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The development of xylem tracheary
elements (TEs) – the hydro-mineral

sap conducting cells - has been an evolu-
tionary breakthrough to enable long dis-
tance nutrition and upright growth of
vascular land plants. To allow sap con-
duction, TEs form hollow laterally rein-
forced cylinders by combining
programmed cell death and secondary
cell wall formation. To ensure their
structural resistance for sap conduction,
TE cell walls are reinforced with the phe-
nolic polymer lignin, which is deposited
after TE cell death by the cooperative
supply of monomers and other substrates
from the surrounding living cells.

Xylem is the vascular tissue in land
plants which transports water and miner-
als from the roots to the leaves.1 To do so,
specialized cells named tracheary elements
(TEs) form conductive cellular structures
which assemble end-to-end and laterally
to establish a complex vascular network
throughout the plant body. To fulfill their
conductive role, TEs undergo 3 main
morphological modifications including (i)
programmed cell death (PCD) to empty
the cell content, (ii) lateral secondary cell
wall formation to strengthen the cell sides
and (iii) thinning/perforation of the cell
terminal end to provide access to the cell
lumen.2 Altogether these processes lead to
the formation of a hollow cell, terminally
perforated and with a reinforced lateral
cell wall.3 This lateral reinforcement cor-
responds to the deposition of a secondary
cell wall which is composed of cellulose
(40–50%), hemicellulose (25–30%) and
the phenolic polymer lignin (20–30%).
Addition of lignin to TE cell walls pro-
vides an increased mechanical resistance
(extra 25–75 MPa in tensile strength and
2.5–3.7 GPa in Young’s modulus) and
impermeability.4,5 The formation of

lignin results from the oxidative polymeri-
zation of at least 3 different 4-hydroxy-
phenylpropene monomers - p-coumaryl
alcohol, coniferyl alcohol and sinapyl alco-
hol - which form the 3 main lignin subu-
nits: H (hydroxyl), G (guaiacyl) and S
(syringyl), respectively.6 Oxidizing
enzymes, such as H2O2-dependent peroxi-
dases and O2-dependent laccases, generate
monomer radicals which directly polymer-
ize into lignin in the cell wall.6 Genetic or
pharmacological disturbances of TE for-
mation in plants result in dramatic defects
including collapsed TEs, reduced growth,
greater sensitivity to environmental stress
and pathogen infections.6 To study TE
formation without hindering plant devel-
opment, simplified cell culture systems
have been established such as the Zinnia
elegans TE differentiating cell cultures. In
this system, TE differentiation can be trig-
gered hormonally from freshly isolated
mesophyll cells: the differentiation is syn-
chronous, morphological changes progress
chronologically within 4 days, with 30–
40% of the cells being fully differentiated
into dead lignified TEs.7 The resulting in
vitro TEs present all the morphological,
genetic and biochemical characteristics
associated to TEs in whole plants,7,8 mak-
ing the Zinnia elegans system an ideal tool
to study TE formation.

Lignin deposition is controlled
spatio-temporally

Lignin is differentially distributed
between the different parts of the cell wall,
which can be easily visualized by UV-
autofluorescence coupled with confocal
microscopy (Fig. 1A). Arabidopsis thali-
ana hypocotyl cross-sections exhibit the
highest level of lignin autofluorescence in
the cell corners (CC) and the middle
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lamella (CML) of the primary cell walls of
the different xylem cell types (Fig. 1A and
C). The secondary cell walls (SCW) gen-
erally display less lignin autofluorescence,
and it seems that there is a stronger auto-
fluorescence in the SCWs of the vessels
than those of fibers (Fig. 1A and C). In
isolated TEs of the Zinnia elegans cell cul-
ture system, lignin autofluorescence is
restricted to the SCW and absent from
the primary cell wall that is visible
between the lateral SCW thickenings
(Fig. 1B). The differential localization
and abundance of lignin between the apo-
plast/primary cell wall and the SCW is
therefore dependent on the cell type and
suggests a tight spatial regulation of lignin
deposition in plants. One of the mecha-
nisms suggested to control the spatial

deposition of lignin in TE secondary
thickenings is the specific localization of
oxidizing enzymes. The H2O2-dependent
peroxidase ZPO-C (AB0239599) is co-reg-
ulated with SCW polysaccharide synthesis
genes and localized to TE secondary cell
walls.9 Similarly, O2-dependent laccases 4
and 17 are also specifically localized in the
secondary cell walls of Arabidopsis TEs.10

Lignification is therefore defined to spe-
cific areas of the cell wall at the time when
the polysaccharide SCWs are synthesized
but before deposition of the bulk lignin.
During TE formation in Zinnia cell cul-
tures, the timing of lignin formation is
regulated as its deposition has been shown
to occur after the deposition of the SCW
polysaccharides.11,12,13,14 Lignin synthesis
in Zinnia TE SCWs directly depends on

the proper synthesis of secondary polysac-
charides as pharmacological disturbance
of cellulose synthesis leads to dispersed
and lower lignification of TEs.15,16 In
contrast, treatments with inhibitors of lig-
nin synthesis do not affect the spatial orga-
nization of TE SCWs.13,17,18 Thus a
chronological sequence occurs during TE
SCW formation, starting with polysaccha-
ride synthesis and ending with lignin
deposition. This sequence of cell wall
polymer deposition is confirmed when
disassembling TE cell walls as degradation
of Zinnia TE secondary cellulose and
xylan is enhanced when first removing
lignin.19,20

TEs are lignified post-mortem

TE differentiation is completed by cell
death and secondary cell wall lignification.
In differentiating TE cell cultures, cell
death is triggered once xylan and cellulose
have been deposited in the secondary cell
wall.14,21,22 This process includes an influx
of calcium (Ca2+)23 and a change of the
tonoplast permeability,24 which leads to
the inflation of the vacuole23,24 and finally
bursting of the tonoplast and release of the
vacuolar hydrolytic contents (proteases
and nucleases) into the cytoplasm.3,23,25

Once cell death is accomplished, the grad-
ual autolysis of the protoplast remnants by
the released enzymes occurs rapidly; it
takes less than 10 minutes to completely
remove the nucleus and several hours for
the chloroplasts.21,25,26 Remarkably, ligni-
fication of TEs occurs mainly after cell
death17,27 and continues for several
hours.13,18,26 Accordingly, blocking cell
death in TE cell cultures by silver thiosul-
fate also blocks lignification,17 while inhib-
iting lignification with piperonylic acid
(PA) does not affect TE cell death.17 In
order to demonstrate that TE corpses are
able to fully lignify post-mortem, TEs were
inhibited to lignify using PA until all TEs
died. These TE corpses were then supplied
with 60 mM coniferyl alcohol (G-OH)
and/or sinapyl alcohol (S-OH). TE lignifi-
cation was estimated at the single cell level
using FT-IR microspectroscopy17 which
showed that dead TEs were able to lignify
only when supplied with external mono-
mers. Multivariate analysis confirmed that

Figure 1. Lignin distribution in xylem cell walls of Arabidopsis thaliana hypocotyls and in isolated
TEs.17 (A) UV confocal microscopy of transverse sections of the hypocotyl; lignification in the sec-
ondary xylem is visualized by artificial color 8-bits intensity scale (from 0 to 256). vSCW, vessel sec-
ondary cell wall; fSCW, fiber secondary cell wall; CML, compound middle lamella; CC, cell corner.
Bar D 30 mm. (B) UV confocal microscopy of a TE from differentiating cell cultures; lignification is
visualized by artificial color 8-bits intensity scale. SCW, secondary cell wall; PCW, primary cell wall.
Bar D 8 mm. (C) Quantification of the lignin UV autofluorescence intensity of hypocotyl transverse
sections of Arabidopsis thaliana ecotypes Columbia-0 (Col-0) and Landsberg erecta (Ler). Error bars
indicate § SD.
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the changes observed when adding external
lignin monomers to PA-treated dead TEs
were due to aromatic compounds built
into the cell wall, based on bands at
1505 cm¡1 and 1595 cm¡1 (aromatic
-CDC- vibrations, characteristic of lignin,
Fig. 2A and B).28 Hierarchical clustering
of average FT-IR spectra revealed that
dead PA-treated TEs achieved normal post-
mortem lignification when supplied with a
mixture of both lignin monomers
(Fig. 2C). Moreover, estimation of the
1505 cm¡1 and 1595 cm¡1 band area
(integrals) confirmed full post-mortem lig-
nification of dead PA-treated TEs
(Fig. 2D-E). To evaluate if post-mortem
TE lignification also occurs in intact
plants, FT-IR microspectroscopy was

performed on proto- and metaxylem TEs
at different internodes of 5-weeks old Zin-
nia plants and similarly confirmed an
increase in lignin with increasing age of the
TEs.17 TE post-mortem lignification was
also shown to occur in Arabidopsis root
TEs29 suggesting that TE post-mortem lig-
nification is a general event in angiosperms.
However, the mechanisms controlling the
triggering of lignin formation after TE cell
death are still unknown.

Lignification of TEs is non-cell
autonomous

TE post-mortem lignification implies
that the substrates necessary for lignin

formation (monomers and/or H2O2) are
either released in the extracellular medium
when TEs die and/or secreted by the sur-
rounding living parenchyma cells. In Zin-
nia TE differentiating cell cultures, about
30–40% of the cells become TEs and die
while the rest of the cells remain alive.7

Although these parenchyma cells do not
exhibit distinct morphological features,
they are differentiated cells which express
specific genes that are also expressed in
xylem parenchyma of whole plants.30

During TE differentiation in Zinnia cell
cultures, the gene expression of the lignin
monomer synthesis genes PAL (phenylala-
nine ammonia-lyase), C4H (cinnamate-4-
hydroxylase), CCR (cinnamoyl-CoA
reductase) and CAD (cinnamyl-alcohol

Figure 2. Post-mortem lignification of Zinnia elegans TEs. (A) Principle component analysis (PCA) of FT-IR spectra of differently treated TEs from Zinnia ele-
gans cell cultures. Samples include TEs without 50 mM piperonylic acid (PA) (white squares), TEs with 50 mM PA and 60 mM coniferyl alcohol (G-OH)
(gray), TEs with 50 mM PA (black). (B) Correlation scaled loadings of the first principal component, showing lignin characteristic bands (1505 cm¡1 and
1595 cm¡1), accumulating in PA untreated samples as well as in PA treated samples with G-OH compared to PA treated samples only. (C) Hierarchical
clustering of average FT-IR spectra of Zinnia non-TEs with or without 50 mM PA, TEs with 50 mM PA and 60 mM G-OH or sinapyl alcohol (S-OH), TEs with
or without 50 mM PA and TEs with PA and 60 mM G-OH and 60 mM S-OH. (D) Average peak area of the 1505 cm¡1 FT-IR band (aromatic –CDC– vibration
associated to G-type lignin in au, arbitrary units) of non-TE and TE samples mentioned in (C). (E) Average peak area of the 1595 cm¡1 FT-IR band (aro-
matic –CDC– vibration associated to S-type lignin in au, arbitrary units) of non-TE and TE samples mentioned in (C). The asterisks indicate statistically sig-
nificant difference from TEs treated with PA by t-test with Welch correction (*P < 0.05, **P< 0.01, and ***P< 0.001). Error bars indicate § SD.
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dehydrogenase) continues long after the
TEs have committed cell death.12,17,31,32

Similarly, the enzymatic activities of C4H
and CAD can also be detected several days
after TEs have died.31,32 The extended
gene expression and protein activity
beyond the TE lifespan suggests that the
remaining parenchyma cells are involved
in the non-cell autonomous supply of lig-
nin monomers. Although no significant
increase of intra- and extracellular total
phenolics is visible during TE formation
in Zinnia cell cultures,12,18 the extracellu-
lar medium accumulates in TE differenti-
ating conditions known lignin monomers
such as coniferyl and sinapyl alcohols
beyond the TE lifespan.13,17,18,27 The fact
that dead, non-lignified TEs were able to
lignify after washing away the lignin-bio-
synthesis inhibitor PA demonstrates that
the living parenchyma cells present enable
the post-mortem lignification of TEs by
directly exporting lignin monomers into
the extracellular medium.17 TE non-cell
autonomous lignification also concerns
the production of H2O2 (necessary for
peroxidase activity) which is produced by
both differentiated parenchyma cells in
Zinnia cell cultures and xylem paren-
chyma in Zinnia plants.33,34,35 Interest-
ingly, pharmacological inhibition of
H2O2 production in differentiated paren-
chyma cells effectively reduced post-mor-
tem lignification of TEs in cell cultures,
suggesting that the living parenchyma cells
provide other substrates, such as H2O2,
also for lignin polymerization.17

Genetic evidence for the TE non-cell
autonomous post-mortem lignification was
presented by the identification of Arabi-
dopsis genes that were specifically
expressed in xylem parenchyma and that
affected xylem lignification in a reverse
genetic analysis.17 These included the lig-
nin monomer biosynthesis gene C4H
(AT2G30490), the RADICAL-
INDUCED CELL DEATH 1 RCD1
(AT1G32230) and the transcription fac-
tor MYB13 (AT1G06180).17 Cell specific
expression was analyzed using the pro-
moter driven b-glucuronidase (GUS)
reporter system in 7-d old seedlings. C4H
was expressed along the entire root except
for the root apical meristem as well as in
the vascular system of the leaves (Fig. 3A).
RCD1 was highly expressed in the root

apical meristem and in the youngest leaf
primordia and to a lower extent in the
entire root and in the vasculature of the
leaves (Fig. 3B). MYB13 was expressed
in the hypocotyl, the shoot apical meri-
stem and to a lower extent in the vascu-
lature of the leaves and the root apical
meristem (Fig. 3C). GUS analysis in
stem and hypocotyl cross sections con-
firmed the expression of C4H, RCD1
and MYB13 in the xylem parenchyma
cells surrounding TEs (Fig. 3A-C).
Hypocotyl lignin analysis of the corre-
sponding loss-of-function mutants using

pyrolysis-GC/MS showed significant
changes in both lignin quantity and
composition. The c4h-3 and myb13
mutants exhibited a significant reduc-
tion in lignin,17 essentially due to a
decrease in lignin G units (Fig. 3D)
whereas the rcd1-1 mutant showed an
increase in lignin17 due to a higher
amount of G and H units while S units
were not affected (Fig. 3D). Taken
together, these analyses elucidate the
action of the monomer biosynthetic
machinery, including C4H, in coopera-
tive lignin biosynthesis and reveal novel

Figure 3. Xylem parenchyma expression of C4H, RCD1 and MYB13 and mutational impact on lignin
quantity and composition. Histochemical b-glucuronidase GUS reporter gene expression in 7d old
Arabidopsis thaliana seedlings (representative picture of n D 12 independent seedlings), stem sec-
tions (upper image) and hypocotyl sections (lower image) of C4H (A), RCD1 (B) and MYB13 (C); TE,
tracheary element; arrows indicate expression in xylem parenchyma; bars (seedling) D 200 mm;
bars (stem/hypocotyl)D 50 mm. (D) Pyrolysis-GC/MS analysis of 2-month old Arabidopsis hypocotyls
of Columbia-0 (Col-0) and Landsberg erecta (Ler) wild-type plants and c4h-3, myb13, rcd1-1 and rcd1-
2 mutant plants (n D 3 replicated experiments). All mutants are in Col-0 background except for
myb13, which is in Ler background. Pyrolysis-GC/MS profiles of the different mutants and wild-type
controls (Col-0 and Ler) were compared using heat-map hierarchical clusterization of 54 cell wall-
related pyrolysis product peaks according to.36 Heatmap color scale indicates fold changes in spe-
cific peak accumulation compared to wild-type (WT).
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proteins, such as RCD1 and MYB13, in
this process as well.

Conclusion

The differential distribution of lignin
in the cell wall and the apoplast of specific
cell types is a tightly controlled process.
Among the lignifying cells in plants, TEs
undergo post-mortem secondary cell wall
lignification enabled by a non-cell autono-
mous supply of lignin monomers and
H2O2, provided by the surrounding living
parenchyma cells. The quantity and com-
position of lignin in TEs depend on a
tight coordination and cooperation
between TEs and the surrounding paren-
chyma cells, perhaps to enable optimal sap
conduction as the plant grows.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were
disclosed.

Acknowledgments

We thank Junko Takahashi-Schmidt
and the plant cell wall and carbohydrate
analytical facility at UPSC, supported by
Bio4Energy and TC4F project, for the
pyrolysis-GC/MS analysis.

Funding

This research was supported by a Veten-
skapsra

�
det (VR) research grant 2010-4620

(to E.P.) and the Gunnar €Oquist Fellow-
ship from the Kempe Foundation (to E.P.).

References

1. Esau K. Anatomy of seed plants, 2nd Edition. John
Wiley & Sons, New York, 1977; ISBN 0-471-24520-8.

2. Pesquet E, Lloyd C. Microtubules, MAPs and xylem
formation. In The Plant Cytoskeleton, B. Liu, ed (New
York: Springer) 2011; pp. 277-306.

3. Fukuda H. Programmed cell death of tracheary ele-
ments as a paradigm in plants. Plant Mol Biol 2000;
44: 245-53; PMID:11199386; http://dx.doi.org/
10.1023/A:1026532223173

4. Turner S, Gallois P, Brown D. Tracheary element dif-
ferentiation. Ann Rev Plant Biol 2007; 58: 407-33;
PMID:17472568; http://dx.doi.org/10.1146/annurev.
arplant.57.032905.105236

5. Gibson LJ. The hierarchical structure and mechanics of
plant materials. J Royal Soc Interface 2012; 9: 2749-66;
http://dx.doi.org/10.1098/rsif.2012.0341

6. Boerjan W, Ralph J, Baucher M. Lignin biosynthesis.
Ann Rev Plant Biol 2003; 54: 519-46;
PMID:14503002; http://dx.doi.org/10.1146/annurev.
arplant.54.031902.134938

7. Fukuda H, Komamine A. Direct evidence for cytodif-
ferentiation to tracheary elements without intervening
mitosis in a culture of single cells isolated from the

mesophyll of Zinnia elegans. Plant Physiol 1980; 65:
61-64; PMID:16661144; http://dx.doi.org/10.1104/
pp.65.1.61

8. Pesquet E, Jauneau A, Digonnet C, Boudet AM,
Pichon M, Goffner D. Zinnia elegans: the missing link
from in vitro tracheary elements to xylem. Physiologia
Plantarum 2003; 119: 463-8; http://dx.doi.org/
10.1046/j.1399-3054.2003.00226.x

9. Sato Y, Demura T, Yamawaki K, Inoue Y, Sato S,
Sugiyama M, Fukuda H. Isolation and characterization
of a novel peroxidase gene ZPO-C whose expression
and function are closely associated with lignification
during tracheary element differentiation. Plant Cell
Physiol 2006; 47: 493-503; PMID:16446311; http://
dx.doi.org/10.1093/pcp/pcj016

10. Schuetz M, Benske A, Smith RA, Watanabe Y, Tobi-
matsu Y, Ralph J, Demura T, Ellis B, Samuels AL. Lac-
cases direct lignification in the discrete secondary cell
wall domains of protoxylem. Plant Physiol 2014; 166:
798-807; PMID:25157028; http://dx.doi.org/10.1104/
pp.114.245597

11. Ingold E, Sugiyama M, Komamine A. L-a-Aminooxy-
b-phenylpropionic acid inhibits lignification but not
the differentiation to tracheary elements of isolated
mesophyll cells of Zinnia elegans. Physiologia Planta-
rum 1990; 78: 67-74; http://dx.doi.org/10.1111/
j.1399-3054.1990.tb08716.x

12. Fukuda H, Komamine A. Lignin synthesis and its
related enzymes as markers of tracheary element dif-
ferentiation in single cells isolated from the meso-
phyll of Zinnia elegans. Planta 1982; 155: 423-30;
PMID:24271974; http://dx.doi.org/10.1007/
BF00394471

13. Hosokawa M, Suzuki S, Umezawa T, Sato Y. Progress
of lignification mediated by intercellular transportation
of monolignols during tracheary element differentiation
of isolated Zinnia mesophyll cells. Plant Cell Physiol
2001; 42: 959-68; PMID:11577190; http://dx.doi.org/
10.1093/pcp/pce124

14. Pesquet E, Tuominen H. Ethylene stimulates tracheary
element differentiation in Zinnia elegans cell cultures.
New Phytol 2011; 190: 138-49; PMID:21219334;
http://dx.doi.org/10.1111/j.1469-8137.2010.03600.x

15. Suzuki K, Ingold E, Sugiyama M, Fukuda H, Kom-
amine A. Effects of 2,6-dichlorobenzonitrile on differ-
entiation to tracheary elements of isolated mesophyll
cells of Zinnia elegans and formation of secondary cell
walls. Physiologia Plantarum 1992; 86: 43-48; http://
dx.doi.org/10.1111/j.1399-3054.1992.tb01309.x

16. Taylor JG, Owen TP, Koonce LT, Haigler CH. Dis-
persed lignin in tracheary elements treated with cellu-
lose synthesis inhibitors provides evidence that
molecules of the secondary cell wall mediate wall pat-
terning. Plant J 1992; 2: 959-70; http://dx.doi.org/
10.1111/j.1365-313X.1992.00959.x

17. Pesquet E, Zhang B, Gorzs�as A, Puhakainen T, Serk H,
Escamez S, Barbier O, Gerber L, Courtois-Moreau C,
Alatalo E, et al. Non-cell-autonomous postmortem lig-
nification of tracheary elements in Zinnia elegans. Plant
Cell 2013; 25: 1314-28; PMID:23572543; http://dx.
doi.org/10.1105/tpc.113.110593

18. Ito Y, Tokunaga N, Sato Y, Fukuda H. Transfer of
phenylpropanoids via the medium between xylem
cells in Zinnia xylogenic culture. Plant Biotechnol
2004; 21: 205-13; http://dx.doi.org/10.5511/
plantbiotechnology.21.205

19. Lacayo CI, Malkin AJ, Holman HYN, Chen L, Ding
SY, Hwang MS, Thelen MP. Imaging cell wall architec-
ture in single Zinnia elegans tracheary elements. Plant
Physiol 2010; 154: 121-33; PMID:20592039; http://
dx.doi.org/10.1104/pp.110.155242

20. Lacayo CI, Hwang MS, Ding SY, Thelen MP. Lignin
depletion enhances the digestibility of cellulose in cul-
tured xylem cells. PLoS One 2013; 8: e68266;
PMID:23874568; http://dx.doi.org/10.1371/journal.
pone.0068266

21. Obara K, Kuriyama H, Fukuda H. Direct evidence of
active and rapid nuclear degradation triggered by vacuole

rupture during programmed cell death in Zinnia. Plant
Physiology 2001; 125: 615-26; PMID:11161019;
http://dx.doi.org/10.1104/pp.125.2.615

22. Pesquet E, Korolev AV, Calder G, Lloyd CW. Mecha-
nisms for shaping, orienting, positioning and patterning
plant secondary cell walls. Plant Signal Behav 2011; 6:
843-49; PMID:21558816; http://dx.doi.org/10.4161/
psb.6.6.15202

23. Groover A, DeWitt N, Heidel A, Jones A. Programmed
cell death of plant tracheary elements differentiating in
vitro. Protoplasma 1997; 196: 197-211; http://dx.doi.
org/10.1007/BF01279568

24. Kuriyama H. Loss of tonoplast integrity programmed
in tracheary element differentiation. Plant Physiol
1999; 121: 763-74; PMID:10557224; http://dx.doi.
org/10.1104/pp.121.3.763

25. Ito J, Fukuda H. ZEN1 is a key enzyme in the deg-
radation of nuclear DNA during programmed cell
death of tracheary elements. Plant Cell 2002; 14:
3201-11; PMID:12468737; http://dx.doi.org/
10.1105/tpc.006411

26. Pesquet E, Korolev AV, Calder G, Lloyd CW. The
microtubule-associated protein AtMAP70-5 regulates
secondary wall patterning in Arabidopsis wood cells.
Current Biol 2010; 20: 744-9; PMID:20399097;
http://dx.doi.org/10.1016/j.cub.2010.02.057

27. Tokunaga N, Sakakibara N, Umezawa T, Ito Y,
Fukuda H, Sato Y. Involvement of extracellular dili-
gnols in lignifications during tracheary element differ-
entiation of isolated Zinnia mesophyll cells. Plant Cell
Physiol 2005; 46: 224-32; PMID:15659440; http://dx.
doi.org/10.1093/pcp/pci017

28. Faix O. Classifcation of lignins from different botanical
origins by FT-IR spectroscopy. Holzforschung 1991;
45: 21-27; http://dx.doi.org/10.1515/hfsg.1991.45.s1.21

29. Smith RA, Schuetz M, Roach M, Mansfield SD, Ellis
B, Samuels L. Neighboring parenchyma cells contribute
to Arabidopsis xylem lignification, while lignification of
interfascicular fibers is cell autonomous. Plant Cell
2013; 25: 3988-99; PMID:24096341; http://dx.doi.
org/10.1105/tpc.113.117176

30. Pesquet E, Ranocha P, Legay S, Digonnet C, Barb-
ier O, Pichon M, Goffner D. Novel markers of
xylogenesis in Zinnia are differentially regulated by
auxin and cytokinin. Plant Physiol 2005; 139:
1821-39; PMID:16306148; http://dx.doi.org/
10.1104/pp.105.064337

31. Ye ZH. Expression pattern of the cinnamic acid 4-
hydroxylase gene during lignifications in Zinnia elegans.
Plant Sci 1996; 121: 133-41; http://dx.doi.org/
10.1016/S0168-9452(96)04515-3

32. Sato Y, Watanabe T, Komamine A, Hibino T, Shibata
D, Sugiyama M, Fukuda H. Changes in the activity
and mRNA of cinnamyl alcohol dehydrogenase during
tracheary element differentiation in Zinnia. Plant Phys-
iol 1997; 113: 425-30; PMID:9046592; http://dx.doi.
org/10.1104/pp.113.2.425

33. Ros Barcel�o A. Xylem parenchyma cells deliver the
H2O2 necessary for lignification in differentiating
xylem vessels. Planta 2005; 220: 747-56; http://dx.doi.
org/10.1007/s00425-004-1394-3

34. G�omez Ros LV, Paradiso A, Gabald�on C, Pedre~no MA,
De Gara L, Ros Barcel�o A. Two distinct cell sources of
H2O2 in the lignifying Zinnia elegans cell culture sys-
tem. Protoplasma 2006; 227: 175-83; http://dx.doi.
org/10.1007/s00709-005-0128-0

35. Karlsson M, Melzer M, Prokhorenko I, Johansson T,
Wingsle G. Hydrogen peroxide and expression of hipl-
superoxide dismutase are associated with the develop-
ment of secondary cell walls in Zinnia elegans. J Exp
Bot 2005; 56: 2085-2093; PMID:15955789; http://dx.
doi.org/10.1093/jxb/eri207

36. Pinto RC, Gerber L, Eliasson M, Sundberg B,
Trygg J. Strategy for minimizing between-study var-
iation of large-scale phenotypic experiments using
multivariate analysis. Anal Chem 2012; 84: 8675-
81; PMID:22978754; http://dx.doi.org/10.1021/
ac301869p

www.tandfonline.com e1003753-5Plant Signaling & Behavior

D
ow

nl
oa

de
d 

by
 [

U
m

eå
 U

ni
ve

rs
ity

 L
ib

ra
ry

] 
at

 2
3:

46
 0

6 
M

ay
 2

01
5 


