified by ap-
plying methyl jasmonate (MeJA) to the cut stems (Xu
et al., 2013), implying the involvement of jasmonates in
heartwood induction. However, the induction of tyloses
by any of these hormones in intact healthy plants has not
previously been demonstrated. Tyloses have been ob-
served in transgenic lignin-deficient poplar lines, but the
nature of the substance inducing them was not investi-
gated in these plants (Kitin et al., 2010).

Here we report the formation of tyloses in transgenic
aspen with down-regulated expression of the pectin
methyl esterase PtxtPMEL. These plants and PtxtPME1
overexpressing plants exhibited increased peroxidase
activity and levels of hydrogen peroxide as compared
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to wild-type plants, indicating the activation of stress
signaling pathways. We then tested the hormones im-
plicated in stress responses, especially in the jasmonate,
ET and salicylic acid (SA) signaling pathways for their
ability to induce tyloses in intact plantlets grown in sterile
culture. This led to the identification of jasmonates, acting
synergistically with ACC in an ET-dependent pathway,
as hormonal triggers of tyloses in plants.

RESULTS

Transgenic Aspen Plants with Expression of PtxtPME1
Down-Regulated Form Tyloses

Since tylosis formation necessitates very prominent and
rapid extension of the pit membrane-protective layer
sandwich, which is known to contain a large amount of
acidic and methylesterified homogalacturonan (HG;
Plavcova and Hacke, 2011), we tested whether modifying
the level of HG esterification would affect tylosis forma-
tion. We previously observed that transgenic aspen with
altered PtxtPME1 expression exhibited alterations in PME
activity and HG methylesterification pattern in develop-
ing wood (Siedlecka et al., 2008). We therefore grew two
PtxtPME1 overexpressing and two PtxtPME1 down-
regulated lines along with wild-type plants in the green-
house for 3 months and examined their wood for the

Figure 1. Tyloses (arrows) found in developing wood of aspen trees
with suppressed expression of PtxtPMET. Shown are a longitudinal (A)
and a transverse (B) section of the developing wood of line 5 (Siedlecka
et al., 2008) approximately 0.5 mm from the cambium, stained with
safranin and alcian blue. Bar = 50 um.
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presence of tyloses. PtxtPME1 expression levels in the
overexpressing and down-regulated lines, compared to
the wild type, are shown in Supplemental Figure S1. Ty-
loses (Fig. 1) were never observed in the wild-type or in
overexpressing lines, but they were found in all trees of the
two most suppressed lines that were analyzed. These ty-
loses were formed close to the cambium in greenhouse-
grown trees; thus, they could not be associated with
heartwood formation, which does not differentiate in such
tissues or in trees as young as these. Moreover, there were
no clear signs of infection in the trees that formed tyloses.

PME Deregulated Lines Exhibit Increased Levels of
Peroxidase and H,0,

The formation of tyloses in PtxtPME1 suppressed lines
could result from alterations in HG methylesterification,
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which is expected to affect cell wall extensibility
(Derbyshire et al., 2007; Siedlecka et al., 2008; Miiller et al.,
2013) or from activation of the stress responses that could
have been triggered in these lines by cell wall integrity
sensing mechanisms (Hamann, 2012). Biotic stresses and
wounding are known inducers of tyloses (Schmitt and
Liese, 1993; Pérez-Donoso et al.,, 2007; Sun et al., 2008;
Collins et al., 2009), and plants with modified cell wall
constituents frequently exhibit symptoms of the activa-
tion of biotic stress response pathways (Hamann, 2012).
We therefore investigated whether the PME deregulated
lines exhibited any sign of the oxidative stress that ac-
companies biotic stresses (Bolwell et al., 2002; Demidchik,
2015). Peroxidase activity was detected in stems and
leaves by means of the 3,3'-diaminobenzidine (DAB) re-
action with exogenous H,O, (Thordal-Christensen et al.,
1997, Ganesan and Thomas, 2001). In the leaves, the
peroxidase signals were prominent in the vicinity of

Figure 2. Hydrogen peroxide levels and
abft peroxidase activity are increased in
the leaves and the wood of PME up-
and down-regulated lines (PME+ and
PME—, respectively). A and B, Visuali-
zation of endogenous peroxidase activ-
ity (brown), after reaction with H,O,
and DAB, in the wood (A) and the leaves
(B). C, H,O, (brown) distribution in the
leaves after staining with DAB. A to C,
Representative reaction among two
transgenic lines per construct, each
represented by six trees. Bar = 100 um.
Densitometry of images of all trees is
shown on the right. D, H,O, levels in the
leaves of PME+ and PME— lines as
compared to the wild type. In A to D,
b Means = sg; two independent lines were
analyzed per genotype with two trees
each. Means accompanied by the same
letters are not statistically different
(Tukey test, P = 5%).
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stomata, whereas in the wood they were most distinct
near vessel elements (Fig. 2). The peroxidase signals in the
leaves and stems were increased in both suppressed and
overexpressing PtxtPMET lines compared to the wild type
(Fig. 2, A and B). Moreover, the H,O, signals visualized
by oxidation of DAB (Thordal-Christensen et al., 1997)
were found to be very prominent in the vascular bundles
of the leaves, and they were increased in both types of
PME deregulated line (Fig. 2C), but more markedly so in
the PME-suppressed lines.

Levels of spectrophotometrically measured H,O, were
higher in the leaves of PixtPME1 down-regulated plants
than in the wild type, and the same tendency was also
observed in PtxtPME1 up-regulated plants, but the differ-
ence in the latter case was smaller and not statistically sig-
nificant (Fig. 2D). Taken together, the data on peroxidase
activity and hydrogen peroxide levels point to elevated
oxidative stress in the leaves and wood of PME-
deregulated lines, especially when PtxtPMET is suppressed.

Hormonal Induction of Tyloses in Intact Plantlets Grown
in Vitro

To test whether the biotic stresses and wounding-
related hormonal signaling pathways can trigger tyloses
induction, we set up a sterile culture system that allowed
treatment of the intact plants with different hormones
applied to the medium. When SA, jasmonate (JA), and a
precursor of ET, 1-aminocyclopropane-1-carboxylic acid
(ACC), were applied to the medium at a concentration of
100 um, only JA was effective in tylosis induction, and
only in 25% of the treated plants (Fig. 3; Table I). The ty-
loses were accompanied by gels that stained blue with
alcian blue (Fig. 3, A-E). We also tested MeJA at con-
centrations between 10 and 250 uM and found that it in-
duced tyloses and gels in a similar manner to JA at
the highest concentration applied (Fig. 3, C and F;
Supplemental Table S1). Treatments with jasmonates at
the concentrations that induced tyloses inhibited height
increase and wood production (Fig. 3, G and H).

To test the responses of PME-deregulated plants
in vitro, two lines of each PME-up-regulated and PME-
down-regulated genotype, and wild-type plants, were
treated with MeJ A at two different concentrations, 100 and
250 uM, and with 100 uM SA alone and combined with
MeJA. Although the plants with down-regulated PME
expression produced tyloses spontaneously in the green-
house (Fig. 1), we did not observe such a reaction in the
plants cultivated in vitro (Supplemental Table S1). How-
ever, when treated with 100 um MeJ A, a concentration that
was not inductive in the wild type, 25% of the PME
deregulated plants formed tyloses (Supplemental Table
S1). Both PME-up-regulated and PME-down-regulated
plants showed a similar response to 100 um MeJA. SA,
as seen before with the wild type, was ineffective, and
when applied together with MeJA, it abolished the in-
ductive effect of MeJA in PME deregulated plants.

ET has been implicated in tyloses formation in stem
cuttings (Sun et al.,, 2006; Mishra et al.,, 2013), and
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Figure 3. Treatment of intact aspen plants with jasmonates induces
formation of tyloses (arrows) and gels (arrowheads) and inhibits plant
growth. The panels show transverse (A-C) and radial longitudinal (D-F)
sections through the secondary xylem of aspen plants treated with either
JA in DMSO, MeJA in DMSO, or DMSO (control) for 2 weeks. Bar (same
for all micrographs) = 100 um. G and H, Inhibition of plant (G) and
xylem (H) growth by jasmonate treatment. Data are means for two
plants per treatment; asterisk indicates significant difference from the
control according to a Tukey post ANOVA test at P < 5%.

endogenous levels of ET were found to be elevated
in situations when tyloses were initiated (Hillis, 1975;
Taylor et al., 2002). However, no induction of tyloses
was observed in ACC-treated intact aspen plants in this
study. One possibility is that ACC is effective only in
wounded plants in which wound-generated signals
such as jasmonates are present. The jasmonates are well
known to be involved in wound responses in plants
(Wasternack and Hause, 2013) including poplar (Babst
et al., 2009). Intact aspen plants were therefore treated
with a combination of 100 um JA and 100 um ACC or
with each of these hormones alone. As seen before,
ACC alone was not effective, and JA alone induced the
formation of tyloses in 20% of the plants treated (Fig. 4;
Table II). When the two hormones were combined, ty-
loses were observed in 90% of plants. This synergistic
effect was manifested as a substantially increased

Plant Physiol. Vol. 173, 2017
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Table 1. JA induces tyloses in intact aspen plants grown in sterile culture

*P = 0.05 and **P = 0.01; x° test.

Age of Treated Plants Treatment

% of Plants with Tyloses (No. of Plants Treated)

3 Weeks 100 uMm JA
Control

6 Weeks 100 um JA
Control

25% (16)*
0% (16)
25% (28)**
0% (30)

frequency of plants forming tyloses, whereas the
number of tyloses in individual plants was not visibly
affected. This indicates that the combination of ACC
and JA is a trigger that acts like an on-off switch at the
organism level.

ACC is the immediate precursor of ET in the biosyn-
thetic reaction catalyzed by ACC oxidase. However, there
are also observations suggesting that ACC has a role
independently of that of ET (Tsang et al, 2011). We
therefore investigated whether the effect of ACC on
JA-induced tyloses formation depends on ET signaling by
treating aspen lines having reduced ET sensitivity (Love
et al., 2009) with ACC and JA and comparing their reac-
tion to that of wild-type plants (Table III). Reduced ET
sensitivity in transgenic lines resulted in a significantly

20x

Control

Figure 4. ACC combined withJA, or JA alone, can induce the formation
of tyloses (arrows) and gels (arrowheads) in aspen cuttings. Transverse
(A-D) and radial longitudinal (E-H) sections of aspen stems 3 weeks
after treatment with hormones or DMSO (control). Bar = 100 um.

Plant Physiol. Vol. 173, 2017

lower frequency of tyloses induction. Line 1E, in which ET
perception was more strongly affected, was also more
affected with respect to tyloses induction. The synergistic
effect of ACC on JA-induced tyloses formation is therefore
dependent on the ET signaling pathway.

Levels of JA and ACC in Intact Plantlets Treated with
These Hormones

To learn more about the synergism of JA and ACC in
tyloses induction, the internal levels of these hormones
were analyzed 2 weeks after they had been applied
individually or in combination to wild-type plants and
to plants with reduced ET sensitivity (Fig. 5).

JA application increased internal JA levels in the
stems in both wild-type and ET-insensitive plants
compared to mock-treated plants (control; Fig. 5A).
This indicates that maintenance of high JA levels after
JA application does not depend on ET signaling. In-
terestingly, simultaneous application of JA and ACC to
wild-type plants resulted in greatly decreased JA levels,
down to a level similar to that observed in control
plants. Thus, the synergism between JA and ACC does
not involve an increase in JA level mediated by ACC;
rather, ACC application almost completely abolishes
the high internal JA levels caused by exogenous JA
application. The reduction of high JA levels in plants
treated simultaneously with JA and ACC was less
pronounced in the ET-insensitive lines 1E and 3A,
suggesting that it may depend on ET signaling.

Plants treated with ACC also exhibited very much
increased levels of this compound compared to control
(Fig. 5B). This was observed in both wild-type and
ET-insensitive plants, suggesting that maintenance of
high ACC levels following exogenous ACC application
does not depend on ET signaling. Combined JA and
ACC treatments completely abolished the increase in
internal ACC level caused by exogenous ACC in the
wild type, while it decreased the internal ACC level in
ET-insensitive plants, suggesting that the decrease
in internal ACC caused by JA treatment was at least in
part dependent on ET signaling.

DISCUSSION
Deregulation of PME Triggers Defense Responses

This work provides several lines of evidence indi-
cating that the deregulation of PME activates a broad

1413



Lesniewska et al.

Table 1. ACC stimulates the inductive effects of JA, synergistically inducing tyloses

*P = 0.05, **P =< 0.01, and ***P = 0.001. ns, not significant.

Treatment % of Plants with Tyloses (No. of Plants Treated) X2 vs. Noninductive Treatments x2 vs. Control
100 um ACC 0% (10)
100 um JA 20% (10) * ns
100 pum JA + 100 um ACC 90% (10) ok ok
Control 0% (10)

spectrum of defense responses in aspen wood. First,
intact PME down-regulated plants were seen to form
tyloses in developing wood (Fig. 1). Tyloses in this lo-
cation are typically found in wounded stems. This
suggests that wound response signaling is activated in
PME down-regulated plants. Secondly, the PME up-
and down-regulated lines showed up-regulation of
oxidative stress, as indicated by increased peroxidase
activity in the wood and leaves and increased hydrogen
peroxide levels in the leaves (Fig. 2). This was more
prominent in the PME down-regulated lines that
formed tyloses, suggesting that the oxidative status is
altered by the activation of wound stress signaling in
these lines. Finally, the PME-deregulated lines were
more sensitive to treatment with 100 um MeJA, which
induced tyloses formation in these lines but was inef-
fective in wild-type plants (Supplemental Table S1). In
findings similar to these observations, the activation of
constitutive defense responses has been observed in
strawberry (Fragaria spp.) lines overexpressing a PME
encoded by FaPE1 (Osorio et al., 2008) and in the Ara-
bidopsis (Arabidopsis thaliana) qua2-1 mutant, which is
affected in HG methyl transferase (Raggi et al., 2015),
whereas analysis of selected stress-related transcripts in
Arabidopsis pme3 mutants and in PMEI-1- or PMEI-2-
overexpressing plants failed to detect any constitutive
alteration in their expression (Raiola et al., 2011).
Although the molecular mechanisms involved in the
activation of stress signaling in the wood of PME
deregulated aspen plants are not presently known, re-
cent studies in Arabidopsis have shown that HG
methylesterification plays a crucial role in cell wall in-
tegrity sensing via at least two pathways: the BR sig-
naling pathway, which involves receptor-like protein
kinase RLP44 interacting with BRI1 (Wolf et al., 2012,
2014), and the wall-associated kinase (WAK) pathway
comprising WAK1 and WAK?2, which bind to pectins
and oligogalacturonides in a methylesterification-
dependent way and further signal the presence
of stress using the MPK3 cascade (Kohorn, 2016).

Deesterification of HG in PtxtPME1-up-regulated lines
(Siedlecka et al., 2008) would make this polymer more
susceptible to endogenous polygalacturonases and
pectate lyases, leading to an increase in the formation of
deesterified oligogalacturonides known as DAMP sig-
nals, which trigger downstream hormonal pathways
(Simpson et al., 1998; Denoux et al., 2008; Galletti et al.,
2008; Wolf et al., 2014; Benedetti et al., 2015). A high
level of HG methylesterification in the PtxtPMEI-
down-regulated lines, on the other hand, could de-
crease cellular adhesion and cell wall rigidity (Siedlecka
et al., 2008), and this might trigger mechanosensing
responses. The mechanosensing pathway and biotic
stress responses converge on the ET, JA, and reactive
oxygen species (ROS) signaling pathways or via
ROS pathways that are independent of JA or ET
(Hernandez-Blanco et al., 2007; Tsang et al., 2011;
Benikhlef et al., 2013). This might explain the fact that
both types of PME deregulation induce similar activa-
tion of ROS (Fig. 2) and make plants more susceptible to
the induction of tyloses by jasmonates (Supplemental
Table S1).

Deregulation of many different cell wall biosynthetic
processes has been shown to constitutively activate JA-
and ET-dependent and -independent stress signaling
pathways (Ellis et al., 2002; Hernandez-Blanco et al.,
2007) and to increase resistance to abiotic stresses
(Keppler and Showalter, 2010) or pathogens (Vogel et al.,
2002, 2004; Hernadndez-Blanco et al., 2007, Manabe et al.,
2011; Pogorelko et al., 2013; Pawar et al., 2016). The in-
duction of tyloses as a result of cell wall defects has been
studied only in transgenic poplars with reduced lignin
biosynthesis (Kitin et al., 2010), but the current study on
PME deregulated plants suggest that increased suscep-
tibility to tyloses formation is likely to be a concern in
other cell wall-related mutants and transgenic plants.
This is an important consideration for the deployment of
plants with genetically engineered cell walls, since such
tyloses restrict water conductivity in these plants and
result in low productivity.

Table IIl. The effects of ACC are mediated by ethylene

ET-insensitive lines 1E and 3A show a decrease in the frequency of plants with tyloses after inductive
treatment with JA and ACC compared to the wild type. Asterisks indicate significant difference from the

wild type at P = 0.05 (*) or P =< 0.001 (***); x* test.

Treatment

% of Plants with Tyloses (No. of Plants Treated)

Wild Type
70% (10)

100 um JA + 100 pum ACC

1E 3A
10%*** (10) 50%* (10)
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Figure 5. Internal levels of JA (A) and ACC (B) after ACC and JA treat-
ments in wild-type aspen and in transgenic aspen lines 1E and 3E, which
have reduced sensitivity to ethylene. Means = sg; n = 5 biological
replicates. Asterisk indicates a significant difference between control
and hormonal treatment for each genotype (post ANOVA Tukey test,
P = 5%).

Roles of Jasmonates and Ethylene in Induction of Tyloses

Tyloses are typically induced to form in the embolized
vessels by wounding, pathogen attack, and preceding
the heartwood formation (Biggs, 1987; Schmitt and
Liese, 1993; Taylor et al., 2002; Sun et al., 2006, 2008;
Pérez-Donoso et al., 2007; Collins et al., 2009), which are
the physiological processes in which jasmonates have
been implicated (Wasternack and Hause, 2013; Huang
etal., 2013; Xu et al., 2013), but no direct involvement of
jasmonates in tyloses formation has yet been demon-
strated. This study provides the evidence that jasmo-
nates are capable of inducing tyloses and their
accompanying gels in plants. The key finding is that
these hormones, when externally applied, can induce
tyloses in intact healthy sterile plants (Figs. 3 and 4;
Tables I and II; Supplemental Table S1). Applying
hormones externally leads to increases in their internal
concentration in the stem tissues where the tyloses are
formed (Fig. 5). Although several observations have
implicated ET in tylose induction (Hillis, 1975; Pérez-
Donoso et al., 2007, Sun et al.,, 2007; Mishra et al.,
2013), we found that treatments with ACC alone
were not capable of inducing tyloses in intact aspen
stems. However, when applied simultaneously with
jasmonates, ACC acted synergistically, increasing the
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proportion of plants that formed tyloses (Fig. 4; Table
II). Moreover, we demonstrate that this synergistic ac-
tion of ACC is related to ET signaling, since it is di-
minished in plants with suppressed ET perception
(Table II).

Synergism of the action of jasmonates and ET is
known in many different responses, such as the reac-
tions to herbivory and necrotrophic pathogen attack
(Wasternack and Hause, 2013), but it has not previously
been shown for tylose induction. On the other hand, JA
acting synergistically with the ET-releasing compound
ethephon has been found to induce gummosis in tulips
(Skrzypek et al., 2005), suggesting a similar induction
cascade. The synergistic effect of ACC and JA applied
simultaneously to plants cannot be attributed to in-
creased concentrations of these compounds in the stem
tissues, as we were expecting based on reports of pos-
itive interactions between jasmonates and ET biosyn-
thesis (Yu et al, 2009). Rather, and unexpectedly,
simultaneous applications of JA and ACC drastically
decreased the internal ACC or JA concentrations com-
pared to the levels observed in plants given either of
these compounds individually (Fig. 5). Although the
mechanism by which these compounds disappear is
presently unknown, one likely possibility is that in as-
pen stems JA and ACC are conjugated to form JA-ACC.
Such a conjugate was found at levels comparable to
those of other JA conjugates in Arabidopsis, and the
JAR1 protein was reported to catalyze its biosynthesis
in vitro (Staswick and Tiryaki, 2004). This explanation is
compatible with the simultaneous decrease in both
ACC and JA observed in aspen supplied simulta-
neously with these compounds. Another, nonexclusive,
possibility is that when ACC and JA are provided si-
multaneously, they stimulate each other’s metabolic
conversion to the active compounds ET and JA-Ile, thus
augmenting the physiological response. In aspen, both

PME+ PME-

Oxidative
stress (Fig. 2)
>

JA signaling

/| 1

Growth inhibition Tyloses (Fig. 3, 4,
(Fig. 3) Tab. 1-3)

Et signaling

Growth stimulation
(Love et al, 2009)

Figure 6. Proposed pathways leading to tyloses induction based on
experiments presented in this study. Solid arrows refer to interactions
shown by specific figures in this article or by Love et al. (2009). Stippled
arrows indicate different possible interactions suggested by our data or
by the literature.
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tyloses induction and the disappearance of ACC and JA
from the system are apparently dependent on ET sig-
naling, since both these responses were weaker in
plants with suppressed ET signaling than in wild-type
plants. It is possible that tylose induction and the me-
tabolism of ACC and JA are parts of the same signaling
response.

The proposed pathways of tyloses induction emerg-
ing from this study are schematically presented in
Figure 6. Although the intermediate steps in the path-
way leading from PME suppression to tylose induction
and from PME alteration to JA or ET signaling are not
yet understood, as discussed above, we demonstrated
that PME alteration induces oxidative stress and that
simultaneous JA and ET signaling is the key component
of the tyloses induction.

MATERIALS AND METHODS
Plant Lines Used in This Study

All transgenic lines were produced in a hybrid aspen (Populus tremula X
tremuloides) background. Lines with modified expression of PtxtPME1 (Gen-
Bank accession number AJ277547), carrying the PtxtPME1 sense cDNA con-
trolled by the 35S CaMV promoter, were described by Siedlecka et al. (2008),
and lines carrying the antisense fragment controlled by the 35S promoter were
described by Berthold et al. (2006). Three suppressed lines (sense 5, sense 10B,
and antisense 6N) and two overexpressing sense lines (2B and 7) were used in
this study (Siedlecka et al., 2008; Supplemental Fig. S1). Transgenic lines with
reduced sensitivity to ET were described by Love et al. (2009).

Growth Conditions in the Greenhouse

Transgenic and wild-type plants were grown in a greenhouse under natural
light conditions, supplemented with metal halogen lamps, with an 18-h-light/
6-h-dark photoperiod at a temperature of 22°C/15°C (day/night). They were
watered daily and fertilized once a week with a SuperbraS nutrient solution
(Supra Hydro). When the plants reached a height of about 2 m, stem segments
from internodes 20 to 39 were harvested, frozen in liquid nitrogen, and stored at
—80°C until required for use.

Growth Conditions in Vitro

Aspen lines were propagated from cuttings in vitro on Murashige and Skoog
medium (2.2 g L', pH 5.6; Sigma-Aldrich), solidified with Phytagel (Sigma-
Aldrich) at 2.7 ¢ L™, in polypropylene containers with 0S140-ODS140 gas-
exchange spore filters (Combiness), under a 16-h-light/8-h-dark photoperiod,
temperature 22°C/18°C (day/night), illuminated with Phillips Master TLD
58W /830 lights at approximately 90 umol m 25!

Analysis of Peroxidase and H,O, in the Leaves and Stems

Peroxidase activity and the presence of H,O, were determined histochem-
ically in the leaves of transgenic and wild-type plants grown in the greenhouse
and stems of such plants grown in vitro. Stem transverse sections (60 um) were
cut using a vibratome (Leica) and fixed in 4% glutaraldehyde in PBS (pH 7.2) for
2 h at 4°C, followed by rinsing in PBS (pH 7.6). Leaf pieces approximately 10 X
10 mm were used fresh without fixation. For peroxidase activity, stem sections
were incubated in 50 mwm Tris-HCl buffer (pH 7.6) for 10 min and then in 0.002%
DAB, 0.01% H,0,, and 50 mm Tris-HCl buffer (pH 7.6) for 50 min (Graham and
Karnovsky 1966), whereas leaf pieces were placed in 0.001% DAB at pH 5.2,
prepared according to Thordal-Christensen et al. (1997), to which H,0O, was
added to a final concentration of 5 mum, incubated for 25 min, and cleared by
boiling in 95% ethanol for 30 min to remove chlorophyll. H,O, was detected
histochemically in the leaves by the DAB method (Thordal-Christensen et al.,
1997), by incubating leaf pieces in 0.001% DAB at pH 5.2 for 24 h, followed by
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clearing as above. Control sections/leaf pieces were boiled for 30 min before
incubation with substrates. The stem sections and cleared leaves were
mounted in glycerol and observed using a Zeiss universal microscope.
Densitometry was carried out on sections and whole mounts using Image J,
by grayscale intensity within a 4 X 4 pixel window placed over stained an-
atomical features randomly selected in 10 to 20 locations per specimen, using
two to three trees per line, and two lines per PME condition, and three to six
wild-type trees.

H,O, content in the leaves was measured according to Velikova et al. (2000).
A sample of 500 mg of leaves (without main veins) was frozen in liquid
nitrogen, ground to a fine powder, then mixed with 5 mL of 0.1% (w/v) TCA on
ice, and centrifuged at 12,000¢ for 15 min. The top 1 mL of the supernatant was
then collected and its H,O, content was analyzed after reaction with iodine. The
2 mL reaction volume contained 0.5 mL of the leaf extract, 0.5 mL 10 mm
potassium phosphate buffer, pH 7.0, and 0.5 mL 1 m KI. The absorbance was
measured at 390 nm, against a blank sample prepared with 0.1% TCA instead of
the leaf extract, after 15 min incubation. A standard curve was prepared with
H,0, in the reaction buffer.

Hormonal Induction of Tyloses in Vitro

Plantlets grown in vitro with well-developed roots, typically 3 weeks old
unless otherwise stated, were used for the hormone application experi-
ments. The hormone stocks (0.2%, w/v or v/ v, in 2% DMSO [Duchefa
Biochemie]), pH 5.6 adjusted with KOH, were filter sterilized. The filter-
sterilized hormones were applied in volumes of approximately 2 mL to the
sterile medium to give a final concentration of 100 um unless otherwise
stated. Control treatments consisted of 2% DMSO without hormones. JA
and (—)-jasmonic acid methyl ester (MeJA) were from OlChemIm, and ACC
was from Sigma-Aldrich.

Microscopy Analysis of Tyloses

Plantlets were analyzed for the presence of tyloses after 2 weeks of hormone
treatment. Stem segments 2 cm in length, collected directly above the medium,
which contained the vascular cambium at the time of treatment, were fixed in 4%
glutaraldehyde in 0.1 M phosphate buffer (pH 7.2) for 24 h at 4°C, washed in
buffer and deionized water, dehydrated in an ethanol series, and stored in 70%
ethanol at room temperature. Before sectioning, the segments were rehydrated.
Stem transverse (1 cm above medium) and longitudinal (radial and tangential)
sections 35-um thick were made using a vibratome (Leica). Sections were
stained with 0.33% (w/v) safranin, 16.67% (v/v) ethanol, and 0.67% (w/v)
alcian blue for 15 min, washed, mounted in 50% glycerol, and observed using a
Zeiss Axioplan 2 microscope with Axiovision software.

Analysis of ACC and JA Levels

Hormones were analyzed in the stem segments directly above the sites
analyzed for the presence of tyloses. These segments were flash frozen in
liquid nitrogen and stored at —80°C. Approximately 20 mg of stem seg-
ments were ground and cooled in liquid nitrogen for 30 min in a mixer mill
with two tungsten beads per Eppendorf tube. Subsequently, 1 mL of ex-
traction mix, MeOH:H,O (8:2 v/v), containing 1 ng of *H,-ACC (Sigma-
Aldrich) internal standard and either 10 or 0.5 ng of *H-*+-JA (OlChemIm)
internal standard for JA-treated and untreated samples, respectively, was
added per sample, and the mill was run again for 3 min at 30 Hz with
tungsten beads. After removing the beads with a magnet, the samples were
centrifuged for 5 min at 100g. The supernatants (approximately 200 uL),
along with blank samples containing extraction mix only, were transferred
into kimble vials and the methanol was evaporated off leaving the aqueous
phase in a speed-vac for approximately 1 h at 37°C. The pH of the samples
obtained was adjusted to 3.0 by adding 300 uL of 1% HOAc per sample. For
purification by solid phase extraction, each 150 mg MCX SPE column
(Waters) was activated with 3 mL of methanol and then equilibrated with
3 mL of HOAc. The samples were applied to the columns, which were then
washed with 2 mL of 20% methanol in 1% HOAc. JA was eluted with 2 mL
of methanol, and ACC was eluted with 2 mL of 4 M NH; in 60% methanol.
The eluates were dried down in a speed-vac and transferred to LC-MS vials.
The samples were stored at —80°C until required for derivatization and
final liquid chromatography-tandem mass spectrometry (LC-MS/MS)
analysis.
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Derivatization of ACC with AccQ-Tag

ACQ derivatization of the ACC fraction was performed using an AccQ-Tag
kit from Waters according to the manufacturer’s protocol. In brief the dried
extracts were resuspended in 20 uL of 20 mm HCl, and 60 uL of AccQ- Tag Ultra
borate buffer was added to each vial. Then, 20 uL of freshly prepared AccQ-Tag
derivatization solution was added and the sample was immediately vortexed
for 10 s. After mixing, the samples were allowed to stand for 30 min at room
temperature followed by 10 min at 55°C.

Derivatization of JA with Bromocholine

The]A fraction was derivatized with bromocholine essentially according to
Kojima et al. (2009). To each sample, 20 uL of water, 4 uL of 500 mm bro-
mocholine (Sigma-Aldrich) in 70% acetonitrile and 0.8 uL of trimethylamine
(Sigma-Aldrich) were added. The solution was mixed and incubated at 80°C
for 130 min, evaporated to dryness in a speed-vac concentrator, and subse-
quently reconstituted with 50 uL of 0.1% formic acid and subjected to
LC-MS/MS.

LC-MS/MS Analysis

Analytes were separated using an HP 1200 LC system from Agilent
Technologies, consisting of a G1379B online vacuum degasser, a G1312B
binary pump, a G1316B thermostated column compartment, and a G1367D
autosampler with a G1330B autosampler thermostat. For ACC analysis, a
1-uL aliquot of the sample was injected onto a 2.1 X 50-mm, 1.7-um
Kinetex HPLC column (Phenomenex) held at 55°C in a column oven. The
gradient elution buffers were A (water and 0.1% formic acid) and B (ace-
tonitrile and 0.1% formic acid), and the flow rate was 500 uL min~'. The
initial condition was 0.1% B; from 0.54 to 7 min the proportion of B was
increased linearly from 0.1 to 9.1%. From 7 to 10 min, B was increased
linearly to reach 21.2%. To elute the more nonpolar compounds, the pro-
portion of B was rapidly increased to 80% at 11 min and kept there for
1 min. From 12 to 12.5 min, the column was returned to its initial condi-
tions (0.1% B), and it was equilibrated for 5 min before injection of the
subsequent sample. For JA analysis the flow rate was 300 1L min . The initial
condition was 1% B, from 1 to 10 min, the proportion of B was increased linearly
to 100% then kept there for 1 min, and from 11 to 11.5 min, the column was
returned to its initial conditions (1% B). It was equilibrated for 3 min before
injection of the subsequent sample.

Derivatized ACC and JA were detected with an Agilent 6460 triple
quadrupole mass spectrometer equipped with a jet stream electrospray
source operating in positive ion mode. The jet stream gas temperature was
325°C with a gas flow of 6 L h™!, and a sheath gas temperature equal to
400°C and flow rate of 12 L h™'; nebulizer pressure was set to 25 p.s.i. The
ion spray voltage was set at 4 kV, and nozzle voltage was set to 0 V. For the
multiple-reaction monitoring (MRM) experiment, fragmentation condi-
tions for each ACC and JA derivative were optimized using MassHunter
MS Optimizer software (Agilent Technologies). The optimized fragmen-
tation voltages were 135 V for ACC-Acq and *H,-ACC-Acq, and 90 V for
JA-choline and ?H,-JA-choline. The collision energies were 20 V for ACC
derivatives and 10 V for JA derivatives. The following MRM transitions
were recorded: ACC-Acq and *H,-ACC-Acq 272—171 and 276171, re-
spectively; JA-choline and “H-JA-choline 209—59 and 215-59, respec-
tively. Samples were analyzed in MRM Mode with a dwell time of 200 ms.
Nitrogen was used as collision gas. The LC-MS/MS analysis was controlled
by the MassHunter software package, v 4.00, and data processing was
carried out using an in-house script.

Accession Numbers
Sequence data for PtxtPMEI1 can be found in GenBank under accession
number AJ2775.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Quantification of relative levels of PtxtPME1
transcripts.

Supplemental Table S1. Methyl-jasmonic acid induces tyloses in intact
wild-type aspen plants grown in sterile culture.
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Supplemental Figure S1. Quantification of relative levels of PtxtPME1
transcripts, in relation to the internal calibrator 185 rRNA and to the
wild type, in two independent up-regulated lines (PME+) and two in-
dependent down-regulated lines (PME—).

Supplemental Table S1. Methyljasmonic acid induces tyloses in intact
wild-type aspen plants grown in sterile culture.
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