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Apoplastic alkalinization as rapid defence readout is 
more sensitive to flg22 than HrpZ

One of the earliest responses detected is a modification of 
plasma membrane permeability, in particular Ca2+, H+, 
and K+ and anion fluxes that can be conveniently followed 
as changes of extracellular pH (Jabs et  al., 1997; reviewed 
in Felix et al., 1999; Nürnberger and Scheel, 2001). To test, 
whether the differential cytoskeletal response to flg22 versus 
HrpZ was caused by a lack of sensitivity of BY-2 cells to 
flg22, this study therefore used extracellular alkalinization as 
a fast cellular response monitoring plant defence. Already at 
a low concentrations (1 nM), flg22 could trigger a pH reach-
ing a maximum at ~600 s after elicitation (Fig. 4A). This peak 
increased in amplitude, but was not advanced in time, when 
the concentration of flg22 was increased. A  dose–response 
of maximal alkalinization over the concentration of flg22 
showed a saturation of the response from 200 nM at 0.27 pH 
units (Fig. 4B). HrpZ in a concentration of 1.73 μM could 
trigger an alkalinization that was comparable in amplitude 
(Fig. 4C). To verify that this recombinantly produced elicitor 
was biologically active, the same concentration of HrpZ was 
tested in the two grapevine cell lines. For the more respon-
sive V. rupestris, up to almost 0.7 pH units were obtained, for 
the less responsive V. vinifera cv. Pinot Noir the response was 
close to that found in BY-2. This pattern shows that the activ-
ity of HrpZ used in the current experiments was comparable 
to that of the commercial Harpin elicitor used in the previous 
studies (Qiao et al., 2010; Chang and Nick, 2012). A dose–
response of maximal alkalinization over the concentration of 
HrpZ in BY-2 (Supplementary Fig. S3) showed that stronger 
alkalinization can be induced in BY-2 as well, but that this 
requires higher concentrations of the elicitor as compared to 
V. rupestris indicating differences in sensitivity between these 
cell lines. It should also be mentioned that the time points 
when these maxima were reached were between 900 and 1500 
s, depending on the concentration, which is significantly later 
than the timing found for flg22 (Fig. 4A).

Cell division and cellular morphogenesis are altered 
by HrpZ

The morphogenesis of plant cells depends on the cytoskel-
eton. The cytoskeletal responses induced by HrpZ should 
therefore, as a consequence, alter cellular morphogenesis. 
Therefore, this study phenotyped growth, cell shape, and divi-
sion synchrony as sensitive targets of cytoskeletal remodel-
ling. A dose–response curve of packed cell volume as reporter 
for culture growth over the concentration of elicitor (Fig. 5A) 
showed a significant inhibition with increasing concentration 
of flg22 or HrpZ, respectively. This inhibition became more 
prominent with time (compare the curves for days 3 and 4 in 
Fig. 5A). To test, whether the decreased growth was caused 
by inhibition of cell division, the dose–responses of mitotic 
index were monitored at day 3 (at the peak of mitotic activ-
ity) after inoculation. For flg22, even for a high concentra-
tion of 1 μM flg22, mitotic index was only partially reduced 
(by some third as compared to the control). In contrast, 

Fig. 4.  Extracellular alkalinization in response to flg22 (A and B) 
or HrpZ (C). (A) Representative time course of BY-2 cells to a 
low (1 nM) and a high (200 nM) concentration of flg22. (B) Dose-
response of maximal alkalinization over the concentration of flg22 
in BY-2; dotted line shows the value obtained for solvent control 
water. (C) Maximal alkalinization for treatment with 1.73 μM HrpZ 
in BY-2 (white bars), the highly responsive V. rupestris cell line 
(dark grey), and the weakly responsive V. vinifera cv. ‘Pinot Noir’ 
cell line (light grey); negative controls include dead BY-2 cells 
challenged by the elicitor and a solvent control (5 mM MES); the 
response of the cells is recorded at the respective maxima (520 s 
after induction for BY-2, 1600 s after induction for the two Vitis cell 
lines). Data in (B) and (C) are mean ± standard errors from three 
independent biological replicates.
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HrpZ reduced the mitotic index drastically to almost zero 
(Fig. 5B). The effects of flg22 and HrpZ on cell shape were 
investigated, since the axiality of cell expansion depends on 
the organization of cortical microtubules, Frequency distri-
butions for the ratio between cell width over cell length were 
constructed (Fig. 5C). For high concentrations of flg22 such 
as 1 μM, the frequency of cells with ratios of width/length 
0.4–0.6 decreased, whereas cells with ratios >1 increased. 
This means that elongated cells became rare; whereas broader 
cells became more frequent (Fig. 5D left). This trend became 
progressively evident from flg22 concentrations exceeding 
10 nM. The situation was inverse for treatments with HrpZ. 
Here the frequency of cells with a ratio of width/length 
0.2–0.4 increased for as the elicitor concentration reached 
1.73 μM, which means that cells became progressively elon-
gated (Fig.  5D right). Lower concentrations of HrpZ were 
not effective in affecting cell shape (data not shown).

Since the effects of flg22 on cellular morphogenesis were 
very subtle in comparison with those of HrpZ, division syn-
chrony was used as the most sensitive morphological marker. 
Cell divisions in tobacco suspension cells are synchronized 
by signals that depend on polar auxin transport which can 
be monitored as frequency peak of cells composed of six 
cells (Campanoni et  al., 2003). Since polar auxin transport 
is strongly dependent on actin organization (reviewed in 
Nick, 2010), the division synchrony can be used as highly 
sensitive marker for actin remodelling and had been used 
successfully to monitor cell-death-related actin bundling 
(Chang et al., 2011). In response to flg22, the amplitude of 
this peak increased progressively up to 3-fold as compared 
to the control (Supplementary Fig. S4), suggesting that flg22 
can modulate the actin cytoskeleton although this is not 
accompanied by bulk changes. Conversely, as to be expected 
from its actin bundling effect, a permissive concentration of 
HrpZ (2.59 μM) elevates the frequency of hexacellular files 
(Supplementary Fig. S4).

HrpZ, but not flg22, can induce cell death

A characteristic feature of ETI is programmed cell death, 
leading to a hypersensitive response occurring at infection 
sites. Therefore, this study followed mortality in response to 
flg22 and HrpZ over time. For flg22, elevated mortality was 
not observed for a range of concentrations (Fig. 6 left). Even 
for treatment with 200 nM (data not shown), mortality was 
only 3.4% at day 3. On the contrary, HrpZ induced cell death 
from day 2, reaching nearly 70% at day 3 after treatment with 
8.64 μM HrpZ (Fig. 6 right).

Discussion

This work addressed the response of the cytoskeleton to flg22 
(a canonical trigger for PTI) and HrpZ (a bacterial elicitor 
triggering an ETI-like response) by spinning-disc confocal 
microscopy and life-cell imaging in the BY-2 tobacco cell line. 
The motivation was the observation that a commercial Harpin 
elicitor induced cytoskeletal responses in two grapevine cell 

lines that differ in their microtubular dynamics (Qiao et al., 
2010). A limitation of the grapevine system was the need to 
visualize microtubules by immunofluorescence, and actin by 
fluorescent phalloidin, both protocols requiring chemical 
fixation. Since the cytoskeletal response could thus not be 
followed over time in individual cells, only bulk changes of 
cytoskeletal organization became evident, which means that 
the early stages of these responses were not detected. This 
limitation was circumvented in the current work by using 
tobacco BY-2 cells, where transgenic fluorescent marker lines 
are available. A second drawback of the previous experimen-
tal system was the fact that the commercial Harpin elicitor 
is a HrpN species, which requires translocation into the host 
cytoplasm. Therefore, this study used HrpZ, which acts as 
helper protein supporting for type-III secretion in the apo-
plastic face of the membrane. Based on these two changes, it 
is now shown that the cytoskeletal responses differ depending 
on the nature of the elicitor and the nature of the cytoskel-
etal element: whereas both actin and microtubules responded 
drastically and rapidly to HrpZ, the cytoskeletal responses to 
flg22 remained very subtle. Both responses initiated early and 
could be detected from ~5–10 min after elicitation. The time 
course for the actin response either accompanied (for flg22) 
or even preceded (for HrpZ) extracellular alkalinization, a 
very early response for defence, preceding calcium influx, 
mitogen activated protein (MAP) kinases, reactive oxygen 
species and plant hormones (salicylic acid, jasmonate, ethyl-
ene), and induction of defence-related genes. Generally, actin 
responded more sensitively as compared to microtubules, 
although the microtubules in the cell centre disintegrated in 
response to HrpZ (parallel with actin filaments).

To understand the differential early cytoskeletal response 
to flg22 versus HrpZ, it is relevant to compare the perceptive 
mechanisms for these elicitors. The PAMP flg22 is a ligand of 
the leucine-rich repeat receptor kinase FLS2 (Gómez-Gómez 
and Boller, 2000; Zipfel et al., 2004; Chinchilla et al., 2006). 
A  dose–response curve using apoplastic alkalinization as 
readout shows that around 100 nM were required to elicit a 
significant response (Fig. 4B), which places BY-2 into the less 
responsive systems. For comparison, cell lines of V. rupestris 
produce a half-maximal response at <5 nM flg22, whereas, 
on the other hand, V. vinifera cv. Pinot Noir needs >800 nM 
flg22 for half-activation (Chang and Nick, 2012). Although 
BY-2 does not classify for being highly flg22 sensitive, flg22 is 
clearly sensed at much lower concentrations as compared to 
HrpZ, where >5 μM are required to get half-maximal alka-
linization (Supplementary Fig. S3), consistent with findings 
in grapevine cells (Chang and Nick, 2012). Both elicitors also 
differ in the timing of apoplastic alkalinization, HrpZ occurs 
about 5–10 min later as compared to flg22 leading to a model, 
where the link between flg22 and alkalinization is more direct, 
whereas the link between Harpin and alkalinization is indi-
rect. Again, this difference in timing is not confined to BY-2, 
but has also been observed in the grapevine system (Chang 
and Nick, 2012).

The low sensitivity to HrpZ indicates that this elicitor is 
not perceived through a canonical protein receptor, con-
sistent with findings from other groups: For HrpZPsph from 
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Fig. 5.  Cellular responses to flg22 (left) and HrpZ (right). (A) Dose–response of packed cell volume as indicator of culture growth at day 
3 (peak of mitotic activity) and day 4 (onset of cell expansion) after inoculation, respectively. (B) Dose-response of mitotic index at day 3 
after inoculation (scored from a population of 2000 individual cells for each data point). (C) Effect on cell shape; frequency distributions 
for the ratio between cell width over cell length were constructed from 2500 individual cells for each experiment. (D) Differential-
interference contrast images of representative cells either raised under control conditions (centre) or after treatment with either 1 μM 
flg22 or 1.73 μM HrpZ. Data in (A) and (B) are mean ± standard errors from three biological replicates.
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P. syringae, cation-permeable pores have been reported (Lee 
et al., 2001a). HrpZ is highly conserved in P. syringae strains 
and, unlike the harpin HrpN of E.  amylovora which is an 
essential pathogenicity factor (Wei et al. 1992), seems to act as 
helper protein supporting type-III secretion. Instead of being 
translocated into the host cytoplasm, HrpZ has been local-
ized in the apoplast (Brown et al., 2001). HrpZ can bind to 
phosphatidic acid and, upon insertion into vesicles prepared 
from plant plasma membranes, it can cause vesicle disrup-
tion (Lee et al., 2001b; Haapalainen et al., 2011). Despite this 
obviously different mode of perception for HrpZ, there seems 
to be some sort of specificity: when HrpZ proteins originat-
ing from two different pathovars of P. syringae were admin-
istered to A.  thaliana, both HrpZ types caused cell death 
but the modulation of anionic currents was specific, and in 
a phage display screen for peptide binding, different motif  
preferences were observed (Haapalainen et al., 2012).

Thus, whereas the flg22 signal is transduced by a classical 
receptor kinase activity, the HrpZ signal acts by a localized 
loss of membrane integrity, which will directly impinge upon 
cortical actin. Actin is known to stabilize membrane integrity 
in a great number of systems (Papakonstanti et al., 2000; for 
review, see Koivusalo et al., 2009) and seems to be directly 
linked with the plasma membrane of plant cells as demon-
strated by TIRF-microscopy in BY-2 protoplasts expressing 
the GFP-FABD2 marker (Hohenberger et  al., 2011). This 
membrane-associated actin population on the one hand sta-
bilizes membrane integrity (Hohenberger et  al., 2011) and 
sensitively responds to perturbations of membrane integ-
rity by rapid detachment from the plasma membrane, which 
is then followed by bundling of actin cables, contraction 
towards the nucleus, and programmed cell death (Berghöfer 
et al., 2009). The current observations integrate well into the 
accumulating body of evidence linking actin remodelling with 
programmed cell death across eukaryotic cells in general (for 
review, see Gourlay and Ayscough, 2005; Franklin-Tong and 
Gourlay, 2008) and plant cells in particular (Smertenko and 
Franklin-Tong, 2011). For instance, during self-incompati-
bility in poppy, actin remodelling is necessary and sufficient 
to activate programmed cell death in the male gametophyte 
(Thomas et al., 2006). Conversely, the programmed cell death 

of embryonic suspensors during the somatic embryogenesis 
of conifers requires actin remodelling which is necessary for 
the embryo proper to become committed for embryogenesis 
(Smertenko et al., 2003).

The link between impaired membrane integrity by HrpZ-
induced pore formation and actin remodelling will be the 
topic of  future investigations. A molecular candidate for this 
link might be reactive oxygen species, since they not only 
participate in the signalling culminating in programmed 
cell death (for review, see Gechev et al., 2006), but also trig-
ger actin reorganization in plant programmed cell death 
(Wilkins et al., 2011). The remodelling of  actin in response 
to changes of  redox potential is observed across all eukary-
otic kingdoms pointing to ancient origins (Franklin-Tong 
and Gourlay, 2008). In fact, when in Harpin-triggered grape-
vine cells the NADPH oxidase as major source of  apoplastic 
oxidative burst was blocked by diphenylene iodonium chlo-
ride, or when apoplastic hydrogen peroxide was scavenged by 
addition of  catalase, this impaired the induction of  stilbene 
synthase, a key player for grapevine phytoalexin synthesis 
(Chang et al., 2011).

Compared to actin, the response of  microtubules seems to 
be more indirect. Even at the time when the actin cytoskel-
eton is breaking down in response to HrpZ, cortical microtu-
bules, although disturbed in their orientation, still maintain 
a certain degree of  integrity (Fig.  3B). Since plant micro-
tubules have been recently shown to respond to oxidative 
imbalance (Livanos et al., 2012), they might simply respond 
to the actin-dependent oxidative burst caused by pore forma-
tion. Microtubules modulate deformation-sensitive calcium 
channels (Ding and Pickard, 1993; Mazars et al., 1997) and 
therefore modulate apoplastic alkalinization (Chang and 
Nick, 2012). Alkalinization in response to Harpin elicitors 
occurs later as compared to that triggered by flg22 in both 
BY-2 (this work) and grapevine (Chang and Nick, 2012). 
This might be caused by the time span required for the reac-
tive oxygen species to disassemble the microtubules modulat-
ing the calcium channel. Oryzalin and taxol could activate 
defence genes in the absence of  Harpin elicitors in grape-
vine, indicating a function of  microtubules upstream of gene 
induction (Qiao et al., 2010). Interestingly, latrunculin B and 

Fig. 6.  Mortality in response to flg22 (left) and HrpZ (right). Data are mean ±standard errors from three independent experimental series 
with a population of 2000 individual cells scored after staining with 2.5% Evans Blue.
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phalloidin were less effective, consistent with a more indirect 
mode of  interaction.

This study arrives at a model where a dynamic population 
of cortical actin acts as a sensor for membrane damage. In 
response to the membrane pores produced by HrpZ, actin is 
bundled followed by a contraction of actin cables towards the 
nucleus, whereas on the other hand, a rapid oxidative burst 
is generated (Chang and Nick, 2012) that is followed by cell 
death. In contrast, flg22 produces only a subtle cytoskeletal 
response, which might be related to the slower and weaker oxi-
dative burst induced by flg22 as compared to Harpin elicitors 
(Chang and Nick, 2012). Apoplastic alkalinization as early 
readout of defence, however, seems to be more closely linked 
with flg22 as compared to Harpin elicitors. Thus, although 
both elicitors are generating an oxidative burst and an apo-
plastic alkalinization, the temporal signature differs. The 
response of submembraneous actin might be responsible for 
the generation of this temporal signature. Future work will 
be directed to understanding the role of the cortical cytoskel-
eton in decoding the temporal signature of defence activating 
different outputs (cell death versus basal immunity).

Supplementary material

Supplementary data are available at JXB online.
Supplementary Fig. S1. Early response of actin filaments 

in BY-2 to HrpZ and bundling of cortical actin filaments 
in BY-2.

Supplementary Fig. S2. Aberrant microtubule structures in 
response to flg22.

Supplementary Fig. S3. Dose-response of maximal alka-
linization over the concentration of HrpZ in BY-2.

Supplementary Fig. S4. Division synchrony at the end of 
cell division phase.
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