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Christian Godon, Harinderbir Kaur, Jean-Marie Teulon,
Shu-wen W. Chen, Thierry Desnos, Jean-Luc Pellequer

6.11 Stiffening of the Plant Root Cell Wall
Induced by a Metallic Stress

6.11.1 Introduction

Phosphate (Pi) is one of the main nutrients for plant growth, and Pi starvation has
many physiological and developmental effects on crops. One of these responses is
the inhibition of the primary root growth, correlated with a rapid decrease of cell
elongation. We demonstrated that this inhibition occurs soon after the root-tip en-
counters substratum acidity, containing iron and low phosphate (–Pi). This condi-
tion is called low-Pi stress.

Genetic analysis in Arabidopsis unveiled several proteins whose mutation de-
crease or increase the root growth sensitivity to the low-Pi stress. These proteins be-
long to a putative functional pathway with two converging branches. In one branch of
this pathway, the transcription factor STOP1 (SENSITIVE TO PROTON TOXICITY 1)
directly activates the expression of ALMT1 (ALUMINUM-ACTIVATED MALATE
TRANSPORTER 1), coding a malate transporter of the plasma membrane. In seed-
lings exposed to a low external pH, Fe (as well as Al3+) triggers the accumulation
of STOP1 in the nucleus. RAE1 (RIBONUCLEIC ACID EXPORT protein 1), an E3 ubiqui-
tin ligase, negatively regulates the stability of STOP1 in the nucleus. Thus, under iron
deficiency, RAE1 promotes the degradation of STOP1, which can be prevented by the
treatment with the proteasomal inhibitor, MG132. In the other branch of the pathway,
LPR1 (LOW PHOSPHATE ROOT 1) that codes for a cell wall located ferroxidase.
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Wild-type (WT, Coler105 1) seedlings exposed to a low external pH, Fe (as well as
Al3+) triggers the diminution of root elongation, while for the mutants stop1 and
almt1, the roots continue to grow. The current model postulates that exuded malate
interacts with the apoplastic Fe. The mechanism inhibiting the cell elongation and cell
wall modification is a matter of debate.

The primary cell wall (CW) is a 0.1–1 µm thick network of interconnected cellu-
lose microfibrils and a matrix composed of hemicelluloses, pectins, and structural
proteins (see Chapter 4.4). Located in between the two cell walls, the middle la-
mella primarily contains pectins. Cellulose microfibrils are made of highly crystal-
line domains (3–8 nm in diameter and several µm in length) linked together by
amorphous regions with an interfibril spacing of 20–40 nm; they are very stable
with negligible turnover (Cosgrove, 1997). Hemicelluloses, soluble only in strong al-
kali solutions, form a resilient and robust network with cellulose whereas pectins,
soluble in hot aqueous buffer or diluted acids or with calcium chelators, form hy-
drated gels that push microfibrils apart, participate in wall thickness and wall po-
rosity, and act as an adhesive layer between cells that are together in the middle
lamella (Cosgrove, 2005). The major role of primary CW is to resist plant tensile
stress while allowing a plant cell turgor-driven elongation. The cell wall is strong
enough to support the cell turgor pressure (~1 MPa), which imposes a wall stress of
about 10–100 MPa (Cosgrove, 1997).

The thickness, rigidity, and viscoelastic behavior of the cell wall determine the
size, shape, morphology, and growth of a plant (Forouzesh et al., 2013). Studying
plant biomechanics and mechanobiology extends our understanding of biological
acclimation and adaptation of plants to changing physical environment (Moulia,
2013). Although biomechanical studies have been numerous for aerial parts of
plants, there is much less study on roots due to the complexity of soils and the prac-
tical difficulties in visualizing roots in soils (Moulia, 2013).

One of the factors contributing to the complexity of the plant cell wall is the non-
uniform spatial distribution of mechanical properties such as the elastic modulus
(Yakubov et al., 2016). Several biophysical techniques have been used to study micro
and nanomechanics on plant CW (Burgert and Keplinger, 2013) and several reviews
on mechanical principles in plant growth, such as cell extension, growing CW, and
CW architecture, can be found here (Cosgrove, 1997, Schopfer, 2006). Plant cell elon-
gation theories are more than 100 years old, with a major account found in 1940
(Heyn, 1940), where it was emphasized that CW must be considered more as a living
organ than a dead structure. To study the plant CW, the cellular force microscopy has
been developed for large probes and high forces (up to mN), and revealed that

 Col is the accession name that stands for Columbia (the city where this Arabidopsis thaliana
strain has been found). er, stands for erecta, a mutation in the ERECTA gene. 105 is the allele (i.e., a
specific mutation) number 105. See Torii et al. (1996).
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stiffness experiments provide a convoluted property of CW elasticity, turgor pressure,
indenter geometry, and history in indentation stress (Routier-Kierzkowska et al.,
2012). By using the conventional atomic force microscopy (AFM) with a nanosized tip
(~10 nm in radius), it is possible to perform nanoindentation experiments, with forces
ranging from 0.1 to 100 nN and with a cantilever of <3 N/m spring constant. It is com-
monly assumed that with standard AFM, nanomechanical experiments probe only
the CW, with an average indentation below 500 nm. It is also commonly accepted
that an indentation depth of <5% of the size of the investigated object is a reasonable
depth target for AFM experiments on plants (Braybrook, 2015).

Most of mechanical properties of plant cell wall studies by AFM have been ob-
tained on isolated cells (Zhao et al., 2005, Peaucelle et al., 2012, Zdunek and Kur-
enda, 2013, Yakubov et al., 2016) or on sectioned plant materials (Arnould et al.,
2017, Torode et al., 2018, Kozlova et al., 2019). Only a few nanomaterial studies in
plant tissues have been performed (Milani et al., 2011, Peaucelle et al., 2011, Milani
et al., 2014, Balzergue et al., 2017). It has been proposed that strain-stiffening limits
growth and restricts organ bulging (Kierzkowski et al., 2012), but it has also been
recently found that plant roots can become stiffer as early as 30 min after exposition
to iron stress (Balzergue et al., 2017, Godon et al., 2019).

To understand how the –Pi condition could rapidly inhibit root cell elongation,
we reasoned that the mechanical properties of the CW could be modified. We ex-
plored the use of nanomechanical experiments with an AFM instrument to analyze
the effect of the –Pi stress on the Arabidopsis root tip. We focused the probed region
on the root epidermis cells located in the transition zone. In this region, cells have
ceased their divisions and are ready to elongate rapidly. Results showed that a CW
stiffening occurs around 30 min after the onset of the –Pi stress. This stiffening
does not arise in the almt1, stop1, and lpr1mutants, and the WT grown on a medium
with no added Fe. Using pharmacological drugs, we could show that peroxidases
(probably the class III peroxidases that are abundant in the CW) are essential for
this stiffening; they probably catalyze some covalent cross-links between macromo-
lecular components of the cell wall. This is the first study showing plant CW stiffen-
ing, induced by stress. Most of the nanomechanical results with plant grown in –Pi
condition have been published previously (Balzergue et al., 2017).

6.11.2 Elasticity Measurements in the Elongation
Zone of Living Plant Roots

All the related materials and methods are located in Chapter 5.4. First, we asked
how low Pi (–Pi) inhibits cell elongation. In plants, one mechanism that could alter
cell expansion is the modification of the mechanical properties of their surrounding
cell wall. Cross-links between some polysaccharides or proteins can be at the origin
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of this alteration of cell expansion. Thus, our hypothesis was that the cross-links in
CW increase cell wall stiffness. To test the hypothesis that stiffness increases early
after the onset of low Pi, we used a nanoindentation probe to measure cell surfaces
stiffness on root plant seedlings. We measured the stiffness of the root surface in
the transition zone, which is located between the root apical meristem (RAM) and
the elongation zone (EZ) (Figure 6.11.1), where cells rapidly elongate when condi-
tions are permissive. This region is localized at about 500 µm from the root tip.

AFM measurements were performed on WT seedlings that grew on a +Pi medium
and transferred to a –Pi medium for up to 2 h. We discovered that cell wall stiffness
increased as early as 30 min after transfer to –Pi and continued to increase in later
time points (Figure 6.11.2). All the experimental details for these experiments could
be found in Chapter 5.4.

Three different mutants lpr1, stop1, and almt1, in which root cell expansion is
not restrained under –Pi and isolated in our laboratory (Balzergue et al., 2017),
were tested under –Pi condition (Figure 6.11.32).

Figure 6.11.1: Scheme depicting different cell types of the primary root tip. Figure adapted from
Balzergue et al. (2017).

 Coler105 is the wild-type seedling whereas lpr1,lpr2 is a double mutant in the lpr genes. Stop148

and almt132 are mutants in STOP1 and ALMT1 genes. All the mutants lpr, stop1, and almt1 are insen-
sitive to the reduction of phosphate concentration in the environment (or the increase of iron con-
centration in the environment).
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We observed that the higher cell wall stiffness, measured for the WT, was de-
creased for the four stop1, almt1, and lpr1,lpr2 mutants (Figure 6.11.4). For the first
time, using AFM/nanoindentation probe, our results reveal a negative reciprocal re-
lation between cell wall stiffness in the root transition zone and the final epidermal

Figure 6.11.2: WT (Coler105) seedlings were transferred to –Pi or +Pi medium for the indicated time,
prior to measuring by AFM the stiffness of the cell surface in the transition zone of the primary root
(See Methods, Chapter 5.4) (median +/– interquartile, Mann–Whitney’s test. **** P < 0.0001; ns,
not significant (P > 0.05)). –Pi indicates the absence of added Pi in the culture medium. Figure
adapted from Balzergue et al. (2017).

Figure 6.11.3: Seven-day-old seedlings of the indicated genotype were transferred to +Pi or –Pi
medium for 24 h before measuring the final length of root epidermal cells (median +/–
interquartile; Tukey’s whiskers; Mann–Whitney’s test: **** P < 0.0001; n, number of cells). Figure
adapted from Balzergue et al. (2017).

6.11 Stiffening of the Plant Root Cell Wall Induced by a Metallic Stress 337



cell length. This suggests that low Pi triggers cell wall stiffening of pre-elongated
cells to restrict their elongation.

Class III peroxidases are thought to inhibit cell expansion by catalyzing cross-links be-
tween some polysaccharides or proteins, thereby tightening the cell wall (Passardi
et al., 2004, Wolf et al., 2012). To test the hypothesis that –Pi induced peroxidase activ-
ity would cause cell wall stiffening at the root tips, we used a pharmacological ap-
proach to inhibit peroxidase activity. Salicylhydroxamic acid (SHAM), a peroxidase
inhibitors (Rich et al., 1978, Balazs et al., 1986), treatment restored the WT root growth
under –Pi condition and significantly increased the root epidermal cell length
(Figure 6.11.5A). Consistent with the cell wall elongation restoration, we discovered
that SHAM strongly decreased cell wall stiffness in –Pi (Figure 6.11.5B). These observa-
tions support the view that peroxidase activity catalyzes crosslinks in some cell wall
components, thereby reducing cell expansion by chemical modification in the cell wall.

Recently, we demonstrated that in growth conditions with limited Pi allowing
to distinguish the effect of Fe from the –Pi condition, Fe triggers the accumulation
of STOP1 in the nucleus and increases the expression of ALMT1 (Godon et al., 2019).
In our previous work (Balzergue et al., 2017), we showed that in –Pi condition with-
out Fe addition, root cell expansion is not restrained, and the root growth is compa-
rable to seedlings growing on +Pi (Figure 6.11.6). Cell wall stiffness was measured
in –Pi condition, with or without Fe addition, and results reveal a reciprocal rela-
tion between increased cell stiffness in the root transition zone and increased iron
quantity in the medium. This suggests that Fe triggers cell wall stiffening to restrict
cell elongation.

All the above experiments demonstrated that after the transfer of seedlings from
the condition for which the Fe had no effect on root cell elongation (+Pi + Fe or –Pi–
Fe) to a condition for which the Fe has an effect (–Pi + Fe), the cell stiffness increased
rapidly (Balzergue et al., 2017). To evaluate the operational impact of our protocol
(Azimzadeh et al., 1992, Godon et al., 2017, Teulon et al., 2019), it was decided to

Figure 6.11.4: Seedlings of the indicated genotype were transferred to +Pi or –i medium for 30 min
prior to measuring by AFM the stiffness of the cell surface in the transition zone of the primary root
(median +/– interquartile, Mann–Whitney’s test; **** P < 0.0001; ns, not significant (P > 0.05)).
Figure adapted from Balzergue et al. (2017).
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measure the stiffness on seedlings that have grown continuously in the (–Pi + Fe)
medium, and not after a transfer. WT seeds were sown on –Pi plates containing 0,
8, 10, or 12 µM Fe, and they were grown for 4 or 7 days. We observed that after
4 days on plates containing 10 or 12 µM Fe, the primary root growth was strongly
reduced, compared to lower concentrations of Fe, whereas the seedlings on 8 µM Fe
were as long as those on the control plate without Fe (Figure 6.11.7A). Interestingly,

Figure 6.11.6: WT (Coler105) seedlings were transferred to –Pi or –Pi + Fe (10 µM FeCl2) medium for
30 min prior to measuring by AFM the stiffness of the cell surface in the transition zone of the
primary root (median +/– interquartile, Mann–Whitney’s test. **** P < 0.0001; ns, not significant (P
> 0.05)). The experiment was performed twice with consistent results, and one representative
experiment is shown. Fe10 means the presence of 10 µM FeCl2. –Pi indicates the absence of added
Pi to the culture medium. Figure adapted from Balzergue et al. (2017).

A B

Figure 6.11.5: Effect of SHAM on root epidermal cell length. (A) Three-day-old WT seedlings were
transferred for 7 days to + Pi or –Pi medium with or without 15 µM SHAM prior measuring the root
epidermal cell length. (B) Three-day-old WT seedlings were transferred for 30 min to +Pi or –Pi
medium with or without 15 µM SHAM prior to measuring by AFM the stiffness of the cell surface in
the transition zone of the primary root (median +/– interquartile; Tukey’s whiskers, Mann–Whitney’s
test: **** P < 0.0001, n= number of cells). Figure adapted from Balzergue et al. (2017).
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all the seedlings grown for 4 days with Fe showed the same increased stiffness,
compared to the control 0 Fe (Figure 6.11.7B). By letting seedlings grow for 3 more
days (7-day-old) we observe that those under 8 µM Fe condition are shorter than the
control 0 Fe, although not as short as those on 10 and 12 µM Fe. This shows that a
Fe-triggered stiffening of root cell surface occurs even without an immediate reduced
growth. These observations suggest that either the stiffening of internal cell walls
(not accessible with our AFM setup) is lower at 8 µM Fe than at 10 and 12 µM,
thus allowing the root to grow longer, or the stiffening is necessary to prevent
root growth and there is another Fe-dependent reaction inhibiting the growth.

In conclusion, a similar stiffening of plant roots has been observed, whether plants
were growing on iron-free medium (then transferred to Fe-rich medium before nano-
mechanical measurements) or on iron-containing medium until nanomechanical
measurements. The impact of nanomechanical measurements (implying a probing

Figure 6.11.7: (A) WT seeds were sown on –Pi agar medium containing 0, 8, 10, or 12 µM Fe, and
grown for four or seven days before taking the picture. (B) Stiffness of the root transition zone
surface from seedlings grown 4 days in conditions as in (A). The minimum and maximum scale of
red bar shows the interquartile region showing 50% of the data, whereas the middle red line
signifies the median. Y-axis shows the stiffness (kPa) and X-axis shows the different iron
concentrations. Sixty-one points are scattered outside the visible Y-scale.
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at the nm scale) with AFM is demonstrated by the ability to detect very early events
in plant root physiology, even before an observable phenotype. However, plants
growing continuously in the presence of iron show a relatively small growth in time,
whereas plants grown in the absence of Fe in agar and then transferred to a Fe-rich
agar show a strong growth arrest (data not shown). This indicates that plants behave
differently when they are sown under a stress condition, and they tend to counteract
and develop their own signaling pathway to overcome the stress.

References

Arnould, O., D. Siniscalco, A. Bourmaud, A. Le Duigou and C. Baley (2017). “Better insight into the
nano-mechanical properties of flax fibre cell walls.” Industrial Crops and Products 97:
224–228.

Azimzadeh, A., J. L. Pellequer and M. H. V. Van Regenmortel (1992). “Operational aspects of
antibody affinity constants measured by liquid-phase and solid-phase assays.” Journal of
Molecular Recognition 5: 9–18.

Balazs, C., E. Kiss, A. Leövey and N. R. Farid (1986). “The immunosuppressive effect of
methimazole on cell-mediated immunity is mediated by its capacity to inhibit peroxidase and
to scavenge free oxygen radicals.” Clinical Endocrinology 25: 7–16.

Balzergue, C., T. Dartevelle, C. Godon, E. Laugier, C. Meisrimler, J.-M. Teulon, A. Creff, M. Bissler,
C. Brouchoud, A. Hagège, J. Müller, S. Chiarenza, H. Javot, N. Becuwe-Linka, P. David, B. Péret,
E. Delannoy, M.-C. Thibaud, J. Armengaud, S. Abel, J.-L. Pellequer, L. Nussaume and T. Desnos
(2017). “Low phosphate activates STOP1-ALMT1 to rapidly inhibit root cell elongation.” Nature
Communications 8: 15300.

Braybrook, S. A. (2015). “Measuring the elasticity of plant cells with atomic force microscopy.”
Methods in Cell Biology 125: 237–254.

Burgert, I. and T. Keplinger (2013). “Plant micro- and nanomechanics: Experimental techniques for
plant cell-wall analysis.” Journal of Experimental Botany 64: 4635–4649.

Cosgrove, D. J. (1997). “Relaxation in a high-stress environment: The molecular bases of extensible
cell walls and cell enlargement.” The Plant Cell 9: 1031–1041.

Cosgrove, D. J. (2005). “Growth of the plant cell wall.” Nature Reviews. Molecular Cell Biology
6: 850–861.

Forouzesh, E., A. Goel, S. A. Mackenzie and J. A. Turner (2013). “In vivo extraction of Arabidopsis
cell turgor pressure using nanoindentation in conjunction with finite element modeling.”
The Plant Journal 73: 509–520.

Godon, C., C. Mercier, X. Wang, P. David, P. Richaud, L. Nussaume, D. Liu and T. Desnos (2019).
“Under phosphate starvation conditions, Fe and Al trigger accumulation of the transcription
factor STOP1 in the nucleus of Arabidopsis root cells.” The Plant Journal 99: 937–949.

Godon, C., J.-M. Teulon, M. Odorico, C. Basset, M. Meillan, L. Vellutini, S.-W. W. Chen and J.-L.
Pellequer (2017). “Conditions to minimize soft single biomolecule deformation when imaging
with atomic force microscopy.” Journal of Structural Biology 197: 322–329.

Heyn, A. N. J. (1940). “The physiology of cell elongation.” The Botanical Review 6: 515–574.
Kierzkowski, D., N. Nakayama, A. L. Routier-Kierzkowska, A. Weber, E. Bayer, M. Schorderet,

D. Reinhardt, C. Kuhlemeier and R. S. Smith (2012). “Elastic domains regulate growth and
organogenesis in the plant shoot apical meristem.” Science 335: 1096–1099.

6.11 Stiffening of the Plant Root Cell Wall Induced by a Metallic Stress 341



Kozlova, L., A. Petrova, B. Ananchenko and T. Gorshkova (2019). “Assessment of primary cell wall
nanomechanical properties in internal cells of non-fixed maize roots.” Plants 8: 172.

Milani, P., M. Gholamirad, J. Traas, A. Arneodo, A. Boudaoud, F. Argoul and O. Hamant (2011).
“In vivo analysis of local wall stiffness at the shoot apical meristem in Arabidopsis using
atomic force microscopy.” The Plant Journal 67: 1116–1123.

Milani, P., V. Mirabet, C. Cellier, F. Rozier, O. Hamant, P. Das and A. Boudaoud (2014). “Matching
patterns of gene expression to mechanical stiffness at cell resolution through quantitative
tandem epifluorescence and nanoindentation.” Plant Physiology 165: 1399–1408.

Moulia, B. (2013). “Plant biomechanics and mechanobiology are convergent paths to flourishing
interdisciplinary research.” Journal of Experimental Botany 64: 4617–4633.

Passardi, F., C. Penel and C. Dunand (2004). “Performing the paradoxical: How plant peroxidases
modify the cell wall.” Trends in Plant Science 9: 534–540.

Peaucelle, A., S. Braybrook and H. Hofte (2012). “Cell wall mechanics and growth control in plants:
The role of pectins revisited.” Frontiers in Plant Science 3: 121.

Peaucelle, A., S. A. Braybrook, L. Le Guillou, E. Bron, C. Kuhlemeier and H. Hofte (2011). “Pectin-
induced changes in cell wall mechanics underlie organ initiation in Arabidopsis.” Current
Biology 21: 1720–1726.

Rich, P. R., N. K. Wiegand, H. Blum, A. L. Moore and W. D. Bonner, Jr. (1978). “Studies on the
mechanism of inhibition of redox enzymes by substituted hydroxamic acids.” Biochimica et
biophysica acta 525: 325–337.

Routier-Kierzkowska, A. L., A. Weber, P. Kochova, D. Felekis, B. J. Nelson, C. Kuhlemeier and
R. S. Smith (2012). “Cellular force microscopy for in vivo measurements of plant tissue
mechanics.” Plant Physiology 158: 1514–1522.

Schopfer, P. (2006). “Biomechanics of plant growth.” American Journal of Botany 93: 1415–1425.
Teulon, J.-M., C. Godon, L. Chantalat, C. Moriscot, J. Cambedouzou, M. Odorico, J. Ravaux, R. Podor,

A. Gerdil, A. Habert, N. Herlin-Boime, S.-W. W. Chen and J.-L. Pellequer (2019). “On the
operational aspects of measuring nanoparticle sizes.” Nanomaterials 9: 18.

Torii, K. U., N. Mitsukawa, T. Oosumi, Y. Matsuura, R. Yokoyama, R. F. Whittier and Y. Komeda
(1996). “The Arabidopsis ERECTA gene encodes a putative receptor protein kinase with
extracellular leucine-rich repeats.” The Plant Cell 8: 735–746.

Torode, T. A., R. O’Neill, S. E. Marcus, V. Cornuault, S. Pose, R. P. Lauder,
S. K. Kracun, M. G. Rydahl, M. C. F. Andersen, W. G. T. Willats, S. A. Braybrook,
B. J. Townsend, M. H. Clausen and J. P. Knox (2018). “Branched pectic galactan in phloem-
sieve-element cell walls: Implications for cell mechanics.” Plant Physiology 176: 1547–1558.

Wolf, S., K. Hematy and H. Hofte (2012). “Growth control and cell wall signaling in plants.” Annual
Review of Plant Biology 63: 381–407.

Yakubov, G. E., M. R. Bonilla, H. Chen, M. S. Doblin, A. Bacic, M. J. Gidley and J. R. Stokes (2016).
“Mapping nano-scale mechanical heterogeneity of primary plant cell walls.” Journal of
Experimental Botany 67: 2799–2816.

Zdunek, A. and A. Kurenda (2013). “Determination of the elastic properties of tomato fruit cells
with an atomic force microscope.” Sensors 13: 12175–12191.

Zhao, L., D. Schaefer, H. Xu, S. J. Modi, W. R. LaCourse and M. R. Marten (2005). “Elastic properties
of the cell wall of Aspergillus nidulans studied with atomic force microscopy.” Biotechnology
Progress 21: 292–299.

342 Christian Godon et al.


