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Abstract
One irreversible consequence of acidic pH for roots is cell death. Growing evidence suggests the role of hormones and cell 
wall-related enzymes in response to acidic pH that could possibly avoid cell mortality. Here, we have investigated the role of 
ethylene and class III peroxidases (CIII Prxs) activity on sensitivity to further low pH treatment. Seedlings of Arabidopsis 
thaliana were pretreated with ethylene, at various concentrations for various times, and then exposed to low pH. In con-
trast to non-treated roots, roots pretreated with ethylene for 3 h became tolerant to subsequent low pH, with negligible cell 
mortality in meristematic (MZ), transition (TZ), and early elongation (EZ) zones. This effect of ethylene was time depend-
ent since it was achieved only when seedlings were pre-incubated with ethylene for at least 3 h. This tolerance induced by 
ethylene was not observed in the gain-of-function mutation etr1-1 (insensitive to ethylene 1–1). Besides, it was prevented 
by salicylhydroxamic acid (SHAM) which is an inhibitor of CIII Prxs activity. In late EZ, the decrease in cell expansion due 
to low pH was dependent on both ethylene signaling and a SHAM-sensitive process. The responses mediated by ethylene 
signaling might involve CIII Prxs-dependent cell wall modifications, leading to tolerance to low pH and arrest in cell expan-
sion during stress.
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Introduction

With acid rain, intensive agriculture, and pollution, soil acid-
ification increases and is disadvantageous for crops growth, 
mainly, due to the inhibition of root growth (Kochian 1995). 
Root growth inhibition can intensify drought stress and 
decrease food productivity. Investigation of the cellular fac-
tors or signaling processes involved in this low pH-induced 
root growth inhibition is important for agricultural improve-
ment and has been underrated so far. All studies cited below 
were performed in Arabidopsis thaliana unless otherwise 
specified.

One key event that causes this reduction in growth upon 
low pH, i.e., from 4.5 to 4.7, is the mortality of root tip cells 
as shown in A. thaliana and tomato plants (Koyama et al. 
2001; Kobayashi et al. 2013; Graças et al. 2016). Root hairs 
ongoing tip growth burst upon low pH treatment (Bibikova 
et al. 1998) is most likely because of excessive loosening 
of their cell walls. In root tip tissues, increase in calcium 
and boron in treatment solution greatly alleviates cell death 
in response to low pH, probably, due to their roles in the 
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stabilization of pectin components (Koyama et al. 2001; 
Kobayashi et al. 2013). In fact, cell death in low pH-stressed 
roots was directly correlated with low pH-induced cell wall 
disturbances (Graças 2018). A massive change in the expres-
sion of genes related to cell wall polysaccharide remodeling 
was reported in roots in response to low pH (Lager et al. 
2010). These results suggest that the cell wall plays a role in 
cellular sensitivity to low pH. Thus, to coordinate responses 
to avoid cell mortality, it is likely that plants can induce 
changes in the cell wall structure and composition supported 
by players such as hormones or cell wall-related enzymes/
proteins.

In tomato, the reduction in overall root growth due to low 
pH was also suggested to be an active mechanism to avoid 
cell mortality (Graças et al. 2016), but the signals and the 
proteins controlling this mechanism are still elusive. The 
overall root growth is controlled by cell division, duration of 
cell cycle, and increase in cell size (Baluska et al. 1996; Ver-
belen et al. 2006). Cell division occurs in the meristematic 
zone (MZ) (Baluska et al. 1996). Then, the recently divided 
cells enter in the transition zone (TZ), an active site for 
hormone crosstalk (Kong et al. 2018) and also for changes 
in the cell wall properties (Verbelen et al. 2006). Next, the 
cells undergo anisotropic growth in the elongation zone (EZ) 
(Baluska et al. 1996; Verbelen et al. 2006). The root growth 
can be modulated in EZ by coordinated arrest of cell elon-
gation (Le et al. 2001), in which ethylene plays a role (De 
Cnodder et al. 2005; Swarup et al. 2007). The activity of 
several cell wall-related enzymes is related to cell elonga-
tion in EZ (Somssich et al. 2016). Finally, when cells reach 
their final size, the epidermis cells start to differentiate and 
trichoblast cells form root hairs which undergo tip growth 
(Verbelen et al. 2006).

It was shown that tip-growing root hairs ceased growing 
when exogenous pH dropped below 5 (Bibikova et al. 1998). 
We speculate that this stop in root hair apical growth might 
result from a modification of the balance between cell wall 
loosening and stiffening (Passardi et al. 2004; Tsang et al. 
2011). The pH-dependent growth arrest could be controlled 
by Class III peroxidases (CIII Prxs). Indeed, in A. thaliana 
roots, the ethylene-dependent cessation of cell expansion is 
in part mediated by the expression of genes related to cell 
wall modifications such as CIII Prxs (Markakis et al. 2012). 
CIII Prxs are key players for the control of reactive oxygen 
species (ROS) homeostasis required for normal root growth 
(Tsukagoshi et al. 2010). They can induce cell wall loosen-
ing by producing ROS in a spatio-temporal manner. They 
are also able to promote cross-linking of cell wall polymers 
by oxidizing aromatic compounds, thus causing the stiffen-
ing of the wall (Passardi et al. 2005; Francoz et al. 2015). 
Low pH-stressed roots of A. thaliana showed differential 
regulation of eight AP2/EREBP (APETALA2/ETHYLENE-
RESPONSIVE ELEMENT BINDING PROTEIN) and 13 CIII 

Prxs genes (Lager et al. 2010). Hence, there might be a con-
nection between cell wall changes through CIII Prxs activity 
and ethylene signaling that could be relevant for the arrest in 
root growth and mortality of root cells due to low pH.

Our hypothesis is that ethylene signaling can modulate 
cellular responses, through the regulation of CIII Prxs 
expression and activity, which in turn could control the ROS 
homeostasis and modify the pattern of cell mortality due to 
low pH stress. To examine this, different approaches can be 
used such as exogenous ethylene application, inhibition of 
ethylene synthesis, and examination of mutants impaired in 
ethylene signaling. We used the A. thaliana etr1-1 (insensi-
tive to ethylene 1–1) mutant in order to check if the ethylene 
signaling is important in plant response to low pH stress as 
etr1-1 is a gain-of-function mutant which blocks ethylene 
signaling, making the plant ethylene-insensitive (Chang 
et al. 1993). We could show that ethylene promotes tolerance 
to low pH in A. thaliana root tissues. This tolerance was 
dependent on ethylene perception. Furthermore, downstream 
of ethylene perception, a salicylhydroxamic acid (SHAM)-
sensitive process, most likely CIII Prxs activity, was impor-
tant to promote tolerance to low pH and also decrease cell 
elongation in response to the stress.

Materials and Methods

Plant Material, Growth Conditions, pH Treatment, 
and Chemicals

Seeds of A. thaliana were disinfected in a commercial 
sodium hypochlorite solution (5%) for 10 min under stir-
ring and then washed five times with distilled water. The 
seeds were then transferred to Petri dishes containing a 
½ Hoagland’s solution adjusted to pH 5.8 and 0.8% agar. 
Macronutrients consisted of 6 mM KNO3, 4 mM Ca (NO3)2, 
2  mM NH4H2PO4, and 1  mM MgSO4. Micronutrients 
were composed of 14 μM ZnSO4, 20 μM H3BO3, 0.03 μM 
NiSO4, 20 μM MnSO4, 0.02 μM Na2MoO4, 0.02 μM CoCl2, 
0.02 μM CuSO4, and 30 μM FeSO4.

The growth temperature was constant at 22  °C, the 
day/night cycle was 16 h/8 h and the light intensity was 
approximately 120 μE m−2 s−1. We used seedlings of the 
ecotype Columbia-0 (Col-0) as wild type. In addition, we 
used the etr1-1 mutant (Germplasm stock: CS237, locus: 
AT1G66340, ABRC). We always grew wild type and the 
etr1-1 mutant seedlings on separate growth media.

The duration of the pH treatments was variable and is 
specified in the figure legends. For each experiment, at least 
10 five-day-old seedlings were carefully taken from the 
growth media and incubated in 250 mL Erlenmeyer with 
20 mL of treatment solution. The treatment solution was 
composed of CaCl2 (0.5 mM) and Homopipes buffer 0.6 mM 
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[homopiperazine-1,4-bis(2-ethanesulfonic acid)]. The final 
pH of the solution was adjusted by adding HCl. The solution 
was continuously aerated and kept at the same temperature 
as that used for growth.

All chemicals were purchased from Sigma-Aldrich 
(France or Brazil).

Evaluation of Cell Death in Root Tips

Seedlings treated at different pH were stained in a 0.25% 
(w/v) solution of Evans blue for 15 min (Baker and Mock 
1994). Then, they were washed three times for 5 min with 
distilled water. Following this, bright-field images were 
taken with an inverted microscope equipped with a CCD 
color camera (Leica, Mannheim, Germany). Then, 0.2 cm 
of the root tips were excised, kept in plastic tubes, and fro-
zen in liquid nitrogen prior to storage at – 20 °C for later 
quantification of Evans blue uptake. All the procedures were 
performed in glass Petri dishes to avoid damages or root 
dehydration.

For quantitative evaluation of Evans blue uptake, the 
method described by Baker and Mock (1994) was used with 
a few modifications. Indeed, 300 μL DMSO (dimethyl sul-
foxide) was added to the segments of frozen excised root tips 
for 1 h at 24 °C. Then, they were centrifuged at 8000×g for 
3 min, and the liquid was transferred to a fresh plastic tube 
and quantified with excitation and emission wavelengths at 
645 and 690 nm, respectively.

We also obtained qualitative and quantitative data of cell 
viability from the same roots. This was helpful in experi-
ments with a large number of treatments. For this purpose, 
the images showing Evans blue uptake were later analyzed 
using the ImageJ software (https​://image​j.nih.gov/ij/docs/
guide​/index​.html) to quantify the pixels corresponding to 
Evans blue staining. The contours of each root tip, reaching 
roughly 500 × 94 μm from the apex were drawn (see Fig. S1) 
and the pixels were counted in this region. The mean gray 
value of this region was calculated. From each value, the 
mean gray value of the background of the corresponding 
bright-field image was subtracted to eliminate the variation 
of light intensity between different images.

Ethylene and Aminoethoxyvinylglycine (AVG) 
Applications

For ethylene treatments, five-day-old seedlings were used 
as described above. We developed a system in square plas-
tic Petri dishes for ethylene application to seedlings on the 
solid growth medium described above. The details of this 
system are shown in Fig. S2. The seedlings were grown in 
these modified Petri dishes. For each experiment, different 
ethylene concentrations (C2H4) were obtained freshly by 
mixing with air. An appropriate volume of these mixes was 

applied into the Petri dishes to achieve the ethylene final 
concentrations. Ethylene concentrations at various stages 
of the treatment were checked by analyzing gas samples 
with gas chromatography, as described previously (Trapet 
et al. 2016).

We also used ethephon (2-chloroethylphosphonic 
acid) 1 µM to release ethylene in treatment solutions, 
in 250 mL Erlenmeyers for the experiments performed 
to measure Length of the first Epidermal cell with root 
Hair bulge (LEH), see details below. This was performed 
during treatment at pH 5.8 or 4.8. We confirmed that the 
etr1-1 mutant was ethylene-insensitive because ethephon 
1 μM had no effect on hypocotyl elongation as in the wild 
type as reported by Bleecker et al. (1988). The treatment 
with 1 µM ethephon gave an ethylene concentration of 
5 ± 2 ppm.

We examined the effects of inhibition of ethylene syn-
thesis by AVG during low pH treatment on the cell viabil-
ity of roots. Ten µM AVG were added to the treatment 
solution and then the final pH was adjusted to the appro-
priate level.

Evaluation of Total CIII Prxs Activity and Application 
of an Inhibitor

Guaiacol was used as a substrate to examine the total enzy-
matic activity of CIII Prxs in roots. Guaiacol (0.125% v/v) 
was diluted in 200 mM phosphate buffer (pH 6.1). Fresh 
H2O2 was added to the guaiacol solution to reach a final 
concentration of 1.65 mM and roots were incubated in the 
dark. After 5 min, the roots were washed with abundant 
water to stop the reaction and the brown tetra-guaiacol 
precipitate was immediately imaged in bright-field micros-
copy (Zeiss Axio Zoom.V16 stereomicroscope, Göttingen, 
Germany).

We applied the CIII Prxs activity inhibitor, SHAM, prior 
or during the low pH treatment. A stock solution of 250 mM 
SHAM was prepared in DMSO. The seedlings were trans-
ferred to the Hoagland growth medium as described at the 
beginning of the method paragraph, containing 0.50 mM 
SHAM and incubated for 3 h. For the simultaneous treat-
ment with SHAM and low pH, we added 0.25 mM of SHAM 
to the treatment solution, 0.5 mM CaCl2, and 0.6 mM 
Homopipes, and then adjusted it to pH 4.8.

The images of CIII Prxs activity were analyzed using the 
ImageJ software. The pixels from CIII Prxs activity were 
counted in area of roughly 316 × 93 µm which included TZ 
and EZ (see Fig. S3). This area was chosen because CIII 
Prxs activity in roots mostly concentrates in these zones 
above MZ. The difference between the bright-field back-
ground and the roots was calculated to eliminate the differ-
ences in light intensity between each image.

https://imagej.nih.gov/ij/docs/guide/index.html
https://imagej.nih.gov/ij/docs/guide/index.html
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Evaluation of the Length of the First Epidermal Cell 
with Root Hair Bulge (LEH)

We evaluated the LEH as described by Le et al. (2001) with 
some modifications. Changes in LEH size can be detected 
within minutes (Le et al. 2001) and thus it was not nec-
essary to perform treatments for a long time such as 3 h. 
After 1 h of low pH or ethylene treatment, roots were fixed 
in Karnovsky solution (2.5% glutaraldehyde, 2.0% para-
formaldehyde, 50 mM cacodylate buffer, and 1 mM CaCl2) 
(Román et al. 2004) overnight at 4 °C. Then, the cell walls 
were stained with calcofluor white (0.1% w/v) for 5 min 
and the cells with bulge were imaged by epi-fluorescence 
microscopy (Leica LM 6000B, Wetzlar, Germany, excitation 
340/40 bandwidth, emission 470/40 bandwidth). Details of 
LEH measurement are described in Fig. S4.

Statistical Analysis

The experimental design was completely randomized in all 
experiments. Each analysis was composed of at least 3 sepa-
rate experiments. Biological replicates were composed of 10 
plants each. The means were compared by analysis of vari-
ance (ANOVA) followed by Duncan’s test. The difference 
between two means was compared by Student’s t test at the 
5% significance level.

Results

Cell Death Pattern Due to Low pH and Its 
Modulation by an Ethylene Pretreatment

The pattern of cell death due to low pH was initially 
observed in our experimental conditions (Graças 2018). In 
the whole study, the pH 5.8 is considered as a control. The 
tissues were stained with Evans blue to detect dead cells as 
described by Baker and Mock (1994). The Evans is excluded 
from live cells and stains only cells with altered membrane 
integrity. As expected, the treatment with low pH for 2.5 h 
resulted in cell death confined to MZ, TZ, and early EZ as 
indicated by the blue color in roots (Fig. 1A).

Then, we examined whether ethylene could change the 
sensitivity of roots to low pH, that is 4.6. Ethylene concen-
trations ranging from 3 to 1500 ppm (actually 1479 ppm 
after gas chromatography measurement) were applied to 
wild-type seedlings placed in a device containing growth 
media as described in Fig. S2. In control roots without 
ethylene pretreatment, cell death was markedly observed 
(Fig. 1B). The application of 3 ppm ethylene for 3 h prior 
to low pH treatment only slightly alleviated cell death after 
subsequent treatment at pH 4.6 (Fig. 1B). However, increas-
ing ethylene concentration to 8, 131, or 1479 ppm resulted 

in a sharp decrease in cell mortality. Based on these results, 
we chose 8 ppm ethylene for further experiments since no 
additional reduction in cell death occurred at higher concen-
trations and we wanted to reduce the possible side-effects of 
the ethylene treatment.

We next determined the shortest duration of pretreat-
ment with 8 ppm ethylene, reducing death upon low pH. 
Pretreatment for 0.5 or 1 h only slightly decreased cell mor-
tality, compared to the control without ethylene pretreatment 

Fig. 1   Cell mortality in roots of A. thaliana (Col-0) due to low pH 
stress, modulated by a pretreatment with various ethylene concentra-
tions for 3 h. A The blue color is indicative of cell death due to Evans 
blue uptake. The red line delimits MZ and the black line TZ and early 
EZ. As a characteristic of late EZ, the arrows show expanding root 
hairs magnified in the side boxes. The magnification was doubled in 
the left and right side images. B Seedlings were first pretreated with 
ethylene ranging from 0 to 1479 ppm for 3 h and then subjected to 
pH 5.8 (upper panel) or 4.6 (bottom panel) treatment for 2.5 h. Scale 
bars: 200 µm. Each image is representative of at least 15 roots from 
the same treatment (Color figure online)
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(Fig. 2A, B). Pretreatment for 2 h increased tolerance a bit 
further, but cell mortality clearly decreased after 3 h of eth-
ylene pretreatment with only a few cells exhibiting death 
(Fig. 2A, B). The quantification of Evans blue staining 
showed some background level at pH 5.8 due to noise anal-
ysis by the ImageJ software (see “Materials and Methods” 
and Fig. S1), but these did not impede revealing significant 

differences due to the ethylene treatments at pH 4.6. Dun-
can’s tests were run within one pH range only, so no com-
parison between pH 5.8 and 4.6 was performed.

Thus, we chose 3  h of 8  ppm ethylene pretreatment 
to induce tolerance to low pH stress for the subsequent 
analyses.

Effects of Ethylene and SHAM Applications on Cell 
Mortality Upon Low pH

To examine whether the low pH tolerance triggered by eth-
ylene application was correlated with CIII Prxs activity, we 
treated the seedlings with ethylene alone or together with 
SHAM, a CIII Prx activity inhibitor (Marmion et al. 2004). 
So far, 38 isoforms of CIII Prxs have been identified in the 
roots of A. thaliana by cell wall proteomics (Nguyen-Kim 
et al. 2016). SHAM (0.50 mM) was added in the growth 
media and seedlings were placed onto the growth medium 
surface being in contact with SHAM and also with ethylene 
applied as a gas.

As observed previously, the treatment of wild-type 
seedlings with 8 ppm ethylene for 3 h restrained cell death 
observed at pH 4.6, in comparison to the control without 
ethylene (Fig. 3A, B). This strong stress at pH 4.6 was very 
important to evidence the ethylene-induced tolerance. Con-
versely, the seedlings placed in growth media with SHAM 
and treated with 8 ppm ethylene did not show tolerance to 
pH 4.6. The roots of seedlings placed in growth media with 
only SHAM for 3 h and then exposed to pH 4.6 displayed 
cell death similar to control roots in growth media without 
SHAM. The seedlings placed in growth media with only 
SHAM over 3 h and then treated at pH 5.8 showed no loss in 
root cell viability (Fig. 3A, B), which indicated that SHAM 
was not toxic when added in the growth media. The 8 ppm 
ethylene treatment alone increased CIII Prxs activity in root 
TZ and EZ compared to control without ethylene treatment, 
but the activity was decreased when the roots were placed in 
growth media with SHAM and ethylene (Fig. S3). For com-
parisons, in the roots of A. thaliana plantlets grown in vitro 
during 7 days in the presence of 50 mM SHAM, total CIII 
Prxs activity is reduced by about 40% (Dunand et al. 2007), 
whereas the elongation of maize roots was reduced by 25% 
or 50% after a 3-h treatment with 0.3 or 1.0 mM SHAM, 
respectively (Liszkay et al. 2004).

It is important to mention that we also tried to inhibit 
CIII Prxs activity with SHAM for a period longer than 1 h 
directly in the treatment solution instead of growth media 
prior to the low pH treatment as described above. However, 
after 3 h in treatment solution at pH 5.8, SHAM was toxic 
mainly to late EZ cells and root hairs (Fig. S5). Such a high 
sensitivity to SHAM was not observed previously in Sola-
num lycopersicum roots (Graças et al. 2016).

Fig. 2   Cell mortality in roots of A. thaliana (Col-0) upon low pH is 
modulated by a pretreatment with 8 ppm ethylene over different dura-
tions. The blue color is indicative of cell death due to Evans blue 
uptake. A The seedlings were first pretreated with 8 ppm ethylene (E) 
for 0, 0.5, 1, 2, or 3  h and then subjected to pH 5.8 (upper panel) 
or 4.6 (bottom panel) treatment without ethylene for 2.5 h. Scale bar: 
200  µm. Each image is representative of at least 15 roots from the 
same treatment. B Quantification of cell mortality by measuring the 
pixels of Evans blue staining in root tips. The bars are SD of 10 roots 
from two independent experiments. Letters indicate significant differ-
ences between different durations of ethylene incubation at the same 
pH by Duncan’s test (Color figure online)
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In summary, our results have shown that the low pH 
tolerance triggered by an ethylene pretreatment depends 
on the induction of CIII Prxs activity.

Effects of Ethylene Synthesis Inhibition and Effects 
of Insensitivity to Ethylene Perception on Cell 
Mortality Due to Mild Low pH Stress

The above results have shown that ethylene pretreatment 
allowed tolerance to low pH. It was necessary to further 
investigate whether the impairment of ethylene signaling or 
synthesis would make plants more sensitive to low pH. We 
inhibited ethylene synthesis with AVG (Even-Chen et al. 
1982) and we examined the consequences of the insensitiv-
ity to ethylene in the etr1-1 mutant.

The stress at pH 4.6 for 2.5 h was quite overwhelming 
for the wild-type seedlings, causing cell death in almost all 
MZ, TZ, and early EZ cells (Fig. 1A). This would have made 
difficult distinguishing between them and mutant seedlings 
showing enhanced sensitivity to low pH. Thus, we chose a 
milder stress. After preliminary experiments, we chose to 
apply a pH 4.8 solution for 3 h. Then, the etr1-1 mutant was 
more sensitive than wild type to this mild stress (Fig. 4A). 
The etr1-1 roots displayed twofold increase in cell mortal-
ity compared to wild type as shown by Evans blue uptake 
(Fig. 4B).

The wild-type roots treated with AVG and low pH 
showed a 66% increase in cell death compared to those 
without AVG. This compound inhibits aminocyclopropane-
1-carboxylic acid (ACC) synthesis, the immediate precursor 
of ethylene. It is noticeable that there was a slight increase 
in Evans blue uptake in roots at pH 5.8 treated with AVG 
compared to wild type or etr1-1 (Fig. 4B), though not being 
significant. This point deserves further study. In any case, 
these results cannot be interpreted as AVG toxicity because 
this compound has been used at similar µmolar concentra-
tions for decades on A. thaliana seedlings without showing 
any cell toxicity (Schaller and Binder 2017).

Together, our data indicate that blocking of ethylene bio-
synthesis with AVG increased cell death upon low pH in a 
similar manner to the insensitivity to ethylene signaling in 
the etr1-1 mutant.

Effects of Ethephon and SHAM Application on Root 
Cell Elongation Upon Low pH Treatment

The Length of the first Epidermal cell with root Hair bulge 
(LEH) is representative of cell elongation in roots and in 
normal conditions of cell division and cell cycle, and has 
been shown to be modified by ethylene (Le et al. 2001). 
However, unlike the overall root growth, any change in LEH 
can be easily detected within minutes (Le et al. 2001) We 
examined the effect of ethephon or SHAM on LEH upon 
low pH treatment and we measured LEH after 1 h of low pH 
treatment. We applied ethephon, a compound that releases 
ethylene when entering cells and we measured LEH.

Fig. 3   Effects of the SHAM CIII Prxs activity inhibitor on cell mor-
tality in roots of A. thaliana (Col-0) due to low pH stress, as mod-
ulated by a pretreatment with 8 ppm ethylene over 3 h. A The blue 
color is indicative of cell death due to Evans blue uptake. The seed-
lings were treated for 3 h with 8 ppm ethylene (+E), 8 ppm ethylene 
with 0.50 mM SHAM (+E  +S), or only SHAM (+S) and then sub-
jected to pH 5.8 (upper panel) or 4.6 (bottom panel) for 2.5 h without 
ethylene or SHAM. In the control, the seedlings were kept in growth 
medium and then were treated at pH 5.8 or 4.6. Scale bar: 200 µm. B 
Quantification of cell mortality by counting the pixels of Evans blue 
staining in root tips in an area extending 500 × 94 µm from the apex 
until early EZ. Letters indicate significant differences between dif-
ferent treatments at the same pH by Duncan’s test. Asterisk indicates 
significant differences between pH 5.8 and 4.6 from the same treat-
ment by t test (Color figure online)
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In wild-type roots, LEH decreased by 37% after 1 h of 
treatment at pH 4.8 compared to pH 5.8 (Fig. 5). The simul-
taneous treatment with SHAM and pH 5.8 had no effect on 
LEH. However, LEH decreased only by 8% when roots were 
treated at pH 4.8 with SHAM for 1 h (Fig. 5).

As expected, the application of 1 µM ethephon during 
treatment at pH 5.8 decreased LEH by about 45%. A simi-
lar decrease in LEH was also observed with the application 
of ethephon upon pH 4.8. The simultaneous application of 

ethephon and SHAM did not cause marked reduction in LEH 
at pH 5.8, but a decrease in LEH of 11% at pH 4.8 (Fig. 5).

Altogether, the remarkable decrease in LEH due to eth-
ephon application upon pH 5.8 or 4.8 was restrained by the 
simultaneous application of SHAM. Besides, the stop in 
LEH increase solely at pH 4.8 was dependent on a SHAM-
sensitive process.

Discussion

Signaling Through ETRs is Crucial for the Occurrence 
of Low pH‑Induced Cell Death

Low pH stress causes mortality of cells of root tip tissues 
within minutes following the exposure to stress (Koyama 
et al. 2001). Our hypothesis is that a counter-response, to 
prevent such a drastic and irreversible event, is mediated 
through hormones such as ethylene. Our results indicate 
that ethylene plays an antagonist role in the progression of 
cell death due to low pH in the root MZ, TZ, and early EZ 
(Fig. 1A). This is suggested by our observations: (i) an eth-
ylene pretreatment limited cell death due to low pH stress 
(Figs. 1, 2); (ii) the etr1-1 mutant which is insensitive to 
ethylene displayed increased cell mortality due low pH stress 
compared to wild-type roots (Fig. 4); (iii) inhibiting ethyl-
ene biosynthesis with AVG in wild-type roots increased cell 
mortality due to low pH stress (Fig. 4).

The cell death reported here is due to a strong pH effect. 
Indeed, a 2.5 h treatment at pH 4.6 affected most cells in the 

Fig. 4   Effects of ethylene insensitivity (etr1-1) and ethylene biosyn-
thesis inhibitor (AVG) on cell mortality in roots upon low pH stress. 
A The blue color is indicative of cell death due to Evans blue uptake. 
AVG (10 µM) was added in treatment solution. Scale bar: 200 µm. B 
Quantification of cell mortality by measuring the pixels of Evans blue 
staining in root tips. Bars are standard errors of 3 independent experi-
ments. Letters indicate significant differences between treatments by 
Duncan’s test (Color figure online)

Fig. 5   Length of first Epidermal cell with root Hair bulge (LEH) 
upon low pH treatment for 1 h modulated by the application of ethe-
phon and/or SHAM. Ethephon (+E) (1 µM) or 0.25 mM SHAM (+S) 
was added directly in the treatment solution. Bars are standard errors 
of 3 independent experiments. Letters indicate significant differences 
between different treatments at the same pH by Duncan’s test. The 
asterisk indicates a significant difference between pH 5.8 and 4.8 for 
the same ethylene or SHAM treatment by t test
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root tip (Fig. 1A). This result is consistent with the observed 
cell death in A. thaliana root tips upon 2 h of low pH expo-
sure as reported by Koyama et al. (2001). However, the 
strength of this stress allowed to clearly show the protection 
generated by an ethylene treatment. A mild low pH stress 
(pH 4.8) showed that the etr1-1 roots were more sensitive 
to low pH than wild-type roots (Fig. 3), thus bringing an 
additional proof that tolerance to low pH needs an active 
ethylene pathway. etr1-1 is a gain-of-function mutant which 
did not display any symptom in response to ethylene appli-
cation (Chang et al. 1993; Bleecker et al. 1988). There are 
five ethylene receptors in A. thaliana: ETR1, ETR2, ERS1, 
ERS2, and EIN4. However, etr1-1 is a dominant mutant 
blocking ethylene perception, even if the other receptors are 
active (Chang et al. 1993). Importantly, the five A. thaliana 
ethylene receptor genes are expressed within the root tissues 
sensitive to low pH in distal MZ, TZ, and EZ (Grefen et al. 
2008, Fig. S6). In these zones, low pH-induced cell death 
occurred and was accentuated in etr1-1 as reported here. 
Thus, we could not predict whether some ETRs are more 
important than others in the low pH-sensitivity. In other 
words, we were not able to state if there is sub-functionaliza-
tion at the ETR level regarding cell mortality due to low pH.

Upon low pH treatment, eight genes encoding transcrip-
tion factors of the AP2/EREBP (APETALA2/ETHYLENE-
RESPONSIVE ELEMENT BINDING PROTEIN) family are 
differentially expressed in A. thaliana roots (Lager et al. 
2010). Seven of them were induced within 1 h after treat-
ment, while one was repressed. This further supports the 
fact that the ethylene signaling pathway is activated upon 
low pH stress.

Class III Prxs Activity Seems to be Involved 
in the Ethylene‑Induced Tolerance to Low pH Stress 
and in the Modulation of Cell Elongation Upon This 
Stress

The application of SHAM, an inhibitor of CIII Prxs activ-
ity, together with ethylene, prevented tolerance to low pH 
(Fig. 5). CIII Prxs activity was also stimulated by the eth-
ylene treatment in TZ and EZ, except in the presence of 
SHAM (Fig. S3). This strongly suggests that the stimulation 
of CIII Prxs activity by ethylene is involved in tolerance to 
low pH stress. Cell death upon low pH occurred in MZ, TZ, 
and early EZ. In late EZ, there was no cell death reported 
upon low pH, but a decrease in LEH was reported(Fig. 5). 
LEH can be used directly as indicative of root cell elongation 
(Le et al. 2001). The arrest in LEH increase was accentuated 
by ethylene at pH 5.8, and upon low pH it was blocked by 
the SHAM treatment, thus suggesting that it was dependent 
on active CIII Prxs (Fig. 5). These data indicate that a CIII 
Prxs-dependent process, most likely downstream of ethylene 

signaling, is involved in the tolerance to low pH and in the 
decrease in cell elongation upon low pH stress.

SHAM also inhibits urease, lipoxygenase, and alternative 
oxidase (Rich et al. 1978; Marmion et al. 2004). However, 
the SHAM concentration used here (0.50 mM) is not sup-
posed to affect alternative oxidase (Spreen Brouwer et al. 
1986). Besides, the genes encoding these three kinds of 
enzymes were not among the most induced or repressed after 
treatment with ACC, a precursor of ethylene (Markakis et al. 
2012). It has been shown that the arrest in cell elongation 
due to the ACC treatment was correlated with cross-linking 
of cell wall components (De Cnodder et al. 2005), most 
likely causing cell wall stiffening. CIII Prxs are known to 
contribute to cell wall stiffening, which could in turn arrest 
cell elongation (Passardi et al. 2005; Francoz et al. 2015), 
as reported here. Hence, our results are in favor of a SHAM-
sensitive process, most likely related to CIII Prxs activity. 
However, we cannot exclude the involvement of the other 
enzymes inhibited by SHAM. Previous reports also cor-
roborate our model in which ethylene signaling stimulates 
CIII Prxs activity causing changes in cell walls that could 
trigger tolerance to low pH. The ACC treatment decreased 
cell expansion within minutes (Le et  al. 2001; Ruzicka 
et al. 2007). As shown before, among the 240 differentially 
expressed genes upon ACC treatment, the 10 most induced 
or repressed encode cell wall-related proteins/enzymes, 
including two upregulated CIII Prxs and two downregulated 
expansins (Markakis et al. 2012). The repression of expansin 
genes, known to be involved in cell wall loosening upon cell 
growth (Cosgrove 2015), is consistent with the observation 
of cell elongation arrest. Additionally, most of the transcrip-
tion factors responsive to ethylene were found to be induced 
early upon low pH treatment (1 h) (Lager et al. 2010), when 
CIII Prx genes were induced within a few hours range. This 
temporal separation between changes in transcript levels of 
ethylene-responsive transcription factors genes and those of 
CIII Prxs genes suggest that the latters are downstream of 
ethylene signaling during the plant’s response to low pH 
stress. Indeed, the expression of AtPrx59 (AT5G19890) 
and AtPrx10 (AT1G49570) was induced by ACC applica-
tion (3 h) (Markakis et al. 2012) and showed late-induced 
expression (8 h) upon low pH (Lager et al. 2010).

Conclusions

In this study we have shown that ethylene promotes the tol-
erance of A. thaliana roots to low pH stress. A CIII Prxs-
dependent process is crucial for the tolerance to low pH, 
triggered by the ethylene pretreatment, and also for the 
decrease in cell elongation. Thus, players such as ethylene 
and cell wall-related enzymes, among which CIII Prxs, 
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seem essential for the plant-coordinated responses to low 
pH stress.
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