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Short Communication

Suppression of MKK5 reduces ozone-induced signal transmission
to both MPK3 and MPK6 and confers increased ozone sensitivity in

Arabidopsis thaliana
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In Arabidopsis thaliana, ozone-induced signaling has been
shown to involve the mitogen-activated protein kinases (MAPKs)
MPK3 and MPKG6. To identify a possible ozone-induced
mitogen-activated protein kinase kinase (MAPKK) involved in
the activation of these specific MAPKSs, we employed RNA inter-
ference-(RNAIi)-based suppression of MKK5, a known cognate
MAPKK to both MPK3 and MPK6. When exposed to ozone,
activation of both MPK3 and MPK6 was markedly reduced in
the MKKS5-suppressed plants compared to WT. Additionally, the
MKKS5-suppressed plants were found to be highly sensitive to
ozone as determined by visible leaf damage concomitant with
elevated levels of leaf-localised H,O,. Taken together, our data
suggest MKK5 functions both in ozone-induced activation of
MPK3 and MPKG6 and in integrating ROS homeostasis during

ozone stress.

Ozone is believed to cause more damage to plants in Europe
and North America than any other gaseous pollutant.!? The detri-
mental effects of this pollutant on plant life include diminished
photosynthesis, growth-rate retardation, altered patterns of carbon
allocation, and accelerated foliar senescence.3-¢

Ozone enters the mesophyll via the stomata and diffuses
through inner air spaces and cell walls to the plasmalemma’ where
it is immediately converted to reactive oxygen species (ROS) such
as the free radicals, superoxide anion (*O,7), hydroperoxyl radical
(HO,"), the conjugate acid to the superoxide anion, and the
hydroxyl radical (HO®). In addition to these free radicals, various
non-radical oxygen-centered derivatives, e.g., hydrogen peroxide
(H,0,) are also formed.®? Hydrogen peroxide is able, to some
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degree, to move across the plasma membrane!®!! where the poten-

tial to oxidatively modify lipids and proteins, including receptors,
exists. When hydrogen peroxide encounters ferrous (Fe?*) ions,
production of the very destructive hydroxyl radical is possible
through what is known as the Haber-Wilstitter/Weiss cycle, via
Fe-catalyzed Fenton chemistry.!21¢ Since these ROS can be toxic
to living cells, plants have, in addition to a basal level of anti-
oxidant metabolites, evolved a complex, enzyme-based oxidant
sensing and response system to help counteract the deleterious
effects of oxidants derived from various sources, including ozone,
photo-oxidation and ultra-violet radiation (UVR).

The Arabidopsis genome codes for ~60 putative MAPKKKs,
10 MAPKKs and 20 MAPKs.!718 MAPK cascades are highly
regulated networks of phosphoproteins arranged in multiple, inter-
connecting, hierarchical phosphorelays, which are rapidly activated
in response to a large number of external and internal stimuli
including, but not limited to, ozone, UVR, hydrogen peroxide,
pathogen attack, cold, drought, growth factors and cytokines,19’25
(reviewed in refs. 26 and 27).

Ozone challenge has been shown to rapidly activate MAPK
signaling in both tobacco?? (WIPK and SIPK) and Arabidopsis?®
(MPK3 and MPK®6) through a process which requires ROS accu-
mulation, receptor activation, calcium influx and activation of one
or more upstream MAPKK(s). In Arabidopsis, it was shown that
treatment of suspension-cultured cells with hydrogen peroxide
also induced activation of an unidentified 44 kDa MAPK,?8
while through transient heterologous expression studies in maize
protoplasts, specific activation of MPK3 and MPK6 by hydrogen
peroxide was demonstrated.?? Hydrogen peroxide also induces
activation of an Arabidopsis MAPKKK, ANP1 and ectopic expres-
sion of constitutively active ANP1%Y led to activation of MPK3
and MPKG6, as well as increased expression of a reporter gene
under the control of the oxidant stress-responsive promoter of
GST6. Recently, another upstream serine/threonine kinase (OXI1)
was shown to play an important role in Arabidopsis for relaying
hydrogen peroxide-induced signals to both MPK3 and MPK6.30

However, none of these studies using direct oxidant challenge
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addressed the identity of the intermediating MAPKK(s)
involved in oxidant-induced MAPK signaling.

35S pro
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Activation of MPK3 and MPKG6 in Arabidopsis
by elicitor treatment, on the other hand, has been B
shown to involve two closely-related MAPKKs, MKK4
or MKK5.3! A flagellin peptide (flg22) was also
shown to activate an Arabidopsis signaling module
consisting of MEKK1, MKK4/MKK5 and MPK3/
MPKG6.3! Flagellin-22, like other elicitors, elicits both
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rapid changes in protein phosphorylation and an oxida-
tive burst in challenged cells, suggesting a logical link
between elicitor-induced signaling and oxidant-induced
signaling. Consistent with this, stable overexpression
of constitutively activated forms of either MKK4

or MKKS5 led to increased activation of MPK3 and
MPKG6, with an associated oxidative burst and lesion
formation.>?> While both MKK4 and MKKS5 can thus
serve as upstream activators of MPK3 and MPKG6 in
the context of elicitor response, or when ectopically
expressed as constitutively active forms, it is not known
whether they also control activation of these MAPKs in
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response to direct oxidant challenge.

Because loss-of-function alleles of MKK5 are not
presently available in public depositories, we utilized
post-transcriptional gene silencing (RNAI) technology
to specifically manipulate the expression of MKK5
in Arabidopsis. We find that suppression of MKK5
renders the transgenic genotype highly susceptible to
ozone-stress, as determined by visible leaf damage coin-
cident with elevated levels of leaf-localised hydrogen peroxide. We
also demonstrate that MKKS5 is necessary for full activation of both
MPK3 and MPKG6, unequivocally placing MKK5 upstream of
these two MAPKSs in ozone-induced signaling. Our data point to
a non-redundant role for MKKS5 in the overall response to ozone-
induced oxidant stress in Arabidopsis.

Based on antibiotic resistance selection, a transformation rate of
~1% was achieved for the MKK5-RNA:i construct (Fig. 1A). Plants
which both developed and maintained green (true) leaves together
with a root mass when growing on selective plates, were designated
as putative transformants and subsequently transferred to soil and
allowed to grow for an additional two weeks. To determine the
success of MKKS5 suppression, two rosette leaves were collected
from a number of the T, plants and analysed via RT-PCR using
gene-specific primers. Varying levels of suppression were obtained,
but in none of the recovered lines (46 plantlets) was suppression of
MKKS5 found to be complete (data not shown). Progeny (T ) from
the parental (T,) MKKS5-suppressed lines retained MKKS5 suppres-
sion and were considered to be stably transformed. Plants from
two MKK5-suppressed lines (MKK5-2 and MKK5-6), which
were central parental lines for this study, are shown in Figure 1B.
As negative controls, we used primary (T 4,,) transformants (for
example, line 33) that carried the MKK5-RNAI construct, but
failed to show any MKKS5 suppression as determined by RT-PCR
(Fig. 1C), or any loss of MPK3 and MPKG6 activation (Fig. 2A).

MKK4 and MKK5 are two closely related members of the
Group C Arabidopsis MKKs, and share ~-78 % identity at the
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Figure 1. MKK5-RNAI construct and loss-of-function genotype selection. (A) The MKKS5-
RNAI construct under the control of the 35S promoter of the Cauliflower mosaic virus;
(B) PCR-positive T, lines showing MKK5 suppression; (C) RTPCR of a PCR-positive
T, line shows no MKK5 suppression; (D) The closely related MAPKK, MKK4, is not
suppressed in the MKK5-RNAI line (MKK5-2). Relative expression (B) was quantified
using image) analysis software. The expressions were normalized to histone levels and
expressed as % expression relative to control (100%).

nucleotide level. The double-stranded RNA interference (dsRNA)
construct directed at MKKS5 targeted a unique N-terminal region
of the gene which possesses ~62% identity to MKK4 in the same
region. To confirm that the RNAI construct specifically targeted
MKKS5, and not MKK4, the expression of MKK4 was analysed
and found to be unaffected in the MKK5-RNAI plants (Fig 1D).

Since ozone strongly induces activation of both MPK3 and
MPKG6 in WT Arabidopsis,25 and MKKS5 has been shown to
activate both MPK3 and MPK6,%? we next evaluated the impact
of MKKS5 suppression on ozone-induced activation of MPK3
and MPK6. When the T, and WT genotypes were exposed to
ozone (200 nL L1, 10 minutes), followed by western blot analysis
using anti-pERK 1&2 antibodies which only recognize the fully
active (doubly phosphorylated) forms of MPK3 and MPKG6 in
A. thaliana, a marked decrease in MPK3 and MPKG6 activation
was observed in the MKKS5-suppressed lines (Fig. 2A), but not in
the control lines (e.g., parental line 33), suggesting that MKKS5 is
necessary for full signal transmission to these MAPKs during ozone
exposure. Here, we chose to fumigate using a lower concentration
of ozone, 200 nL L1, instead of the standard 500 nL L'}, in order
to lessen the chance of killing the plants, thereby allowing these
young plants to mature and set seeds. Only a limited number of
transformed plant lines are represented in Figure 2.

T, MKK5-2 (RNAI) transgenic plants, along with WT and
MKK5-33 plants, were exposed to either ambient air, or continuous
ozone fumigation (500 nL L!) for four hours and examined
four hours post-fumigation (eight hr total time) for visible leaf
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Figure 2. Ozone-induced activation of two MAPKs is interdicted in
MKKS5-RNAI plants. (A) Extracted proteins (20 ug) from ozone fumi-
gated (200 nL L'!, 10 min), five-week-old (T,) seedlings were fraction-
ated by 10% SDS-PAGE, and transferred onto PYDF membranes. The
resulting PYDF membrane was incubated using anti-phospho-ERK 1&2
antibodies, which have been shown to identify only the fully active
forms of Arabidopsis MAPKs, MPK3 and MPK6. MKK5-suppressed
lines show a reduction in the activation of both MPK3 (bottom band)

blot

- = Coomassie stained

and MPK6 (top band). Control plants (ozone) were harvested at the
same fime as the ozonetreated transgenic plants. (B) Coomassie
stained PYDF membrane showing protein loading.

damage. Leaf damage was consistently observed in leaves of
MKKS5-suppressed plants (Fig. 3F and J) at the eight hour time-
point, whereas no damage was detected on WT (Fig. 3D and I) or
MKKS5-33 (Fig. 3E) leaves.

This ozone-induced leaf damage was consistently observed in all
transformed plants where MKK5 suppression was observed. Even
at the four hour time-point (i.e., immediately after fumigation), a
number of the ozone-treated MKK5-RNAI plants started to show
visible leaf damage. MKK5-suppressed plants were found to be
more sensitive to ozone (500 nL L1, 8 hr) than MPK6-suppressed
plants, but less sensitive than MPK3-Deletagene-(DG) plants
(data not shown). After 24 hours of continuous ozone exposure
(500 nL L), 100% of the MKK5-RNAI test plants showed visible
leaf damage, while both WT and non-MKK5-suppressed control
(positive transformants) plants showed none.

Interestingly, the ozone-damaged leaves on the MKK5-
suppressed plants became very dry and brittle, but maintained
their green colour throughout their life span. This rapid desic-
cation phenotype was previously observed in MPK3-DG and
MPKG6-suppressed (RNAi) genotypes after ozone fumigation?
and in Arabidopsis plants stably transformed with constitutively
active forms of either MKK4 or MKK5.32 Ectopic overexpression
of these constitutively active forms of MKK4 and MKKS5 also
resulted in a prolonged activation of MPK3 and MPKG6, accumu-
lation of leaf-localized hydrogen peroxide, and cell death.’? This
process of rapid dehydration appears analogous to the response of
leaves displaying hypersensitive response (HR) cell death elicited
by an incompatible interaction with pathogens. Rapid dehydration
is thought to play an important role in limiting the multiplication
of pathogens by depriving them of water.3

Since the MKK5-RNAI transgenic plants displayed increased
sensitivity to ozone, we asked whether this represented an inability
of the ozone-challenged tissue to control the build-up of ROS,
specifically, hydrogen peroxide. To investigate this possibility, the
patterns of leaf-localised hydrogen peroxide accumulation in both
WT and MKKS5-suppressed plants following ozone exposure, were
compared.

When both the control and ozone-treated leaves from WT and
the MKKS5-suppressed plants were infiltrated with 3,3'-diamin-
obenzidine (DAB) solution, the staining patterns revealed no
hydrogen peroxide accumulation in untreated leaves from either
the WT or transgenic plants (Fig. 3G and H, respectively). A
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similar result was recently reported for plants transformed with
‘kinase inactive’ MKKS5.3? However, four hours of ozone-fumiga-
tion (500 nL L), resulted in a marked increase in DAB staining
in the MKKS5-suppressed plants relative to that observed in WT
plants (Fig. 3K and L, respectively), consistent with the idea that
MKKS5-suppressed plants were less effective at controlling the
redox environment within their tissues.

This not only suggests a role (direct or indirect) for MKKS5 in
the plant’s overall capacity to manage oxidant stress arising through
ozone exposure, but also reveals that, despite the high level of
sequence similarity shared by MKK5 and MKK4, MKK4 is unable
to fully compensate for the partial loss of MKKS5.

Varying levels of MKKS5 suppression were obtained in the
MKKS5-RNAI plants, but the inability to recover fully suppressed
transgenic plants suggests that MKK5 may play a role in develop-
ment and/or germination.

While the MKK5-suppressed plants show no signs of sponta-
neous lesion formation under normal growing conditions, their
overall growth rate, both in soil and on nonselective media, is
consistently somewhat slower than that of WT plants. MPKG6-
silenced Arabidopsis plants,>* as well as tobacco (Xanthi) plants
in which SIPK expression is suppressed (Samuel and Ellis, unpub-
lished data), have both been observed to display a slower growth
rate compared to that of WT plants, suggesting that both MKK5
and MPKG6/SIPK are involved in growth.

The ozone-induced tissue damage (cell death) associated
with  MKKS5-suppression resembles that elicited during the
hypersensitive response (HR) as a result of an incompatible
pathogen interaction. This observation is consistent with the fact
that both HR- and ozone-induced cell death are known to involve
the rapid production of ROS, including hydrogen peroxide. This
cell death phenotype has previously been reported in MPK3-DG
and MPK6-suppressed (RNAi) genotypes after ozone fumigation?
and in Arabidopsis plants stably transformed with constitutively
activated forms of either MKK4 or MKKS5.32 ROS accumulation
in challenged tissues is a hallmark of not only pathogen attack and
ozone-stress, but all abiotic stresses. Ozone is thought to behave
as a volatile general elicitor of plant defense reactions, leading to
promiscuous signaling events by mimicking the HR-related ROS
burst.

It is noteworthy that the activation profiles of MPK3 and
MPKG6 in the MKKS5-suppressed background resemble those of
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Figure 3. Ozone treatment of WT and transgenic plants induces visible leaf damage and an elevated level of hydrogen peroxide. (a, d and i) = WT,
(b and e) = MKK5-33, (c, f and j) = MKK5-2. Transgenic plants, together with WT Plants, were fumigated with ozone (500 nL L") for four hours and
subsequently photographed four hours post-fumigation (eight-hours total response time). 3,3'-Diaminobenzidine staining was used to defect hydrogen
peroxide accumulation in leaf tissue both before and after ozone-fumigation (g and k) = WT, (h and I) = MKK5-2. Arrow (f) points to ozone-induced leaf
damage. Air controls were grown and harvested at the same time as the ozone-reated plants.

WT plants during ozone exposure; i.e., activation of both MAPKSs
is initiated at ~15 minutes, and returns to pre-fumigation (500 nL
L) levels around 90 minutes. Only the amplitude of activation
of the two MAPKs is reduced. By contrast, suppression of MPK6

results in an ozone-sensitivity phenotype that is accompanied by a
more intense and protracted activation of MPK3, while silencing
of MPK3 leads to a similar ozone-sensitivity phenotype and simul-
taneous misregulation of MPK6.2
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Recently, it was shown in aerial parts (12-day-old seedlings)
of MEKKI-silenced Arabidopsis plants, that hydrogen peroxide-
induced activation of both MPK3 and MPKG6, as determined by in
vitro kinase assays with MBP as a substrate, was greatly increased
compared to WT plants, whereas, MPK4 activation was completely
blocked.3® These data suggest that MEKKT1 acts as a positive regu-
lator of MPK4, but as a negative regulator of MPK3 and MPKG6
during hydrogen peroxide-induced stress in aerial tissues. It would
be informative to examine the activity profiles of these MAPKs,
in the MEKK]I-silenced background, to determine whether they
are protracted or still resemble those seen in WT plants. It should
be noted that these authors report that in roots, ROS-induced
(hydrogen peroxide) activation of MPK4 was highly compro-
mised in MEKKI mutant plants, whereas MPKG6 only slightly and
MPK3 not at all. Clearly, a more complete understanding of these
complex signaling networks and how they are affected by oxidant-
related stress will require additional research.

In conclusion, the data presented here show that MKKS5 plays
an important and non-redundant role in the plant’s overall ability
to respond to ozone-induced stress and further, unequivocally
places MKKS5 as one of the MAPKKs involved in ozone-induced
signaling to both MPK3 and MPKG6. In addition, our findings
suggest that the role(s) of MKK4 in the plant’s overall response to
ozone-induced oxidant stress and signaling to MPK3 and MPKG6
deserves closer investigation.

Arabidopsis thaliana cv Columbia plants were grown under
greenhouse conditions and transformed (T, plants) using the floral-
dip method?®” and Agrobacterium tumefaciens (EHA105) harboring
the recombinant binary vector pBIN 19/pRT 101-MKK5-RNAi.
All putative transformants (kanamycin-resistant seedlings), from
multdiple generations, were screened and grown as previously
described.?” RNA was extracted from leaf tissue of five-week-old
Arabidopsis thaliana cv Columbia plants, followed by RT-PCR, as
previously described.?> All plants were firstly placed onto selective
plates before moving the antibiotic resistant seedlings to soil.

The open reading frame of MKK5 (At3g21220) was ampli-
fied using the reverse transcriptase-mediated PCR method with
gene-specific primers and RNA isolated from leaves of non-treated
five-week-old Arabidopsis thaliana cv Columbia plants. The double
stranded RNA interference (dsRNA) construct was produced via
a PCR-mediated approach using the amplification products from
a unique N-terminal region (307 bp) spanning a portion of the
untranslated region and coding region of the MKK5 gene. A
minimal intron based on the splice junctions and flanking regions
belonging to the fourth intron of MPK6 (At2g43790) was inte-
grated into the sense strand primer. The sense strand was then
amplified using a primer combination that generated a BamH]1
restriction site and intron-Xbal sequence on the opposed ends
of the product, whereas the anti-sense strand was amplified using
a primer combination that added BamH1 and Xba 1 restriction
sites on the opposite ends of the product. These two products were
then cloned into Xhol/BamH1-cut Bin19/pRT101 by means of
a triple ligation to place the RNAI construct under the control of
the CaMV 35S promoter in a pRT101-MKKS5-RNAi plasmid.

This construct model has been shown previously to effectively
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silence salicylate-induced protein kinase (SIPK) in tobacco®® and
Arabidopsis.??

Primers used for this work are as follows: MKKS5: (forward):
5'-CCC TCG AGA AAG CCA TGA AAC CGATTC AAT CTC
CTT CTG GA-3/, (reverse): 5'-GCT CTA GAC TAA GAG GCA
GAA GGA AGA GGA CG-3', RNAI (sense-forward, S1): 5'-CCC
TCG AGA AAG CCA TGA AAC CGA TTC AAT CTC CTT
CTG GA-3', RNAI (sense-intron-reverse, S2): 5'GCT CTA GAC
TAT GAA GCT GCA AAA ACT ACT TAC CTC CAC TTT
GAG AAA AGG ACG TGA CGT-3', RNAI (antisense forward,
AS1): 5'-CGG GAT CCA AAG CCATGA AAC CGATTC AAT
CTC CTT CTG GA-3', RNAI (antisense reverse, AS2): 5'-GCT
CTA GAC ACT TTG AGA GCG AAA GGA CGT GAC GT-3'
MKK4: (forward): 5'-GAA GAA CGA ATC AAT TTA AGC
CTG-3', (reverse): 5'-TGG GGA TAC ATG CAC CAT CAT
AAG-3'; AtH1: (forward): 5'-GGT TAA AGT CAA GCT TCT
TTT AAG A-3', (reverse): 5'-GAG TGA AGA AAC CAT CAC
ATT ATA-3'; 35S (forward): 5'-ATG ACG CAC AAT CCC
ACT-3".

Five-week-old Arabidopsis thaliana cv Columbia plants (WT
and MKK5-RNAi) were grown either on selective plates or in
soil, under environmentally controlled conditions (25/20°C, 16
hr light/8 hr dark cycle), or under greenhouse conditions. Ozone
fumigation was performed using a flow-through chamber for
different times as previously described for tobacco (Nicotiana
tabacum) plants?? and foliage was then harvested, frozen in liquid
nitrogen and stored at -80°C.

Crude protein extracts, from both control- and ozone exposed-

plants, were obtained from rosette leaf tissue as previously
described.?”> Western blot analysis (20 or 40 ug) was performed
using mammalian protein kinases (anti-pERK 18&2), which have
been successfully used to detect the presence of homologous
proteins in plants.?>253% These antibodies recognize only the
doubly phosphorylated (-TxY-) epitope that confers activation
of MAPKs such as MPK3 and MPKG, thus providing a conve-
nient method to monitor the activation of ERK18&2 homologous
MAPKs in plants. In Arabidopsis, the only the phosphorylated
proteins recognized with anti-pERK antibodies are, MPK3 and
MPK®, period.

The presence of H,0O, was visualized in situ via DAB staining
as previously described.?> Arabidopsis rosette leaves were collected
four hours post-ozone fumigation (500 nL L!) from five-week-old

Arabidopsis WT and MKK5-RNAi genotypes.
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