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Pathogen-induced pH changes regulate the
growth-defense balance in plants
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Abstract

Environmental adaptation of organisms relies on fast perception
and response to external signals, which lead to developmental
changes. Plant cell growth is strongly dependent on cell wall
remodeling. However, little is known about cell wall-related sens-
ing of biotic stimuli and the downstream mechanisms that coordi-
nate growth and defense responses. We generated genetically
encoded pH sensors to determine absolute pH changes across the
plasma membrane in response to biotic stress. A rapid apoplastic
acidification by phosphorylation-based proton pump activation in
response to the fungus Fusarium oxysporum immediately reduced
cellulose synthesis and cell growth and, furthermore, had a direct
influence on the pathogenicity of the fungus. In addition, pH seems
to influence cellulose structure. All these effects were dependent
on the COMPANION OF CELLULOSE SYNTHASE proteins that are
thus at the nexus of plant growth and defense. Hence, our discov-
eries show a remarkable connection between plant biomass
production, immunity, and pH control, and advance our ability to
investigate the plant growth-defense balance.
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Introduction

Developmental adaptation to the environment, such as growth and

differentiation, is the driving force of evolution and key for the

survival of organisms. Therefore, unraveling the mechanisms by

which signal perception and response are coupled to growth at the

cellular level is one of the central challenges in biology. Plants adapt

their growth to the environment through precisely controlled

changes in cell expansion and division, which rely on the accurate

remodeling of their cell walls. This strong, yet extensible, polysac-

charide-based structure is the most external cell compartment that

surrounds the plasma membrane, while being connected with the

cytosol (Liu et al, 2015; Cosgrove, 2018). The cell wall, as the struc-

ture occupying most of the apoplastic space, is the first cellular

compartment, which encounters environmental signals and is

directly involved in perception, transduction, and response to these

stimuli (Kesten et al, 2017; Wolf, 2017). Cellulose is an essential

constituent of plant cell walls, composed of b-1,4-linked D-glucose

chains that are synthesized and extruded to the apoplast by plasma

membrane localized cellulose synthase (CesA) complexes (CSCs;

McFarlane et al, 2014). The catalytically driven CSCs traverse the

plasma membrane, a process that is guided by cortical microtubules

(Paredez et al, 2006; Watanabe et al, 2015). CSCs and cortical

microtubules are physically connected by at least two protein fami-

lies, the CELLULOSE SYNTHASE-INTERACTIVE PROTEIN 1/POM2

(CSI1/POM2; Bringmann et al, 2012; Li et al, 2012) and COMPA-

NION OF CELLULOSE SYNTHASE proteins (CCs) (Endler et al,

2015). Importantly, the CSCs and cortical microtubules are interde-

pendent, as alterations in one affect the activity of the other. This

mutual support has been reported by several studies, especially

under abiotic stress conditions such as drought and salt (Gutierrez

et al, 2009; Nick, 2013; Endler et al, 2015; Wang et al, 2016).

Recently, CCs were shown to be indispensable for the recovery of

the cortical microtubule array and CSC activity under salt stress

(Endler et al, 2015), and the microtubule-interacting N-terminus of

CC1 to be key for this function (Kesten et al, 2019).

The alteration of cellulose synthase activity in response to extra-

and intracellular signals is vital for growth modification under

dynamic environmental conditions. Changes in pH within distinct

cell compartments, including the apoplast/cell wall, act as messen-

gers to transfer such signals (Felle, 2001; Sze & Chanroj, 2018).

Plants and fungi primarily regulate pH across the plasma membrane

via the activity of proton pumps, such as plasma membrane
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H+-ATPases. The active translocation of protons to the apoplast by

these pumps provides the chemical and electrical potential needed

for solute transport (Haruta et al, 2015). The activity of Arabidopsis

H+-ATPases (AHAs) is essential for plant growth and development

under different environmental conditions. Dynamic phosphorylation

of specific AHA amino acid residues rapidly regulates proton pump

activity in response to external and internal stimuli, such as abiotic

and biotic stresses or hormones (Olsson et al, 1998; Gao et al, 2004;

Jeworutzki et al, 2010; Stecker et al, 2014; Haruta et al, 2015;

Falhof et al, 2016; Geilfus, 2017). The activation of AHAs, for exam-

ple, is known to require the phosphorylation of their penultimate

C-terminal threonine residue (Inoue & Kinoshita, 2017). Moreover,

rapid adjustment of cell wall/apoplastic pH can influence cell wall

loosening and stiffening, and thus the connection of the cell wall to

the underlying cell, although the exact mechanism is not yet fully

understood (Fendrych et al, 2016; Barbez et al, 2017; Mangano

et al, 2018). Plant microbes were shown to secrete various cell wall-

degrading enzymes depending on the ambient pH (Li et al, 2012).

In planta, the apoplastic pH (pHapo) plays an essential role in the

infection process of some pathogens, such as the root vascular

fungus Fusarium oxysporum (Masachis et al, 2016; López-Dı́az

et al, 2018). Fusarium oxysporum hyphae attach to the root surface,

penetrate through natural openings, and then grow intercellularly

toward xylem vessels where they can proliferate throughout the

plant. Once in the xylem, it secretes a complex collection of proteins

named Secreted In Xylem (SIX), which serve to evade plant defense

responses (Pietro et al, 2003; Houterman et al, 2007). Over a

hundred crop species can be infected by F. oxysporum, with single

strains infecting a narrow host-range. Among them, F. oxysporum

5176 (Fo5176) is one of the genetic strains that can infect Arabidop-

sis (Thatcher et al, 2012).

The regulation of cellulose synthesis is crucial for plant develop-

ment and environmental adaptation. Yet the mechanisms underly-

ing stress-induced changes in microtubule and CSC organization,

their crosstalk with cellular signaling messengers, and broad cellular

implications remain elusive, especially upon biotic stress (Kesten

et al, 2017). This knowledge would be particularly relevant at the

root level considering the essential role of this organ in nutrient

uptake and response to abiotic and biotic stresses (Zamioudis et al,

2015; Feng et al, 2016; Smakowska et al, 2016; Morris et al, 2017).

In this study, we use the Arabidopsis-Fo5176 pathosystem to char-

acterize plant responses to microbes at a cellular level and how

these influence plant adaptation to biotic stress.

Results

Rapid alteration of the cellulose synthesis machinery and cell
elongation upon fungal contact is pH dependent

Plant cell wall reorganization in response to stress is essential for

proper environmental adaptation. To determine the influence of

biotic stress on the regulation of plant cellulose synthesis, we visual-

ized CesAs and cortical microtubules in the elongation zone of

A. thaliana roots exposed to Fo5176 hyphae. We aimed to mimic

early contact events at the plant–microbe interface and therefore

used young hyphae obtained directly after spores germinated over-

night. We observed a depletion of CesA foci at the plasma

membrane (GFP-CesA3; Desprez et al, 2007) simultaneously to

depolymerization of cortical microtubules (mCherry-TUA5; Gutier-

rez et al, 2009) within five min of hyphae contact, which were not

observed in control roots (Fig 1A–C; Movie EV1). Additionally, the

▸Figure 1. Fo5176 hyphae and elicitors cause simultaneous depletion of the cellulose synthase machinery at the plasma membrane and root growth
rate reduction.

A Representative image of a 5-day-old WT (Col-0) GFP-CesA3 and mCh-TUA5 dual-labeled root epidermal cell under mock conditions (left panel) or upon 5 min of
Fo5176 hyphae contact (right panel). A green dashed line in the brightfield (BF) channel highlights Fo5176 hypha. Scale bar = 5 lm.

B GFP-CesA3 density at the plasma membrane after Fo5176 hyphae contact as depicted in (A). Box plots: centerlines show the medians; box limits indicate the 25th and
75th percentiles; whiskers extend to the minimum and maximum. N ≥ 25 cells from 14 roots and three independent experiments. Welch’s unpaired t-test;
***P-value ≤ 0.001.

C Microtubule density at the cell cortex after Fo5176 hyphae contact as depicted in (A). Box plots as described in (B). N ≥ 20 cells from 8 roots and three independent
experiments. Welch’s unpaired t-test; ***P-value ≤ 0.001.

D Growth progression of roots grown in half MS or half MS + Fo5176 hyphae. Left panels: representative images of roots at different times after the corresponding
treatment. Images of hyphae treatment were modified with an unsharp mask to enhance visibility of hyphae. Scale bar = 100 lm. Right panel: kymographs
depicting growth of roots in the left panel.

E Growth rate of roots in half MS or half MS + Fo5176 hyphae, analyzed from images as in (D). Roots were exposed to hyphae for 5 min before imaging started.
Average growth rate in half MS: 0.0047 � 0.0005 lm/s; average growth rate in half MS + Fo5176 hyphae: 0.0031 � 0.0005 lm/s. Values are mean � SEM, N ≥ 11
seedlings from three independent experiments. Welch’s unpaired t-test; P-value ≤ 0.05.

F Representative image of a 5-day-old WT (Col-0) GFP-CesA3 and mCh-TUA5 dual-labeled root epidermal cell under mock conditions (left panel) or upon 5-min elicitor
treatment (right panel). Scale bar = 5 lm.

G GFP-CesA3 density at the plasma membrane after elicitor treatment as depicted in (F). Box plots as described in (B). N ≥ 35 cells from 16 roots and three independent
experiments. Welch’s unpaired t-test; **P-value ≤ 0.01.

H Microtubule density at the cell cortex, after elicitor treatment as depicted in (F). Box plots as described in (B). N ≥ 37 cells from 16 roots and three independent
experiments. Welch’s unpaired t-test; ***P-value ≤ 0.001.

I Growth progression of roots exposed to fungal elicitor mix. Upper panel: representative images of roots grown in half MS (�17 to 0 min) and after being exposed to
the fungal elicitor mix added at 0 min. Scale bar = 100 lm. Lower panel: kymograph depicting growth of roots in the upper panel.

J Growth rate of roots exposed to fungal elicitors, analyzed from images as in (I). After 17 min of growth in half MS, H2O or elicitors were added and the growth rate
was measured for additional 17 min. Average growth rate before treatment (�17 to 0 min): H2O: 0.0050 � 0.0009 lm/s; elicitor mix: 0.0053 � 0.0005 lm/s. Average
growth rate after treatment (0–17 min): H2O: 0.0048 � 0.0009 lm/s; elicitor mix: 0.0028 � 0.0004 lm/s. Values are mean � SEM, N ≥ 10 seedlings from three
independent experiments. Welch’s unpaired t-test for roots before and after elicitor treatment; P-value ≤ 0.01.

Source data are available online for this figure.
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speed of the remaining CesA foci at the plasma membrane was

reduced in comparison with mock conditions (Fig EV1A). In agree-

ment with the observed molecular changes, roots pre-exposed to

fungal hyphae for five min had a reduced root growth rate as

compared to control plants (Fig 1D and E). Next, we exposed roots

to a Fo5176 elicitor mix containing solubilized molecules from a

fungal culture (Baldrich et al, 2014) to exclude that the observed

response was solely based on pressure applied by the hyphae. The

fungal elicitor mix induced similar, rapid changes on the cellulose

synthase machinery, as well as on cortical microtubules, to those

observed in response to live hyphae, i.e., cortical microtubules

depolymerized and plasma membrane localized CesA density and

speed was reduced as compared to mock-treated roots (Figs 1F–H

and EV1B; Movie EV2). Consequently, plants reacted with an imme-

diate root growth reduction once the elicitors were added to the

imaging media (Fig 1I and J, Movie EV3), suggesting that a fungal

molecule induced the rapid changes in the CSC-microtubule machin-

ery and root growth.

Alteration of pH transients in distinct cell compartments is a

fast cellular signaling event reported in response to stress (Behera

et al, 2018). Therefore, we investigated the influence of pH on

the observed Fo5176 effect on roots. Reduction of CesA density

and speed, cortical microtubule depolymerization, as well as root

growth reduction were completely reversible by buffering the

imaging media with 5 mM 2-(N-morpholino)ethanesulfonic acid-

KOH (MES) (Figs 2A–C and EV1C and D; Movie EV4), a common

buffer in plant growth media (Good et al, 1966; Bugbee & Salis-

bury, 1985; Stahl et al, 1999). This implies the direct involvement

of pH changes in the observed responses of plant roots to

Fo5176.

New sensors to measure the pH at both sides of the plant
plasma membrane

To test this hypothesis, we sought to measure the pH of plant root

cells in response to live Fo5176 hyphae and elicitors. As previously

reported, the apoplastic pH sensor apo-pHusion suffers from high

background signal in the endoplasmic reticulum (ER), which

compromises precise pH measurements in the apoplast (Gjetting

et al, 2012; Martinière et al, 2018). Therefore, we generated a pHapo

sensor with as low as possible intracellular background signal by

fusing the ratiometric probe pHusion (Gjetting et al, 2012) to the

C-terminus of the plasma membrane localized SNARE (soluble

N-ethyl-maleimide sensitive factor attachment protein receptor)

protein Syntaxin of Plants 122 (SYP122; Assaad et al, 2004; Uemura

et al, 2004). Confocal microscopy of stable transgenic lines suffered

considerably less from intracellular signal for pUB10::SYP122-

pHusion than for apo-pHusion (Fig EV2A). In vivo calibration

revealed a sigmoidal correlation between pH and the EGFP/RFP

ratio of the sensor with a linear range between pH 5.2 and 6.8

(Fig EV2B). pH measurements in control epidermal/cortex cells of

the root elongation zone indicated an average pHapo over five min

of 5.30 � 0.45 (Fig 2D and E), which is in good agreement with

previously reported values obtained with fluorescent dyes or surface

electrode measurements in the root elongation zone of Arabidopsis

(Staal et al, 2011; Barbez et al, 2017). To measure pH on both sides

▸Figure 2. Fo5176-induced depletion of the cellulose synthase machinery and acidification of the plasma membrane interface can be buffered and are
dependent on upregulation of AHA activity.

A Representative image of a 5-day-old WT (Col-0) GFP-CesA3 and mCh-TUA5 dual-labeled root epidermal cell in half MS + 5 mM MES (left panel) or upon 5-min
elicitor treatment in half MS + 5 mM MES (right panel). Scale bar = 5 lm.

B GFP-CesA3 density at the plasma membrane after elicitor treatment in half MS + 5 mM MES as depicted in (A). Box plots: centerlines show the medians; box limits
indicate the 25th and 75th percentiles; whiskers extend to the minimum and maximum. N ≥ 35 cells from 10 roots and three independent experiments.

C Microtubule density at the cell cortex after elicitor treatment in half MS + 5 mM MES as depicted in (A). Box plots as described in (B). N ≥ 29 cells from 10 roots and
three independent experiments.

D Representative surface plot of a WT root expressing the pHapo sensor SYP122-pHusion grown in half MS (�5 to 0 min). At 0 min, either H2O (upper panel) or an
elicitor mix (lower panel) was added. Upon elicitor treatment, the signal intensity in the depicted 488 nm channel drastically decreases (highlighted with a blue
square).

E Apoplastic pH in WT roots expressing the pHapo sensor SYP122-pHusion over time, either in half MS or in half MS + 5 mM MES. Imaging started 5 min before either
H2O or a fungal elicitor mix was added (0 min). Values are mean � SEM, N ≥ 15 seedlings from three independent experiments. RM two-way ANOVA on half
MS + H2O versus half MS + elicitors: P ≤ 0.05 (treatment), P ≤ 0.001 (time), P ≤ 0.001 (treatment × time).

F Cortical pH of WT roots expressing the pHcortical sensor pHGFP-Lti6b over time, either in half MS or in half MS + 5 mM MES. Imaging started 5 min before either H2O
or a fungal elicitor mix was added (0 min). Values are mean � SEM, N = 16 seedlings from three independent experiments. Mixed-effects model on half MS + H2O
versus half MS + elicitors: P = 0.80 (treatment), P ≤ 0.001 (time), P ≤ 0.001 (treatment × time).

G Representative surface plot of WT root expressing the pHapo sensor SYP122-pHusion grown 30 min in half MS (left panel) or half MS + Fo5176 hyphae (right panel).
The hyphae treated root shows drastically reduced signal intensity in the depicted 488 nm channel (highlighted with a green square).

H Apoplastic pH of WT roots expressing the pHapo sensor SYP122-pHusion over time, either in half MS or half MS + Fo5176 hyphae. Roots were exposed to hyphae for
5 min before imaging started. Values are mean � SEM, N ≥ 12 seedlings from three independent experiments. RM two-way ANOVA on half MS versus half
MS + elicitors: P ≤ 0.01 (treatment), P ≤ 0.001 (time), P ≤ 0.001 (treatment × time).

I Cortical pH variation of WT roots expressing the pHcortical sensor pHGFP-Lti6b over time, either in half MS or in half MS + Fo5176 hyphae. Roots were exposed to
hyphae for 5 min before imaging started. Values are mean � SEM, N ≥ 13 seedlings from three independent experiments. RM two-way ANOVA on half MS versus
half MS + elicitors: P ≤ 0.01 (treatment), P = 0.23 (time), P ≤ 0.001 (treatment × time).

J Western blots showing chemiluminescent signals of an anti-pThr or anti-AHA incubated membrane loaded with Arabidopsis root samples treated for 8 min with
either half MS or half MS + Fo5176 hyphae. The Ponceau S panel shows total protein content. The AHA band used for quantification is indicated with an arrowhead.
Dashed line separates different treatments of the same membrane.

K Relative AHA phosphorylation status from Western blots as shown in (J). Normalized signal intensity ratio of anti-pThr in respect to anti-AHA is shown. Box plots as
described in (B). N = 5 independent experiments. Welch’s unpaired t-test; *P-value ≤ 0.05.

Source data are available online for this figure.
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of the plasma membrane, we targeted the cortical side by fusing

pHGFP (Moseyko & Feldman, 2001) to the N-terminus of the plasma

membrane localized low temperature induced protein 6b (Lti6b;

Cutler et al, 2000), also driven by pUB10. Counterstaining of cell

walls with propidium iodide indicated plasma membrane localiza-

tion of pHGFP-Lti6b in root cells (Fig EV2C). In vivo calibration of

the cortical pH (pHcortical) sensor pHGFP-Lti6b revealed an almost

linear relationship of emission ratio and pH in the range from pH

5.6–8.0 (Fig EV2D). Cortical pH measurements in control epider-

mal/cortex cells of the root elongation zone indicated an average

pHcortical over 5 min of 7.03 � 0.36 (Fig 2F), which is in agreement

with previous reports (Moseyko & Feldman, 2001; Gao et al, 2004;

Schulte et al, 2006). Cytoplasmic pH (pHcyto) measurements were

approached by expressing free pHGFP in the cytosol (Moseyko &

Feldman, 2001; Fendrych et al, 2014). In control epidermal/cortex

cells of the root elongation zone, we measured an average pHcyto

over 5 min of 6.62 � 0.92 (Fig EV2E), which is also in agreement

with previous reports using fluorescent methods (Moseyko &

Feldman, 2001; Gao et al, 2004; Schulte et al, 2006).

Fungal-induced pH changes across the plasma membrane are
generated by the activation of proton pumps

Upon elicitor treatment, pHapo dropped below 5.0 within five min

(Figs 2D and E and EV2F; Movie EV5), simultaneously with the

observed reduction of root growth (Fig 1I and J). It is important to

note that the pH of the added elicitor mix ranged between 5.5 and

5.8 in individual preparations. The cortical side of the plasma

membrane also acidified (Figs 2F and EV2G), but the response was

delayed by 1 min in comparison with the apoplastic side. In this

first minute, the pHcortical rose as an immediate response to acidifi-

cation of the apoplast (Figs 2E and EV2F), pointing toward a

translocation of protons from the cortical to the apoplastic side of

the plasma membrane. The pHcortical recovered to control levels

approx. 7 min after elicitor application. We could not detect any

apparent changes in the pHcyto in response to fungal elicitors

(Fig EV2E), highlighting that the immediate pH response was

constraint to the plasma membrane environment. When we

buffered the media with MES before adding the elicitor mix, no

significant change of pH could be observed on any side of the

plasma membrane (Figs 2E and F, and EV2F and G). This suggests

that the depletion of CSCs and cortical microtubules, as well as the

reduction of root growth upon elicitor treatment, is linked to plasma

membrane pH changes.

Next, we explored whether the cellular pH fluctuations were also

detectable upon fungal contact by imaging plants on an agarose

cushion that was coated with live Fo5176 hyphae. Under these

conditions, the pHapo and pHcortical were comparable to the elicitor

mix experiments under mock conditions (5.44 � 0.33 and

6.99 � 0.73, respectively). In line with the elicitor mix treated roots,

five min of contact with Fo5176 hyphae also induced a drastic acidi-

fication of both the apoplast and the cortical side of the plasma

membrane (Fig 2G–I). This was unexpected since the main compo-

nent of the fungal cell wall, chitin, was previously reported to cause

a rapid alkalinization of the leaf apoplast (Felle et al, 2009). We

could confirm the alkalinization of the apoplast in roots with the

pHapo sensor (Fig EV2H), indicating that the rapid acidification in

response to live Fo5176 hyphae was not caused by chitin. The fast

apoplastic acidification in response to Fo5176 points toward an

increase in plant plasma membrane proton pump activity upon

hyphae and elicitor mix contact. We approached this hypothesis by

Western blotting with well-characterized antibodies against the cata-

lytic domain of the AHAs and their upregulated form that is phos-

phorylated on the penultimate threonine residue (Hayashi et al,

2010). Indeed, Western blotting revealed increased phosphorylation

of AHAs upon Fo5176 hyphae contact (Fig 2J and K), supporting

the observed pHapo drop upon Fo5176 exposure (Fig 2G and H).

These results suggest that a ΔpH change across the plasma

membrane induced the detected CSC depletion, cortical microtubule

depolymerization, and root growth inhibition upon hyphae and elic-

itor treatment.

CSC and cortical microtubule regulation upon biotic stress
requires the CC proteins

Our data show a simultaneous response of CSCs and cortical micro-

tubules to biotic stress, highlighting their reported interdependence.

Considering their physical interaction, we evaluated the role of CSC-

microtubule connecting proteins in response to Fo5176. The first

obvious candidates were the CC proteins, as major players in regu-

lating cellulose synthesis and microtubule dynamics under abiotic

stress conditions, such as salt (Endler et al, 2015). We exposed a

cc1cc2 YFP-CesA6 mChTUA dual-label line (Endler et al, 2015) to

Fo5176 hyphae, which lacks the two most important CC proteins

and keeps a wild-type (WT)-like CSC-microtubule pattern under

mock conditions (Fig 3A–D). In contrast to WT plants, in cc1cc2

roots CSC density and speed were partially maintained and cortical

microtubule density was indistinguishable from mock conditions

when treated with Fo5176 hyphae (Figs 3A–D and EV3A). These

observations indicated that the fast CSC depletion from the plasma

membrane and depolymerization of microtubules in WT roots upon

Fo5176 contact is dependent on the CC proteins. Further supporting

these observations, no immediate growth rate reduction was

detected for cc1cc2 when exposed to Fo5176 hyphae (Fig 3E). We

next tested the function of the CC1 microtubule-interacting domain,

recently reported to be essential for plants to regulate microtubule

bundling and dynamics under salt stress (Endler et al, 2015; Kesten

et al, 2019). Therefore, we used cc1cc2 mutant lines complemented

with a fully functional, GFP tagged CC1 (GFP-CC1), or a truncated

CC1 version, in which the microtubule-interacting domain is

exchanged to GFP (GFP-CC1DN120) ((Endler et al, 2015). We

employed GFP-CC1DN120 or GFP-CC1 as proxy for CSCs as they are

part of the same complex and co-localize at the plasma membrane

(Endler et al, 2015). No alteration of CSC and microtubule density

as well as no CSC speed reduction could be observed in cc1cc2 GFP-

CC1DN120, rendering the plants indistinguishable from mock-

treated plants (Figs 3F–I and EV3B). These results demonstrate that

the CC protein family, via its microtubule-interacting domain, does

participate in plant responses to abiotic and biotic stress, but with

contrary roles.

cc1cc2 is less susceptible to Fo5176 vasculature colonization
than WT plants

Plant growth rate and cellulose synthase machinery were obviously

affected by Fo5176 contact in a CC- and pH-dependent manner.
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Hence, we questioned whether this response was maintained during

Fo5176 root colonization and designed an in-plate assay that allows

for monitoring both root growth and fungal vascular colonization at

the same time. We generated a Fo5176 line harboring a GFP expres-

sion cassette under the control of the Fo5176 SIX1 effector promoter

(for Secreted in Xylem 1; Fo5176 pSIX1::GFP), whose activation is

needed for F. oxysporum virulence in different hosts (Rep et al,

2004; van der Does et al, 2008a,b). In our plate infection assay, we

observed GFP signal in Fo5176 pSIX1::GFP specifically when it

reached the xylem of the host vasculature (Fig 4A). Consequently,

the sensor allowed us to quantify fungal vasculature penetration

events over the progression of the infection, while root growth inhi-

bition could be quantified as a fungal disease symptom. In the

course of the experiment, cc1cc2 roots outgrew the WT when treated

with Fo5176 pSIX1::GFP, while both genotypes were indistinguish-

able under mock conditions (Fig 4B–E). The same was observed for

plants inoculated with WT Fo5176, which confirmed that the

Fo5176 virulence is not affected by the pSIX1::GFP construct

(Fig EV4A). Going along with root growth reduction, WT roots

exhibited the first events of fungal entry into the xylem at 3 days

post-fungal inoculation (dpi), and the vascular penetration rate

increased over the course of the experiment (Fig 4E). The vascula-

ture of cc1cc2 mutants was in contrast barely colonized and root

growth less affected than in WT (Fig 4E). Likewise to inoculation

with pSIX1::GFP, we detected an increased SIX1 expression in WT

plants inoculated with WT Fo5176 in comparison with cc1cc2, both

relative to a fungal and to a plant reference gene (FobTUB and

AtGAPDH, respectively) (Fig 4F and G). To determine whether the

observed reduced Fo5176 vascular colonization in cc1cc2 was a

consequence of a reduced total colonization of the root, we quanti-

fied fungal biomass inside the roots following two complementary

methods. We measured the amount of N-acetylglucosamine within

infected roots that is proportional to the amount of fungal cell wall

(i.e., chitin; Fig EV4B and C) and quantified the amount of live

fungus by counting fungal colonies that developed after grinding

and plating surface-sterilized roots (Durán et al, 2018) (Fig EV4D).

Both analyses showed no differences between total fungal biomass

in WT and cc1cc2 roots, indicating that the cc1cc2 mutation hinders

Fo5176 from colonizing the vasculature but not previous root cell

layers. To gain further insights into cc1cc2 resistance to Fo5176

vascular colonization, we measured the expression of At1g51890,

WRKY45, and WRKY53, genes known to be upregulated in response

to stress (Roux et al, 2011; Masachis et al, 2016; de Souza et al,

2017; Wang et al, 2018). WRKY45 and WRKY53 showed signifi-

cantly upregulated expression in cc1cc2 under mock conditions

(Fig 4H).

Since the short-term effect of hyphae contact on the cellulose

synthase machinery could be inhibited by buffering the media with

MES, we also aimed to confirm the influence of the plasma

membrane ΔpH during progression of Fo5176 root colonization.

Both the average vasculature penetration rate of Fo5176 pSIX1::GFP

and root growth inhibition were significantly reduced when WT

plants were grown on buffered media but did not further change in

cc1cc2 (Fig EV4E and F), i.e., we could partially mimic the cc1cc2

phenotype by growing WT plants on buffered media. Finally, we

measured the influence of fungal root colonization on the cellulose

content of the host. We adapted a protocol from Yeats & Vellosillo

et al to identify all cell wall sugars (Yeats et al, 2016a,b) and were

able to reliably distinguish the N-acetylglucosamine of the fungal,

chitin-based cell wall from the plant cell wall, derived from crys-

talline cellulose as glucose (Figs 4I and EV4B). Furthermore, the

presence of the fungus in cell wall samples of infected plants did not

affect crystalline cellulose analyses (Fig EV4B right panel). We

observed a significant reduction of cellulose content in WT roots

upon Fo5176 pSIX1::GFP colonization, while the fungal infection

did not alter the cellulose amount in cc1cc2 mutants, which was

already reduced under mock conditions (Fig 4I). This observation

was conflicting with other publications, reporting no changes in

cellulose levels in these mutants under mock conditions when using

buffered media (Endler et al, 2015; Kesten et al, 2019). Hence, we

repeated the assay under buffered conditions, which fully recovered

cellulose levels in cc1cc2 when compared to WT without changing

CesA density and speed or microtubule density in any genotype

(Fig EV4G and H; compare to Figs 3C and D, and EV3A), confirming

◀ Figure 3. Fo5176 hyphae do not affect the cellulose synthase machinery and growth rate of cc1cc2 mutant roots.

A Representative image of a 5-day-old WT (Col-0) YFP-CesA6 and mCh-TUA5 dual-labeled root epidermal cell under mock conditions (left panel) or upon 5 min of
Fo5176 hyphae contact (right panel). A green dashed line in the bright field (BF) channel highlights Fo5176 hyphae. Scale bar = 5 lm.

B Representative image of a 5-day-old cc1cc2 YFP-CesA6 and mCh-TUA5 dual-labeled root epidermal cell under mock conditions (left panel) or upon 5 min of Fo5176
hyphae contact (right panel). A green dashed line in the BF channel highlights Fo5176 hyphae. Scale bar = 5 lm.

C YFP-CesA6 density at the plasma membrane of WT (Col-0) or cc1cc2 root cells after Fo5176 hyphae contact as depicted in (A and B). Box plots: centerlines show the
medians; box limits indicate the 25th and 75th percentiles; whiskers extend to the minimum and maximum. N ≥ 21 cells from 10 roots and three independent
experiments; Welch’s unpaired t-test; *P-value ≤ 0.05, ***P-value ≤ 0.001.

D Microtubule density at the cell cortex of WT (Col-0) or cc1cc2 root cells after Fo5176 hyphae contact as depicted in (A and B). Box plots as described in (C). N ≥ 24
cells from 9 roots and three independent experiments; Welch’s unpaired t-test; ***P-value ≤ 0.001.

E Growth rate of cc1cc2 roots grown in half MS or half MS + Fo5176 hyphae. Average growth rate in half MS: 0.0046 � 0.0005 lm/s; average growth rate in half
MS + Fo5176 hyphae: 0.0045 � 0.0003 lm/s. Values are mean � SEM, N = 17 seedlings from three independent experiments. Welch’s unpaired t-test;
P-value = 0.78.

F Representative image of a 5-day-old cc1cc2 GFP-CC1 and mCh-TUA5 dual-labeled root epidermal cell under mock conditions (left panel) or upon 5 min of Fo5176
hyphae contact (right panel). A green dashed line in the BF channel highlights Fo5176 hypha. Scale bar = 5 lm.

G Representative image of a 5-day-old cc1cc2 GFP-CC1DN120 and mCh-TUA5 dual-labeled root epidermal cell under mock conditions (left panel) or upon 5 min of
Fo5176 hyphae contact (right panel). A green dashed line in the BF channel highlights Fo5176 hypha. Scale bar = 5 lm.

H GFP-CC1 or GFP-CC1DN120 density (as proxy for the CSC) at the plasma membrane of cc1cc2 root cells after Fo5176 hyphae contact as depicted in (F and G).
Box plots as described in (C). N ≥ 22 cells from 8 roots and three independent experiments; Welch’s unpaired t-test; *P-value ≤ 0.05, **P-value ≤ 0.01.

I Microtubule density at the cell cortex of cc1cc2 GFP-CC1 or cc1cc2 GFP-CC1DN120 root cells after Fo5176 hyphae contact as depicted in (F and G). Box plots as
described in (C). N ≥ 24 cells from 7 roots and three independent experiments; Welch’s unpaired t-test; **P-value ≤ 0.01, ***P-value ≤ 0.001, n.s. = not significant.

Source data are available online for this figure.

8 of 20 The EMBO Journal 38: e101822 | 2019 ª 2019 The Authors

The EMBO Journal Christopher Kesten et al



A

F

DC

S
IX

1
ex

pr
es

si
on

 re
l. 

to
 A

tG
A

P
D

H
 (a

.u
.)

0

0.05

0.10

0.15

Col-0
+ Fo5176

cc1cc2
+ Fo5176

**

Col-0
+ Fo5176

cc1cc2
+ Fo5176

S
IX

1
ex

pr
es

si
on

 re
l. 

to
 F

oβ
TU

B
 (a

.u
.)

0

2

4

6

8

10 *

Col-0 mock cc1cc2 mock

E G

H I

BBF GFP merge

D
-g

lu
co

se
 fr

om
 

cr
ys

ta
lli

ne
 c

el
lu

lo
se

 (u
g/

m
g

A
IR

)

Col-0 cc1cc2

mock
+ Fo5176 pSIX1::GFP 

0

50

100

150 * *

3 4 5 6 7
Days post transfer

0

Col-0 mock
cc1cc2 mock

10

20

30

40

50

R
oo

t g
ro

w
th

 (m
m

)

60

0.000

0.005

0.010

R
el

at
iv

e
ex

pr
es

si
on

to
 A

tG
A

P
D

H
(a

.u
.)

At1g51890 WRKY53WRKY45

**

*

n.s. Col-0 mock
cc1cc2 mock

n.s.

cc1cc2 
+ Fo5176 pSIX1::GFP

Col-0 
+ Fo5176 pSIX1::GFP

0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

0

5

10

15

20

25

30

35

40

45

50

3 4 5 6 7

A
ve

ra
ge

 p
en

et
ra

tio
n/

ro
ot

R
oo

t g
ro

w
th

 (m
m

)

Days post transfer

Col-0 root growth + Fo5176 pSIX1::GFP
cc1cc2 root growth + Fo5176 pSIX1::GFP
Col-0 vascular penetration 
cc1cc2 vascular penetration 

Figure 4.

ª 2019 The Authors The EMBO Journal 38: e101822 | 2019 9 of 20

Christopher Kesten et al The EMBO Journal



previous results (Endler et al, 2015; Kesten et al, 2019). Buffering

the media furthermore led to a reduction of cellulose levels in

infected cc1cc2 roots, while it did not affect the cellulose decrease in

WT roots caused by Fo5176 pSIX1::GFP (Fig EV4G; compare to

Fig 4I). In addition, buffering the media did not alter total fungal

biomass in any genotype (Fig EV4I).

Based on these results, we conclude that the observed short-term

fungal effects, i.e., depletion of the cellulose synthase machinery

and growth rate reduction, also affect the overall infection process.

Furthermore, these effects are repressed in the cc1cc2 mutant and

under buffered media conditions independently of cellulose levels in

these plants, indicating that the plant response to the fungus is pH

but not cellulose dependent.

cc1cc2 exhibits an elevated DpH across the plasma membrane

The cc1cc2 mutant did exhibit less sensitivity to Fo5176 than WT

plants, both during short contact and infection (Figs 3 and 4). As we

observed a clear influence of plant plasma membrane ΔpH changes

on the root response to the fungus (Fig 2) and could partially mimic

the cc1cc2 phenotype by growing WT plants on buffered media

(Fig EV4E and F), we speculated that the pH at the plasma

membrane interface of cc1cc2 might be altered. Therefore, we intro-

gressed both pHapo and pHcortical sensors into the cc1cc2 knockout

line. cc1cc2 plants already showed significantly different pHapo and

pHcortical when compared to WT plants under mock conditions. We

measured an average pHapo over 5 min of 5.21 � 0.20 (Fig 5A;

compare to WT pHapo 5.42 � 0.32 in Fig 2H; values are mean � SD,

N ≥ 12 seedlings from three independent experiments; Welch’s

unpaired t-test; P-value ≤ 0.05) and an average pHcortical over 5 min

of 7.67 � 0.38 (Fig 5B; compare to WT pHcortical 7.07 � 0.64 in

Fig 2I; values are mean � SD, N ≥ 11 seedlings from three indepen-

dent experiments; Welch’s unpaired t-test; P-value ≤ 0.05). This

implicates an enhanced proton chemical gradient across the plasma

membrane in the cc1cc2mutant background (WT DpH = 1.55, cc1cc2

DpH = 2.45). The altered plasma membrane ΔpH of cc1cc2 roots

points toward an elevated plasma membrane proton pump activity.

Hyperactivation of AHAs in both cc1cc2 and cc1cc2 GFP-CC1DN120

mutants was confirmed by measuring the acidification process of an

alkaline growth media, which both lines acidified significantly faster

than WT plants (Fig 5C). To exclude that the enhanced proton efflux

was induced by the cellulose deficiency of cc1cc2 in unbuffered

conditions, we repeated the assay with two other cellulose-deficient

mutants, prc1-1 and pom2-4 (Fagard et al, 2000; Bringmann et al,

2012). Both lines did not acidify the growth media faster than WT,

with prc1-1 being indistinguishable from WT and pom2-4 showing

less proton efflux than the other genotypes, suggesting that the

observed ΔpH alteration in cc1cc2 is not purely based on its cellulose

deficiency (Fig EV5A). Western blotting corroborated an increased

phosphorylation of the penultimate AHA threonine residue in cc1cc2

mutants as compared to WT (Fig 5D and E). These results confirm

the observed lower pHapo and higher pHcortical measured in mock-

treated cc1cc2 root cells (Fig 5A and B). We detected the same hyper-

activation in the cc1cc2 GFP-CC1DN120 line (Fig 5F and G), pointing

toward an important role of the CC1 microtubule- interacting domain

for pH regulation at the plasma membrane. Confirming the higher

plasma membrane DpH of cc1cc2, both CC-impaired lines were more

sensitive to low amounts of hygromycin B as compared to WT

(Fig EV5B–E), which is primarily internalized through the energy

generated by the proton chemical gradient (Haruta et al, 2010).

Unlike WT plants, cc1cc2 did not show any significant change of

pH on both plasma membrane sides upon Fo5176 hyphae contact

(Fig 5A and B). While the penultimate AHA threonine residue in

WT roots was significantly more phosphorylated upon hyphae

contact, this was not observed in cc1cc2 and cc1cc2 GFP-CC1DN120
mutant roots (Fig 5D–G), confirming the pH measurements. To

assess whether the changed plasma membrane ΔpH in cc1cc2, a

consequence of hyperactive AHAs, plays a role in the long-term

response to the Fo5176 infection, we measured the media pH of

liquid Fo5176 pSIX1::GFP-infected plants at various dpi. We

observed an alkalinization of the media during the infection process

(Fig EV5F and G), confirming previous data reported in the

pathosystem tomato-Fusarium oxysporum f. sp. lycopersici (Masa-

chis et al, 2016). The process was significantly delayed for media

containing cc1cc2 plants and cc1cc2 plants were more vital than WT

(Fig EV5F and G), implicating that the changed plasma membrane

◀ Figure 4. cc1cc2 mutants are less susceptible than wild-type to Fo5176 vasculature colonization.

A Arabidopsis root vasculature colonized by Fo5176 pSIX1::GFP. Right panel shows a magnification separated into brightfield (BF) and GFP channel. GFP fluorescence is
apparent when Fo5176 colonized the vasculature (dark gray, root central line in BF channel). Scale bars = 125 lm.

B Representative image of WT (Col-0) and cc1cc2 plants 7 days post-transfer to half MS mock plates. Scale bar = 10 mm.
C Root elongation of WT (Col-0) and cc1cc2 plants at various days post-transfer to mock plates, as depicted in (B). Values are mean � SEM, N ≥ 103 plants from three

independent experiments. RM two-way ANOVA: P = 0.65 (genotype), P ≤ 0.001 (time), P = 0.33 (genotype × time).
D Representative image of WT (Col-0) and cc1cc2 plants 7 days post-transfer to Fo5176 pSIX1::GFP spore containing plates. Scale bar = 10 mm.
E Root elongation and vascular penetration of WT (Col-0) and cc1cc2 mutant plants at various days post-transfer to Fo5176 pSIX1::GFP spore containing plates, as

depicted in (D). Values are mean � SEM, N ≥ 103 plants from three independent experiments. RM two-way ANOVA on root growth: P ≤ 0.001 (genotype), P ≤ 0.001
(time), P ≤ 0.01 (genotype × time). RM two-way ANOVA on vascular penetration rate: P ≤ 0.01 (genotype), P ≤ 0.001 (time), P ≤ 0.001 (genotype × time).

F SIX1 expression relative to AtGAPDH in WT (Col-0) or cc1cc2 roots 7 days post-inoculation with Fo5176 spores. Box plots: centerlines show the medians; box limits
indicate the 25th and 75th percentiles; whiskers extend to the minimum and maximum. N ≥ 4 biological replicates; Welch’s unpaired t-test; **P-value ≤ 0.01.

G SIX1 expression relative to FobTUB in WT (Col-0) or cc1cc2 roots 7 days post-inoculation with Fo5176. Box plots as described in (F). N ≥ 4 biological replicates; Welch’s
unpaired t-test; *P-value ≤ 0.05.

H Expression of At1g51890, WRKY45, and WRKY53 relative to AtGAPDH in WT (Col-0) and cc1cc2 roots under mock conditions. Values are mean � SEM, N ≥ 4 biological
replicates; Welch’s unpaired t-test; *P-value ≤ 0.05. **P value ≤ 0.01.

I Cellulose content of roots grown as depicted in (B and D), represented as lg of D-glucose derived from crystalline cellulose per mg of dried alcohol-insoluble residue
(AIR). Box plots as described in (F). N ≥ 5 biological replicates; 2 technical replicates per biological replicate. Welch’s unpaired t-test; *P-value ≤ 0.05, n.s. = not
significant.

Source data are available online for this figure.
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ΔpH and hyperactivation of AHAs lead to a delay in long-term

media alkalinization during Fo5176 infection.

Discussion

Under natural conditions, plants are constantly exposed to abiotic

and biotic stresses. Studying how plants cope with these factors is

therefore of utmost importance in times of uncertain environmental

and climate changes. Here, we outline a detailed analysis of early

and long-term plant cellular responses to pathogen-induced stress at

the host plasma membrane interface. Our work demonstrates that

microbe contact can induce a rapid plasma membrane AHA activa-

tion, leading to an apoplastic acidification and a concomitant change

in the DpH at the plasma membrane (Fig 2). This fast and local pH

alteration negatively affects cell elongation as well as cellulose
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synthesis and could be blocked by MES buffer (Figs 1 and 2, and

EV2). The cortical microtubule array has been reported to concen-

trate on the contact site of plant cells with hyphae or a microneedle

(Hardham et al, 2008), while a low degree of depolymerization was

observed 75 min after treatment with VD toxin from the fungus

Verticillium dahliae (Yao et al, 2011). Here, we show a rapid

depolymerization of microtubules within 5 min upon contact with

Fo5176 hyphae and Fo5176-derived molecules (Fig 1). The influ-

ence of intracellular pH changes on the cortical microtubule array

has recently been reported in Chlamydomonas (Liu et al, 2017).

These and our observations point toward a conserved mechanism in

algae and land plants, in which stress-induced cellular pH changes

alter the microtubule network. Moreover, our assays showed a

simultaneous decrease of density and speed of plasma membrane

located CSCs (Fig 1) that likely does not stem from microtubule

depolymerization, as the CSC status is not per se affected by chemi-

cally induced microtubule depolymerization (Gutierrez et al, 2009;

Endler et al, 2015). Extracellular alkalization is considered as one of

the first plant responses to biotic stress as a consequence of negative

AHA regulation mediated by phosphorylation. This posttranscrip-

tional modification has been reported in Arabidopsis cell cultures

exposed to the bacterial elicitor flg22 (Benschop et al, 2007; Nühse

et al, 2007) and the fungal elicitor chitin seems to alkalize the

apoplast following a similar molecular mechanism (Felix et al,

1993; Liu et al, 2009). In contrast, our data show a fast AHA activa-

tion, hence apoplastic acidification, in intact Arabidopsis roots that

we could directly link to changes of pH at both sides of the plasma

membrane with newly developed pH sensors (Fig 2). Our results

add a detailed layer of spatial resolution to the analysis of subcellu-

lar pH and demonstrate a high level of cell compartmentalization

and the ability of plant cells to act as a rheostat, as DpH changes

were restricted to the plasma membrane interface (Figs 2 and

EV2E), probably due to a buffering effect of the tonoplast (Pittman,

2012). Our data are in line with previously reported root surface

acidification in response to the mycorrhizal fungus Piriformospora

indica (Felle et al, 2009). Furthermore, we confirmed a chitin-

induced rapid apoplastic alkalinization in roots (Fig EV2H), as

previously reported in leaves (Felle et al, 2009). Our work therefore

broadens the “apoplastic alkalization” paradigm in response to

microbes and we would rather suggest “apoplastic pH alterations”

as a more accurate option. In addition, our data indicate that

Fo5176 exposes or secretes a molecule with a rapid and strong

capacity to acidify the host apoplast, counteracting the activity of

chitin that is present in the fungal cell wall and elicitor mix. The

nature of that molecule and its conservation in other fungi need to

be studied further.

The fast plant cell responses to Fo5176 contact required active

CC proteins (Fig 3). CC proteins and more specifically the CC1

microtubule-binding domain are involved in plasma membrane pH

regulation by altering AHA phosphorylation state, as the proton

pumps showed a permanently elevated basal activity in cc1cc2 and

cc1cc2 GFP-CC1DN120, which did not get further activated in

response to the fungus (Fig 5). Consequently, cc1cc2 mutants exhib-

ited a more acidic apoplast and basic cortical side of the plasma

membrane, could acidify a basic growth media faster, and were

more sensitive to hygromycin than WT plants (Figs 5 and EV5). Salt

stress was reported to alkalinize the apoplast and the cytosol (Gao

et al, 2004; Geilfus, 2017). This highlights the inverse effect of biotic

and abiotic stress on plant cellular pH modulation at the plasma

membrane and might explain the opposite phenotypes of cc1cc2 on

abiotic and biotic stress. We therefore postulate that the higher

plasma membrane DpH of cc1cc2 is the molecular reason for their

insensitivity to fungal contact (Figs 3 and 4), their inability to rear-

range the CSC-microtubule machinery in response to salt stress, and

their stunted growth on salt containing media (Endler et al, 2015;

Kesten et al, 2019). The acidic apoplast of cc1cc2 that does not

change upon fungal contact might also explain its reduced suscepti-

bility to Fo5176, measured as the ability of the fungus to express

SIX1, reach the xylem, and inhibit root growth (Fig 4). Actually,

buffered media (half MS, 5 mM MES, pH 5.7) reduced Fo5176 viru-

lence in WT plants to cc1cc2 levels (Fig EV4), supporting previous

data that reported the need of an active apoplastic pH modulation

by F. oxysporum to increase infection (Masachis et al, 2016). Our

plate infection method allows for visualizing and tracking patho-

genic colonization of the plant vasculature and enabled us to distin-

guish microbe growth in the xylem from growth in other root cell

layers (Fig 4). We quantified less Fo5176 xylem colonization in

cc1cc2 roots, correlated with lower expression of SIX1 (Fig 4), a

◀ Figure 5. cc1cc2 mutants exhibit an acidic apoplast, alkaline cortex and high basal AHA phosphorylation state, which are not affected by Fo5176 contact.

A Apoplastic pH variation of cc1cc2 roots expressing the pHapo sensor SYP122-pHusion over time, either in half MS or in half MS + Fo5176 hyphae. Values are
mean � SEM, N = 17 seedlings from three independent experiments. Welch’s unpaired t-test on total average pH; P-value = 0.84.

B Cortical pH variation of cc1cc2 roots expressing the pHcortical sensor pHGFP-Lti6b over time, either in half MS or in half MS + Fo5176 hyphae. Values are
mean � SEM, N ≥ 12 seedlings from three independent experiments. Welch’s unpaired t-test on total average pH; P-value = 0.67.

C Media pH development over time when 10-day-old WT (Col-0), cc1cc2, and cc1cc2 GFP-CC1DN120 plants were transferred to a liquid, alkaline media (pH 6.45). Values
are mean � SEM, N ≥ 23 plants from three independent experiments. Welch’s unpaired t-test after 6 h; *P-value ≤ 0.05.

D Western blots showing chemiluminescent signals of anti-pThr or anti-AHA incubated membranes loaded with Arabidopsis WT (Col-0) or cc1cc2 root samples. Roots
were treated for 8 min with either half MS or half MS + Fo5176 pSIX1::GFP hyphae. The Ponceau S panel shows total protein content. The AHA band used for
quantification is highlighted with an arrowhead. Dashed line separates different treatments of the same membrane.

E Relative AHA phosphorylation status from Western blots as shown in (D). Normalized signal intensity ratio of anti-pThr in respect to anti-AHA is shown. Box plots:
centerlines show the medians; box limits indicate the 25th and 75th percentiles; whiskers extend to the minimum and maximum. N = 5 independent experiments.
Welch’s unpaired t-test in comparison with Col-0 mock conditions; *P-value ≤ 0.05, **P-value ≤ 0.01.

F Western blots showing chemiluminescent signals of anti-pThr or anti-AHA incubated membranes loaded with Arabidopsis WT (Col-0) or cc1cc2 GFP-CC1CC1DN120
root samples. Roots were treated for 8 min with either half MS or half MS + Fo5176 pSIX1::GFP hyphae. The Ponceau S panel shows total protein content. The AHA
band used for quantification is highlighted with an arrowhead. Dashed line separates different treatments of the same membrane.

G Relative AHA phosphorylation status from Western blots as shown in (F). Normalized signal intensity ratio of anti-pThr in respect to anti-AHA is shown. Box plots as
described in (E). N = 6 independent experiments. Welch’s unpaired t-test in comparison with Col-0 mock conditions; *P-value ≤ 0.05, **P-value ≤ 0.01.

Source data are available online for this figure.

12 of 20 The EMBO Journal 38: e101822 | 2019 ª 2019 The Authors

The EMBO Journal Christopher Kesten et al



gene encoding a protein that contributes to the virulence of different

F. oxysporum f.sp (van der Does et al, 2008a). However, the total

amount of fungus was the same in cc1cc2 and WT roots (Fig 4),

indicating that the cc1cc2 mutations specifically hinder Fo5176 to

enter the vasculature. Since cc1cc2 has a more acidic apoplastic

milieu that alkalinizes slower in response to Fo5176 (Figs 5 and

EV5), this is in line with previous reports showing the need of an

alkaline environment for Fo5176 to produce invasive hyphae (Masa-

chis et al, 2016). Vascular microbes establish a compatible patho-

genic interaction with the host only if they can reach xylem vessels.

Indeed, non-pathogenic endophytes, like several F. oxysporum f.sp,

are unable to colonize the xylem and some of them confer protec-

tion to vascular pathogens (Brader et al, 2017). The fungal growth

in cc1cc2 therefore resembles that of non-pathogenic, endophytic

F. oxysporum strains, which colonize the root cell layers, but cannot

reach the xylem. The resistance to Fo5176 conferred by cc1cc2

should not interfere with the growth of beneficial endophytes or

endosymbionts and might render this mutation an interesting option

for agronomical applications in conditions of no salinity stress.

A second consequence of the AHA hyperactivation in cc1cc2 is a

reduction of the amount of cellulose in its cell wall (Fig 4). This

deficiency was restored by adding MES to the media, while the

buffer did not alter the cellulose content of WT roots (Fig EV4). This

confirms previous studies reporting no cellulose deficiencies in cc1c-

c2 etiolated hypocotyls grown on media supplemented with sucrose

and MES (Endler et al, 2015; Kesten et al, 2019). Our results indi-

cate that the pH at the plasma membrane influences cellulose

content of plants. Cellulose is measured as glucose contained in the

crystalline fraction of the cell wall (Yeats et al, 2016b) but the poly-

mer has a paracrystalline structure that is influenced by hydrogen

bonds between glucan chains and interactions with other polysac-

charides (Kulasinski et al, 2014). We therefore hypothesize that the

apoplastic pH impacts glucan chain assembly into crystalline struc-

tures, since polysaccharide interactions and protein activity in the

cell wall are regulated by pH (Cosgrove, 2015). Our theory would

explain why CSC density and speed was not affected by media with

or without a buffering component in cc1cc2 mutants, while we

observed less (crystalline) cellulose in comparison with WT plants

under unbuffered conditions (Figs 3 and 4I, and EV3 and EV4). Our

data could also be explained by considering that the speed of the

CSCs at the plasma membrane is not only dependent on their cata-

lytic activity since CSC speed and density is comparable between

WT and cc1cc2 independently of pH conditions (i.e., buffered or

unbuffered; Figs 3 and EV3). Based on the reduced cellulose content

of cc1cc2 under unbuffered conditions, we would have expected a

reduction of CSC density and/or speed in cc1cc2 cells, which we did

not (Figs 3 and 4). The increased plasma membrane DpH of cc1cc2

might have an impact on the plasma membrane ionic state, CSC

enzymatic activity and shape as well as on the charge state of its

substrate UDP-glucose, which in consequence might alter the activ-

ity of the complex (Colombani et al, 2004; Cho et al, 2017). In addi-

tion, the upregulated DpH might influence the speed of the CSCs by

changing the plasma membrane lipid composition. Further research

is required to fully understand the mechanism of cellulose synthesis

and assembly and to elucidate the influence of apoplastic ionic state

on cell wall architecture. Detailed information about the signaling

cascade downstream of cellulose deficiencies still remains scarce.

Low cellulose content is known to induce the expression of genes

involved in plant defense (Engelsdorf et al, 2018), which we also

observed in cc1cc2 grown on unbuffered media (Fig 4). In any case,

the cc1cc2 cellulose deficiencies are not the reason for its low

susceptibility to Fo5176, as the mutant maintained its resistance to

fungal vascular colonization and still outgrew WT plants when

grown on MES, while its cellulose content was restored to WT levels

(Fig EV4). Moreover, the (crystalline) cellulose reduction upon

fungal infection in WT plants was not altered by buffering the media

and is similar to that observed in cc1cc2 plants grown on MES,

despite a reduction in vascular colonization rate under these condi-

tions (Fig EV4). This observation clearly highlights that pH regula-

tion rather than cellulose-based effects causes the cc1cc2 resistance

to Fo5176 vascular colonization.

Our work supports and expands previous data showing the

essential role of pH in plant infection by different Fusarium sps. We

show that Fo5176 induces an apoplastic acidification at the begin-

ning of the interaction (Figs 1 and 2) that might be needed for

mycotoxin production (Gardiner et al, 2009). Furthermore, the acid-

ification might enable host cell wall loosening and degradation, as

cell wall loosening enzymes are activated by low pH (Cosgrove,

2015) and might reduce cellulose crystallinity (Fig EV4G). Rapid,

chitin-mediated apoplastic alkalinization (Fig EV2H, Felle et al,

2009) might therefore be a plant evolutionary response to counter-

act the initial pHapo drop caused by the fungus. Supporting previous

data, we showed that F. oxysporum promotes virulence during plant

infection (Fig EV5G), by stimulating (F)-RALF (rapid alkalinization

factor)-dependent long-term apoplastic alkalization (Masachis et al,

2016). Blocking this alkalinization promoted plant survival, either

by buffering the media or by introducing plant mutations that

induce a natural unresponsive pH at the plasma membrane interface

(Figs 4E–I and EV4C–F and I; Masachis et al, 2016).

In conclusion, our data extend the current view of plant adapta-

tion to the environment and indicate that the plasma membrane

proton chemical gradient is modulated in a CC-dependent manner.

The gradient therefore might act as a decisive starting point for plant

adaptation to both biotic and abiotic stress and a definitive factor in

xylem colonization by F. oxysporum. We also suggest a direct influ-

ence of pH on cellulose structure that might open up potential appli-

cations for biomaterial and biofuel industries. Furthermore, we

revealed a set of proteins that connects growth and defense with

opposite functions upon biotic and abiotic stress, which should be

kept in mind in the attempt to create stress-tolerant plants.

Materials and Methods

Plant material and growth

Arabidopsis thaliana (Col-0) lines expressing pUB10::SYP122-

pHusion and pUB10::pHGFP-Lti6b (see below under “Constructs”)

were transformed according to standard procedures (Hellens et al,

2000). Transgenic lines were isolated on plates containing 0.5× MS

(Duchefa), 0.5% sucrose, pH 5.8 (KOH), and 0.55% phytoagar

(Duchefa) supplemented with either 11.25 lg/ml sulfadiazine for

pUB10::SYP122-pHusion or 50 lg/ml hygromycin B for pUB10::

pHGFP-Lti6b. Transgenic lines were screened for 3:1 segregation of

the resistance marker and fluorescence intensities of the respective

sensors. The pHcyto sensor line, pUB10::pHGFP, and the cc1cc2,
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cc1cc2 GFP-CC1 and cc1cc2 GFP-CC1DN120 lines were published

previously (Fendrych et al, 2014; Endler et al, 2015). If not stated

otherwise, seedlings were grown upright on non-buffered, solid half

MS media (pH 5.7) in a 16-h light/8-h dark cycle at 21°C for the

timeframes as indicated below.

Fungal strains, culture conditions, and elicitor mix preparation

Fusarium oxysporum Fo5176 was used throughout this study. Strain

culture and storage were performed as described earlier (Di Pietro

et al, 2001). Fungal elicitor mix was prepared based on a method

published previously (Baldrich et al, 2014) with the following modi-

fications: Fo5176 was grown in liquid potato dextrose broth (PDB)

at 27°C in the dark for 5 days. The culture was filtered through

miracloth and washed thoroughly with water to remove excess

PDB. Mycelia were harvested, frozen in liquid nitrogen, and lyophi-

lized until dry. Dried mycelia were ground to powder in a Geno/

Grinder (SPEX SamplePrep, USA). The powder was diluted with

distilled water to obtain a concentration of 30 mg/ml. The slurry

was autoclaved for 15 min at 121°C, aliquoted, and stored at

�20°C.

Generation of Fo5176 hyphae

1 ml half MS (pH 5.7) + 1% sucrose containing 107 Fo5176 or

Fo5176 pSIX1::GFP spores was shaken horizontally overnight at

150 rpm in a 2-ml tube on a rotating device. Germinated spores

were spun down at 2,000 g for 5 min. Supernatant was discarded,

and hyphae were washed three times with half MS to remove excess

sucrose. Hyphae were used for short-term root treatments (5–

8 min) and measurement of pH changes in the media in response to

Fo5176 (see below).

Constructs

pUB10::SYP122-pHusion and pUB10::pHGFP-Lti6b constructs were

generated and assembled using GreenGate (GG) cloning (Lam-

propoulos et al, 2013).

For pUB10::SYP122-pHusion, the full-length coding sequence

(CDS) of SYP122 (Syntaxin of Plants 122; At3g52400) was amplified

from Arabidopsis thaliana Col-0 cDNA with primers 1 and 2 listed

in Table EV1, attaching Eco31I recognition sites and specific GG-

overhangs. The Stop codon was removed from the SYP122 CDS and

the resulting 1056-bp fragment was subcloned into pGGC000 (Lam-

propoulos et al, 2013). The CDS of pHusion was amplified from

p16-SYP61-pHusion (Luo et al, 2015) with primers 3 and 4 listed in

Table EV1 and the resulting 1,439-bp fragment was subcloned into

pGGD000 (Lampropoulos et al, 2013). The final construct was

assembled in a GG reaction from modules listed below.

1 pGGA006 (UBIQUITIN10 promoter; Lampropoulos et al, 2013).

2 pGGB003 (B-dummy; Lampropoulos et al, 2013).

3 pGGC-SYP122 (SYP122 CDS).

4 pGGD-pHusion (pHusion CDS).

5 pGGE001 (RBCS terminator from pea; Lampropoulos et al,

2013).

6 pGGF012 (pMAS:SulfRm:t35S; Lampropoulos et al, 2013).

7 pGGZ001 (Vector backbone with plant resistance at RB;

Lampropoulos et al, 2013).

To generate pUB10::pHGFP-Lti6b, the CDS of pHGFP was ampli-

fied from proUBQ10:pHGFP (Fendrych et al, 2014) in two parts, to

remove an internal Eco31I site by introducing a silent point muta-

tion. Eco31I recognition sites and specific GG-overhangs were

attached to amplicons with primers 5–8 listed in Table EV1. The

internal Eco31I site and the Stop codon were removed from pHGFP

and the resulting 676-bp and 99-bp fragments were subcloned into

pGGC000 (Lampropoulos et al, 2013). The CDS of Lti6b was ampli-

fied from PM-YC3.6-Lti6b (Krebs et al, 2012) with primers 9 and 10

listed in Table EV1, and the resulting 195-bp fragment was

subcloned into pGGD000 (Lampropoulos et al, 2013). The final

construct was assembled in a GG reaction from modules listed

below.

1 pGGA006 (UBIQUITIN10 promoter; Lampropoulos et al,

2013).

2 pGGB003 (B-dummy; Lampropoulos et al, 2013).

3 pGGC-pHGFP (pHGFP CDS).

4 pGGD-Lti6b (Lti6b CDS).

5 pGGE001 (RBCS terminator from pea; Lampropoulos et al,

2013).

6 pGGF005 (pUBQ10:HygrR:tOCS; Lampropoulos et al, 2013).

7 pGGZ003 (Vector backbone with plant resistance at LB;

Lampropoulos et al, 2013).

For plant transformation, pUB10::SYP122-pHusion and pUB10::

pHGFP-Lti6b were transformed into Agrobacterium tumefaciens ASE

strain harboring the pSOUP plasmid.

To obtain the Fo5176 pSIX1::GFP line, the pRW2h binary vector

(Houterman et al, 2008) was digested (XbaI/HindIII) and a three

point ligation was performed using two inserts, which were ampli-

fied with primers 11–18 listed in Table EV1: (i) the 1 kb region

downstream of the Fo5176-SIX1 ORF, digested with XbaI/EcoRI,

and (ii) the herpes simplex virus thymidine kinase (HSVtk) gene

under the control of the Cochliobolus heterostrophus glyceraldehyde-

3-phosphate dehydrogenase (ChGPD) gene promoter and the Neuro-

spora crassa b-tubulin gene terminator (EcoRI/HindIII). Since this

vector was meant for use in a knockout experiment of SIX1, HSVtk

was inserted as a conditional negative selection marker against

ectopic transformants (Khang et al, 2005). Subsequently, the 1 kb

region upstream of Fo5176-SIX1 was inserted into the vector using

PacI/ClaI, and the GFP coding sequence was inserted next to this

promoter region using primers with ClaI and KpnI linkers. The

plasmid was inserted into F. oxysporum Fo5176 by Agrobacterium-

mediated transformation as described previously (Takken et al,

2004). One ectopic transformant was selected for having low

in vitro and higher in planta GFP expression.

Spinning disk live cell imaging and data processing

Five-day-old plant roots were covered with a 1% agarose cushion as

described previously (Gutierrez et al, 2009). Treatments were added

to coverslips before plant transfer and roots were subsequently

placed directly into the treatment solution. 10 ll of a Fo5176 hyphae

suspension containing 106 hyphae/ml in half MS (originated from

overnight germination of Fo5176 spores, see above) or an elicitor

mix in a 1:3.66 dilution with half MS were used as treatment. The

whole process (transferring to the microscope and adjustments)

took approximately 5 min.
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XFP-tagged proteins were imaged with a CSU-W1 Yokogawa

spinning disk head fitted to a Nikon Eclipse Ti-E-inverted micro-

scope with a CFI PlanApo × 100 N.A. 1.40 oil immersion objective,

an EM-CCD ImageEM 1K (C9100-14) (Hamamatsu Photonics,

Japan), and a ×1.2 lens between the spinning disk and camera.

GFP was imaged using a 488 nm solid-state diode laser and a

525/50 nm emission filter; RFP was detected with a 561 nm solid-

state diode laser and a 609/54 nm emission filter. Alternatively, a

CSU-W1 Yokogawa spinning disk head fitted to a Nikon Eclipse

Ti-E-inverted microscope with a CFI PlanApo × 100 N.A. 1.40 oil

immersion objective, two iXon Ultra EM-CCD cameras (Andor,

GB), and a ×1.2 lens between the spinning disk and camera was

used. For this system, GFP was imaged using a 488 nm solid-state

diode laser and a 525/50 nm emission filter; RFP was detected

with a 561 nm solid-state diode laser and a 630/75 nm emission

filter and YFP was detected with a 515 nm solid-state diode laser

and a 535/30 nm emission filter. Time lapse images were

processed and analyzed with Fiji (Schindelin et al, 2012). Drifts

were corrected by using the plugin StackReg or MultiStackReg in

cases where two channels were imaged (Thevenaz et al, 1998).

Backgrounds were subtracted by the “Subtract Background” tool

(rolling ball radius, 30–50 pixels). To quantify CesA velocities,

three frames were averaged by “WalkingAverage” and kymograph

analysis was performed with the kymograph tool of FIESTA (Ruh-

now et al, 2011).

CesA and microtubule density measurements

Both methods were described earlier (Endler et al, 2015). Micro-

tubule density measurements were done following the basic princi-

ple of the method described above but it was transferred to Fiji. Cell

boundaries were detected by applying a Gaussian kernel

(sigma = 1.33 lm) into each image and applying various thresholds

with the Otsu algorithm (Otsu, 1979). Instead of using the

mentioned Sobel edge-detection algorithm, a Laplacian image was

generated (Gaussian kernel with sigma = 1.5 lm) using FeatureJ

(Erik Meijering, Biomedical Imaging Group, EPFL Lausanne). Vari-

ous thresholds, based on signal to noise ratio of each individual

image series, were applied to detect most microtubules and least

noise pixel. The total area of microtubules was then set in relation

to the cell area, which resulted in microtubule density.

Live cell ratiometric pH sensor imaging including flat and dark
field correction and data processing

Five-day-old A. thaliana seedlings were transferred to imaging

chambers as described earlier (Krebs & Schumacher, 2013). 400 ll
of half MS (pH 5.7) or half MS containing 5 mM MES (pH 5.7) was

used as imaging media. 150 ll fungal elicitor mix was added at the

indicated time points through the opening in the lid of the imaging

chambers. For hyphae treatment and growth measurements, as a

minor modification, the seedlings were not glued to the surface of a

coverslip but placed on top of a 1% agarose cushion as described

previously (Gutierrez et al, 2009). 10 ll of a Fo5176 hyphae suspen-

sion containing 107 hyphae/ml in half MS (originated from over-

night germination of Fo5176 spores, see above) was spread across

the agarose sandwich and air-dried for 5 min before seedlings were

placed on top. Imaging was started immediately afterward, and the

whole process (transferring the chamber to the microscope and

adjustments) took approximately 5 min.

Imaging of plant roots was performed on a Leica TCS SP8-AOBS

(Leica Microsystems, Germany) confocal laser scanning microscope

equipped with a Leica 10× 0.3NA HC PL Fluotar Ph1 objective.

pHusion was excited simultaneously, where GFP was excited with

488 nm and detected between 500 and 545 nm and mRFP was

excited with 561 nm and detected between 600 and 640 nm.

pHGFP-Lti6b and free pHGFP were excited sequentially, where GFP

was first excited at 405 nm and detected between 500 and 545 nm

and then excited with 488 nm and detected between 500 and

545 nm. HyD detectors were used for all image acquisitions. Image

settings were kept identical for calibration and pH measurements

with offsets being deactivated. Except for the standards, all images

were collected as an XYt series for 30 min with a time frame of

1 min.

To collect standard curves for the pH sensors, 6–12 seedlings

each were incubated for 15 min in a buffer series with pH values

between 4.8 and 8.0. The buffers contained 50 mM 4-(2-hydro-

xyethyl)-1-piperazineethanesulfonic acid (HEPES) (pH 6.8–8.0) or

50 mM 2-(N-morpholino)ethanesulfonic acid (MES) (pH 5.2–6.4)

and 50 mM ammonium acetate. The pH was adjusted to the desired

value by adding Bis–tris propane (BTP). If necessary, the pH 5.2

buffer was additionally adjusted by adding a small amount of

diluted HCl. Buffer pH 4.8 was composed of 22 mM citric acid,

27 mM trisodium citrate, and 50 mM ammonium acetate. pH was

adjusted with small amounts of KOH and HCl. After incubation,

seedlings were placed between a microscope slide and coverslip and

imaged as described above.

Flat field images were collected as described previously (Model &

Burkhardt, 2001; Model, 2006). The procedure was done for each

detector-objective combination. Dark images were acquired by

setting the lightpath of the microscope to the eyepiece and therefore

blocking all light to reach the detector. Subsequently, a time series

of 50 images was acquired and averaged using the Z-projection tool

of Fiji in average intensity mode. Flat field images were acquired by

using the following dyes and concentrations to prepare imaging

slides:

� 7-Diethylamino-4-methylcoumarin (Sigma D87759-5G, 50 mg/ml

in DMSO).

� Fluorescein sodium salt (Sigma 46960-25G-F, 100 mg/ml in H2O).

� Rose bengal (Sigma 198250-5G, 100 mg/ml in H2O).

� Brilliant Blue FCD (Sigma 80717-100MG, 100 mg/ml in H2O).

A drop of the specific dye solution was placed between slide and

coverslip. A uniform dye area was selected and the focus was set to

the area just below the coverslip. Subsequently, 30 different spots

were imaged with settings that used the whole range of the detector

(i.e., no over- or underexposure). These images were averaged

using the Z-projection tool of Fiji in median intensity mode. The

image was converted back to 8 bit with disabled scaling. All

acquired XYt image series and standards were finally automatically

corrected with a self-written Fiji macro, which did the following

modifications:

1 Dark images were subtracted from each single image of a

series by using the Fiji plugin Calculator Plus.

2 Each single image of the resulting dark corrected series was

divided by the median flat field image with Calculator Plus.
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3 Each single image of the resulting dark and flat field-corrected

image series was multiplied with the average intensity of the

corresponding flat field image using Calculator Plus to raise

intensity back to appropriate values.

Subsequently, ratio calculations (488 nm/561 nm for pHusion,

405 nm/488 nm for pHGFP) were performed on the corrected image

series. The calculations were performed automatically with a self-

written Fiji macro, which did the following operations:

1 A maximum projection over the whole image series was gener-

ated to estimate an average root position over time and correct

for root growth and (slight) drifting of the root.

2 Root boundaries were detected on this maximum projection by

applying a Gaussian kernel (sigma = 1.33 lm) into each

image and applying various thresholds with the Otsu algorithm

(Otsu, 1979). All following operations were performed in these

boundaries.

3 For each channel, a specific LUT was applied with the set Min

and Max function, which was kept constant for all correspond-

ing image series in this manuscript. At a minimum, the range

was set to 1–254 to remove all black (0) and oversaturated

(255) pixel.

4 The macro then iterated through the slices and channels of the

image series and automatically divided the mean gray value of

the first channel by the corresponding second channel (e.g.,

488 nm/561 nm) in each slice and exported the ratio over time.

Standard curves were calculated using sigmoidal regression (4PL

fitting algorithm) with Prism (version 8, GraphPad, USA). The pH

over time of the image series was subsequently calculated based on

the equations of the standard curve. The replicates of individual

time series were averaged and visualized with the multiple curve

averaging function of OriginPro 2019 (OriginLab, USA).

Root growth analysis

Five-day-old seedlings were mounted into an imaging chamber and

treated as described above in the “live cell ratiometric pH sensor

imaging” section, and experiments were undertaken in the same

manner. Root growth was measured by performing a time-phased

image subtraction with a phase shift of one frame. The detailed

method was described earlier (Schneider et al, 2019). The resulting

“root growth fronts” were transformed into kymographs by drawing

a segmented line (line width = 2 pixel) through the tip of the root

over time, followed by the kymograph plugin of Fiji. Positions of the

root tip over time were extracted from the kymographs by following

the kymographs with a segmented line and finally exporting the

coordinates with the “save as XY Coordinates” function of Fiji.

Plate infection assay

1 × 10 cm Whatman paper strips were heat-sterilized, and two

strips placed on 12 × 12 cm square plate containing 50 ml solid half

MS media. 6–10 sterilized and stratified A. thaliana seeds were

placed on each strip and grown under the conditions indicated in

the “Plant material and growth” section. After 8 days, the paper

strip was transferred to a mock or infection plate. The infection

plate was generated by equally spreading 100 ll of a Fo5176 or

Fo5176 pSIX1::GFP spore suspension containing 107 spores/ml in

water on a 12 × 12 cm square plate containing 50 ml solid half MS

media. Each plate was scanned daily to assess root growth. Root

length was measured with Fiji with a macro employing the above

described method on whole plates (see “Root growth analysis”).

Fo5176 pSIX1::GFP penetration of the root vasculature was assessed

with a Leica M205 FCA fluorescent stereo microscope, equipped

with a long pass GFP filter (ET GFP LP; Excitation nm: ET480/40x;

Emission nm: ET510 LP). Vascular penetration/infection was

counted when clear GFP signal was observed. In brief, we scanned

each plate manually with the stereo microscope for GFP signal that

showed a clear, linear, root central pattern (see Fig 4A), which is

typical for the penetration of the xylem. Then, the number of xylem

penetrations per root was calculated by dividing the total, cumula-

tive number of penetrations per day by the total number of plants.

Live fungus quantification

Plants were grown and treated as described under “Plate infection

assay”. Subsequently, roots of infected plants were harvested and

weighed. The roots were surface-sterilized for 1 min in 80% EtOH,

followed by a second sterilization step for 1 min in 0.25% NaClO as

recently described (Durán et al, 2018) to remove and kill the fungus

growing at the root surface. Roots were washed three times with

sterile H2O and finally taken up in 1 ml H2O/g fresh weight. The

tissue was ground using the TissueLyser II (Qiagen) and glass beads

for 1 min. The ground material was spread on PDB plates and incu-

bated at 25°C in the dark for 3 days. The third washing fraction was

treated equally to access if the surface sterilization was successful.

Developing, fungal colonies were finally counted and set in relation

to the initial measured fresh weight.

Plant cell wall and fungal chitin analysis

Plants were grown and treated as described under “Plate infection

assay”, harvested, flash-frozen, and subsequently lyophilized using

a freeze-dryer (Christ, Alpha 2–4). Lyophilized roots were ground

with glass beads (2.85–3.45 mm beads, Roth, Article number

A557.1) using a tissue homogenizer (Retsch MM301). Starch degra-

dation was performed as previously described (Hostettler et al,

2011). Alcohol-insoluble residue (AIR) production, subsequent

sample preparation, hydrolysis, and data analysis for monosaccha-

ride quantification were performed as previously described (Yeats

et al, 2016a,b) with some modifications. Briefly, crystalline cellulose

was calculated by subtracting glucose released by weak “matrix

hydrolysis” (4% sulfuric acid at 121°C for 1 h) from glucose

released by strong “Saeman hydrolysis” (72% sulfuric acid at room

temperature 1 h), followed by “matrix hydrolysis”. Prior to hydroly-

sis, 150 lg of sedoheptulose (CarboSynth, Item Number MS139006)

was added to each sample as an internal standard. 10 ll of 1:10

dilutions of hydrolyzed samples was measured on a Dionex ICS-

5000 using a ThermoFischer Scientific CarboPac PA20 column

(3 × 150 mm, Product Number 060142) and accompanying

CarboPac PA20 guard column (3 × 30 mm, Product Number

060144). Eluents for HPLC analysis were prepared as follows: Eluent

A: water, Eluent B: 50 mM NaOH, Eluent C: 100 mM Na-Acetate,

100 mM NaOH, Eluent D: 200 mM NaOH. All eluents were purged

with and maintained under helium gas as described by the
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manufacturer. Column temperature was maintained at 36°C as well

as a constant eluent flow of 0.4 ml/min of the following gradient to

elute monosaccharides: 0–18 min 4.8% B, 95.2% A; 18–20 min

linear increase to next condition; 20–30 min 50% D, 50% A;

30–40 min linear increase to next condition; 40–56 min 100% C;

56–56.1 min linear decrease to 50% D; 56.1–60 min 50% D; 60–

60.1 min linear decrease to next condition; 60.1–80 min 4.8% B,

95.2% A to equilibrate column back to starting conditions. All

standard curve and hydrolysis sample peaks were integrated using

Chromeleon 8.0 software.

Quantification of AHA phosphorylation levels

Ten-day-old plants were transferred to solid half MS media plates.

Their roots were treated for 8 min with 50 ll half MS or with 50 ll of
a hyphae suspension containing 106 hyphae/ml in half MS (origi-

nated from overnight germination of Fo5176 spores, see above).

Roots were collected and ground with a pestle in 30 ll pre-heated
(65°C) Laemmli sample buffer (Laemmli, 1970) and solubilized for

4 min. The homogenates were centrifuged at room temperature

(10,000× g for 5 min), and 20 ll of the supernatant were loaded onto

4–12% (w/v) acrylamide gradient gels (Expedeon, GB). SDS–PAGE

and protein transfer to nitrocellulose membranes were performed

with a Trans-Blot Turbo Transfer System (Bio-Rad, USA) according

to the manufacturer’s protocol. The amount of transferred protein

was analyzed by staining the membrane with Ponceau S Staining

Solution (0.1% (w/v) Ponceau S in 5% (v/v) acetic acid) for 10 min

and washing with distilled water to remove the background. Two

polyclonal AHA antibodies were subsequently used: first, one against

the region including the phosphorylated penultimate threonine

residue (anti-pThr), then one against the conserved catalytic domain

of the AHA (anti-AHA) (Hayashi et al, 2010). A goat anti-rabbit IgG

conjugated to horseradish peroxidase (AC2114, Azure Biosystems,

USA) was utilized as a secondary antibody and the chemilumines-

cence from the horseradish peroxidase reaction with a chemilumi-

nescence substrate (WesternBright ECL, Advansta, USA) was

detected using the Chemidoc Touch Image System (Bio-Rad, USA).

The membrane was stripped with 0.5M glycine, 0.1% SDS, and

0.01% Tween-20 (pH 2.2) and reused with the anti-AHA antibody.

The signal intensity of bands was analyzed using the “Gel function”

of Fiji and processed as described previously (Kesten et al, 2016).

The signal intensity of the anti-phThr antibody was normalized with

respect to the intensity of the anti-AHA signal. Data were finally

normalized to signal intensity ratios of Col-0 in mock conditions.

Measurement of media pH

Ten-day-old seedlings grown as described under “Plant material and

growth” were transferred into liquid half MS (pH 5.7) media. Media

pH was monitored with a pH Microsensor from Mettler Toledo Inlab

(USA). The proton secretion assay was performed by transferring

one plant into 250 ll half MS (pH 6.45), and the change of media

pH was measured over 6 h. The pH changes in the media in

response to Fo5176 were assessed by transferring one plant into

1 ml liquid half MS (pH 5.7), inoculated with 50 ll hyphae suspen-

sion containing 106 hyphae/ml in half MS (originated from over-

night germination of Fo5176 spores, see above), and the pH of the

media was monitored until the death of the plants (6 dpi).

Hygromycin B sensitivity assay

Seven-day-old seedlings were transferred to plates containing solid

half MS media supplemented with or without 5 lg/ml of Hygro-

mycin (Roth, Germany). After 7 days, the plates were scanned and

root growth was quantified by employing the Fiji software.

qRT–PCR

For the quantification of stress-related genes, 10-day-old roots were

harvested, immediately frozen in liquid nitrogen, and subsequently

ground using a TissueLyser II (Qiagen) and glass beads. To quantify

the expression of SIX1, plants were treated as described under

“Plate infection assay”, harvested 7 days post-infection, and then

ground as described above. Total RNA was extracted using isol-RNA

lysis reagent (5 PRIME) following the manufacturer’s protocol. 1 lg
of total RNA per 20-ll reaction was used to generate first-strand

cDNA using Thermo Scientific MaximaTM H Minus cDNA Synthesis

Master Mix with dsDNase (Thermofisher) following the manufac-

turer’s protocol. Primers (Table EV1, primers 19–30) (Roux et al,

2011; Masachis et al, 2016; de Souza et al, 2017) were used in the

qRT–PCR to amplify corresponding cDNA sequences under the

following PCR conditions: 95°C for 3 min, 40 cycles of 94°C for

10 s, 58°C for 15 s, and 72°C for 10 s, using Fast SYBR Green

Master Mix (Thermofisher) in a 10-ll reaction. The reference gene

GAPDH 600b (Czechowski et al, 2005) or FobTUB (FOXG_06228)

was amplified in parallel on each plate for normalization. No-

template controls and melting curves were examined to ensure no

contamination and primer–dimer formation was present. The 2DCT

method was used to quantify the relative expression of each gene

(Schmittgen & Livak, 2008).

Statistical analysis and experimental design

For statistical analyses, Welch’s unpaired t-test, repeated-measures

two-way ANOVA, or mixed-effects model analyses were performed

using GraphPad Prism 8. For the two latter methods, we did not

assume sphericity and used Greenhouse–Geisser correction. A

P-value of < 0.05 was considered as statistically significant. Statistical

methods and the resulting P-values are defined in the corresponding

figure legends. For CSC speed measurements, box plots of the particle

speed were plotted to give information about the total distribution

(from min to max), while statistical analysis was performed on

the average CSC speeds of individual roots. If the fluorescent ratios

of the pH sensors (pHusion, pHGFP) were measured to be outside of

the standard curve range, they were excluded from the analysis. If

samples drifted during image acquisition and this could not be

corrected as described above, they were excluded from the analysis.

Expanded View for this article is available online.
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