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The Arabidopsis MAP Kinases (MAPKs) MPK6 and MPK3 and orthologs in other plants function as major stress
signaling hubs. MAPKs are activated by phosphorylation and are negatively regulated by MAPK-inactivating
phosphatases (MIPPs), which alter the intensity and duration of MAPK signaling via dephosphorylation. Un-
like in other plant species, jasmonic acid (JA) accumulation in Arabidopsis is apparently not MPK6- and MPK3-
dependent, so their role in JA-mediated defenses against herbivorous insects is unclear. Here we explore whether
changes in MPK6/3 phosphorylation kinetics in Arabidopsis MIPP mutants lead to changes in hormone synthesis
and resistance against herbivores. The MIPPs MKP1, DsPTP1, PP2C5, and AP2C1 have been implicated in re-
sponses to infection, drought, and osmotic stress, which all impinge on JA-mediated defenses. In loss-of-function
mutants, we found that the four MIPPs alter wound-induced MPK6/3 phosphorylation kinetics and affect the
accumulation of the defense hormones JA, abscisic acid, and salicylic acid, as compared to wild type plants (Col-
0). Moreover, MPK6/3 misregulation in MIPP or MAPK mutant plants resulted in slight changes in the resistance
to Trichoplusia ni and Spodoptera exigua larvae as compared to Col-0. Our data indicate that MPK6/3 and the four

MIPPs moderately contribute to wound signaling and defense against herbivorous insects in Arabidopsis.

1. Introduction

Tissue wounding by chewing herbivorous insects results in the
release of alarm signals from damaged cells (damage-associated mo-
lecular patterns) or from the insects (herbivore-associated molecular
patterns). As a consequence, jasmonic acid (JA) and the drought hor-
mone abscisic acid (ABA) accumulate close to wound sites (Vos et al.
2013). Perception of alarm signals by pattern recognition receptors re-
sults in activation of MAPK cascades which regulate defense gene
expression via the phosphorylation of transcription factors. Because
many different stresses result in activation of the same MAPKs, they
represent shared signaling hubs. This is especially the case for the two
closely related Arabidopsis paralogs AtMPK6 and AtMPK3 (MPK6/3),
which are activated by many biotic and abiotic stressors. AtMPK6/3 are
strongly activated by mechanical wounding and have overlapping roles
(Sozen et al. 2020; Ichimura et al., 2000; Rayapuram et al. 2018). Strong
activation of MPK6/3 orthologs by insect feeding has been demonstrated

in tobacco and tomato (Kandoth et al. 2007; Wu et al. 2007).

In plants like tobacco and tomato, MPK®6 is essential for JA synthesis
(Kandoth et al. 2007; Wu et al. 2007), but Arabidopsis MPK6 may
function downstream of JA and negatively impact JA synthesis
(Wasternack and Hause, 2013; van Verk et al. 2011; Takahashi et al.
2007). This makes the role of this essential MAPK signaling hub unclear
in the context of Arabidopsis wound responses. Wounding rapidly in-
duces JA synthesis close to the wound site (Glauser et al. 2008). Once the
active JA derivative JA-isoleucine is perceived by the COI1 (CORONA-
TINE INSENSITIVE 1) receptor, the transcription factor and master
regulator MYC2 (JASMONATE INSENSITIVE 1) is derepressed and can
induce the expression of JA biosynthetic genes and defense genes,
generating a positive feedback loop that leads to further JA biosynthesis
(Lorenzo et al., 2004). This results in the accumulation of antinutritive
proteins and toxic secondary metabolites, including glucosinolates, fla-
vonoids, and alkaloids (Guo et al. 2018; Sheard et al. 2010). In addition,
MPK6/3 activity has been shown to induce transcription of the abscisic
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acid (ABA) biosynthesis rate-limiting enzyme NCED3 (9-CIS-EPOX-
YCAROTENOID DIOXYGENASE 3) during development (Xing et al.
2009). NCEDS3 transcript is also rapidly induced in response to a loss in
leaf turgor (Sussmilch et al. 2017). Loss of leaf turgor is associated with
wounding events and can be detected by individual cells adjacent to a
wound site (Hoermayer et al. 2020). While the link between MPK6 ac-
tivity and ABA accumulation is not well described, these reports suggest
that MPK6 can support wound-induced de-novo synthesis of ABA.
Wounding results in ABA accumulation at the wound site (Heyer et al.
2018; Birkenmeier and Ryan, 1998), and ABA signaling supports
JA-dependent signaling against chewing insects (Vos et al. 2013; Yu
et al. 2021; Sozen et al. 2020; Lawrence et al. 2022). MPK6/3 are not
known to play a role in SA synthesis in Arabidopsis (Zhang and Zhang,
2022), but SA may affect responses to herbivory via crosstalk with JA
signaling (Nomoto et al. 2021). These hormones repress one another at
both the hormone synthesis and target gene levels (Van der Does et al.
2013; Wei et al. 2014).

MAP kinases (MAPKSs) play critical roles as signal transducers in re-
sponses to many biotic and abiotic stresses (Zhang and Zhang, 2022).
Plant MAPKs are active when dually phosphorylated by a MAPK kinase
at a threonine (T) and a tyrosine (Y) in a TE/DY phosphorylation motif
within the kinase activation loop (Marshall, 1994; Ichimura et al. 2002).
MAPKs are negatively regulated by MAPK inactivating phosphatases
(MIPPs), also known as MAPK phosphatases (MKPs) resulting in altered
phosphorylation kinetics. MIPPs inactivate MAPKs by dephosphoryla-
tion of phospho-T (serine/threonine-specific phosphatases such as
members of the PP2Cs family), phospho-Y (tyrosine-specific phospha-
tases, PTPs), or both phospho-T and phospho-Y (dual-specificity phos-
phatases or DSPs). Reducing MAPK activity by MIPPs via
dephosphorylation of the TE/DY motif at the right time is as important
as MAPK activation by MAPK kinases.

MAPKs like Arabidopsis MPK6 and MPK3 function like hub proteins
for many different forms of stress and are required for proper stress re-
sponses (Zhang and Zhang, 2022). To achieve signaling specificity
MAPKs interact with MAPK kinases, which in turn are activated by
MAPK kinase kinases in a dedicated MAPK cascade in specific cellular
locales, mostly the cytosol and the nucleus. In addition, the timing of
MAPK activation, the response amplitude, and downregulation of MAPK
activity by MIPPs confer specificity to MAPK signaling leading to spe-
cific cellular responses. Through dephosphorylation of MAPKs, MIPPs
may determine all three aspects of MAPK function, resulting in an
input-specific pattern of MAPK kinetics (Bartels et al. 2010; Jiang et al.,
2018; Schweighofer et al. 2004).

This study is focused on four MIPPs, the DSPs DsPTP1 and MKP1, and
the two clade-A PP2Cs AP2C1 and PP2C5 (also known as AP2C3). Pre-
vious studies have shown that these four MIPPs can regulate MPK6/3
kinetics in responses to drought (Liu et al. 2015; Brock et al., 2010) and
pathogens (Jiang et al., 2018; Anderson et al. 2011; Bartels et al. 2009;
Schweighofer et al. 2007). Therefore, they may also be involved in the
regulation of ABA and salicylic acid (SA) synthesis (Verma et al., 2020).
SA is critical for defenses against pathogens (Ayatollahi et al. 2022).
Since these two hormones indirectly regulate JA-dependent wound re-
sponses, individual MIPPs may participate in shaping the wound
response. In addition, MKP1, AP2C1, and PP2C5 have been shown to
physically interact with MPK6 and MPK3 (Schweighofer et al. 2007;
Umbrasaite et al. 2010; Ayatollahi et al. 2022; Ulm et al. 2002).

MIPPs have been shown to change MAPK kinetics in response to
mechanical wounding (Ayatollahi et al. 2022; Brock et al., 2010;
Schweighofer et al. 2007) and to be wound-inducible (Winter et al.
2007), but their roles in defense against herbivores has not been studied.
In this paper, we aim to clarify the role of MPK6/3 in regulating defense
against chewing insects by studying mpk6, mpk3, dsptp1, mkp1, ap2c1,
and ap2c5 loss-of-function mutants. We hypothesized that given the
broad involvement of MPK6/3 in regulating responses to stress, changes
in MPK6/3 kinetics can impact induced defenses against insect herbi-
vores. We found that altering MPK3/6 kinetics in MAPK or in MIPP
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mutants modulates wound-induced JA, ABA, and SA synthesis and re-
sponses to herbivores.

2. Materials and methods
2.1. Plants

Plants were raised on soil (Sun-Gro Professional Mix) on a 16 h light
(22°C) and 8 h dark (20 °C) long day cycle in a Percival reach-in growth
chamber (Percival Scientific, Perry, IA), at 150 p E m~2 s . Plants were
fertilized using MiracleGro All-Purpose Plant food (MiracleGro). Mutant
lines ap2cl (“ap2cl-2,” SALK 065126.55.00.x, Schweighofer et al.
2007) and pp2c5 (“pp2c5-2” in Fig. 1; SALK_109986.48.00.x; Brock
et al, 2010) were a kind gift by Andrea Gust; the dsptpl
(SALK_092811.54.50.%, Liu, R. et al. 2015) line was obtained from the
Arabidopsis Stock Center (ABRC). Homozygous genotype was confirmed
via PCR using the primers in Table A.1.2 (Fig. A.1.1; Appendix A.1.1).
The mkp1 line was a kind gift by Scott Peck (Gonzalez Besteiro and Ulm,
2013) and confirmed phenotypically (Fig. A.1.1 D; Appendix A.1.1). The
mpk6 line (mpk6-2, SALK_073907) and the mpk3 line (mpk3-1,
SALK_151594) were obtained from ABRC, described previously (Liu and
Zhang, 2004; Zhao et al. 2014), and confirmed via Western blotting.
Three mutants are shown in Fig. 1, which were not included in the
remaining analyses, ap2c1-1 (SAIL_590 B11), pp2c5-1
(SALK_015191C), and a dsptp1/pp2c5-1 double mutant. For MAPK as-
says (Materials and Methods 2.2) and hormone analyses (Materials and
Methods 2.3), 2.5-week-old plants were used Fig. 2.

2.2. MAPK Assays

Experiments were performed in a separate walk-in growth chamber
with the same growth conditions described in Materials and Methods
2.1. Samples (genotype/time) contained n = 10 plants; on each plant,
two opposite leaves received a 2 mm-wide wound at the midline of the
leaf oriented perpendicular to the midvein, using a rippled forceps.
Samples were collected by excising one leaf from each plant at the base
of the leaf, and freezing the ten leaves simultaneously in liquid nitrogen.
A maximum of 45 s elapsed between the excision of the first leaf and
sample freezing. The second set of leaves was collected immediately
afterwards, using the same method, and stored for hormone analysis if
appropriate (Materials and Methods 2.3). Genotypes were sampled on
the same day and within the same hour. Time points (15'-180") were
collected after 6 h of light exposure. Unwounded (0") samples were
collected at the same time of day from a cohort of naive plants raised
alongside treated plants.Fig. 3.

Frozen samples were pulverized by hand in a mortar under liquid
nitrogen; lysis buffer (Grissett et al. 2020) was added to the mortar for
sample homogenization. Twenty to thirty pg total protein was analyzed
for MAPK phosphorylation by immunoblotting using anti-phospho-ERK
primary antibody (phospho-p44/42 MAPK (Erk1/2; Thr202/Tyr204);
D13.14.4E; Cell Signaling Technology) in 5% BSA at a 1:2000 dilution.
Phosphorylated MAPK signals were detected with Goat Anti-Rabbit
IgG-HRP conjugate secondary antibody (Bio-Rad) at a 1:20,000 dilu-
tion, coupled with an alkaline phosphatase substrate (Clarity Western
ECL Substrate, Bio-Rad). Imaging was performed with x-ray film and/or
digital imager. Scans or images were converted to JPEG format, and
bands were quantified using ImageJ (NIH) (Schneider et al. 2012).
Coomassie Brilliant Blue (CBB) staining was used to confirm equal
protein loading before quantification (Appendix A.2). In fold compari-
sons, results from individual mutants were compared to Col-0 (Col-0 =
1). Significant differences were calculated using Wilcoxon Signed Rank
Test (WSRT) for small data sets lacking a normal distribution. A version
of the WSRT called “method of Pratt” was used; this test accounts for all
control values being equal, i.e., Col-0 = 1 (Appendix B.1).
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2.3. Hormone Analysis via LC-MS

For each time point, ten plants of each line were treated and sampled
as described for MAPK assays (Materials and Methods 2.2). The method
for extraction and analysis was adapted from Glauser et al. 2008.
Samples were weighed, then pulverized by hand in a mortar under liquid
nitrogen; 1 mL of isopropanol was added per 100 mg of sample weight.
Samples contained 200-300 mg of tissue. 1 mL of homogenized sample
was collected in a glass vial, and 10 ng d6ABA (or (4/+)— 2-cis-4--
trans-Abscisic Acid-d6, ICON Isotopes), 100 ng dhJA (or (-)— 9,
10-Dihydrojasmonic acid), and 100 ng d4SA (or salicylic acid-d4) were
added as internal standards to each vial. Samples were then dried under
compressed nitrogen at 40 °C. 1.5 mL of an 85:15 MeOH/H20 solution
was used to resuspend the dried sample. The resuspension was then
allowed to pass through a SepPak Vac 100 mg C18 cartridge (Waters)
that was primed once with 1 mL resuspension solution. Residual eluate
was flushed using 0.5 mL of resuspension solution. Eluate was collected
and redried under compressed nitrogen at 40 °C. Extract was resus-
pended in 300 pL of resuspension solution and hormones were quanti-
fied by HPLC-MS analysis (see below).

The amount of analyte (ng/g fresh weight) detected was calculated
using area-under-the-curve (AUC) ratios (generated by HPLC-MS soft-
ware) of endogenous analyte signals over an internal deuterated stan-
dard (dh-JA, d4-SA, and d6-ABA), and confirmed by establishing a
standard curve for each hormone analyte. We plotted time courses of
sample concentrations detected as nmol/g FW to show changes in
sample concentration over time. To make comparisons between hor-
mone levels detected in mutant samples at individual times (second
columns in Figs. 4-6), we chose to report ng hormone/g FW. This was
intended to facilitate comparisons with other reports. We also converted
all values for all time points post-wounding to fold over corresponding
Col-0 value in each replicate and pooled them for statistical analysis.
Statistical analysis was performed using the WSRT due to small data set
size and because data sets were not normally distributed. A version of
the WSRT called “method of Pratt” was used in analyses comparing fold
values (mutant vs. Col-0); in this test all control values (Col-0) are equal
(= 1). In fold comparisons, individual mutant results were divided by
the Col-0 result (or the 0' result) for that replicate, then compared to 1,
reporting relative proportions of accumulated hormone (Appendix B.2).

HPLC-MS analyses were performed on a Thermo Vanquish HPLC
system coupled with a Thermo Q-Exactive HF-X quadrupole/orbitrap
high resolution mass spectrometer operated in negative ion mode using
the IonMax II electrospray source. The chromatographic separation was
carried out on a Waters Xbridge BEH C18 column (2.1 mm X 100 mm,
3.5 um) with the following solvent system: solvent A: Water with 0.1%
formic acid; solvent B: acetonitrile with 0.1% formic acid. A gradient
elution was performed at a flow rate of 0.2 mL/min at a column tem-
perature of 40 °C under these conditions; 5% B 0-2 min; 20% B at 7 min;
30% B at 20 min; and 95% B at 28 min and holding to 35 min There was
a 5 min re-equilibration time to return to initial conditions. The mass
scanning utilized high resolution parallel reaction monitoring (HRPRM)
with: Resolution, 30,000; AGC target, 1E6; Maximum IT, 200 ms;
Isolation window, 1.1 m/z and NCE, 35. The M-H ion for each analyte
was used in the inclusion list for HRPRM. Fragment ions monitored
were: SA, 93.0 m/z; d4 SA, 97.1 m/z; JA, 59.0 m/z; dhJA, 59.0 m/z;
ABA, 204.1 m/z; d6 ABA, 225.2 m/z.

2.4. Larval growth assays

Experiments were performed under growth conditions described
above (Materials and Methods 2.1). For Trichoplusia ni assays, T. ni eggs
(Benzon Research, Carlisle, PA) were hatched at 27 °C on Col-0 plants.
1-2 day-old-larvae were individually transferred into tented plant boxes
to isolate the larvae. Each box (3"x4") contained 8 2-week-old plants of
the same genotype (no-choice experiment). Larvae were allowed to feed
on the same plants until pupation and were weighed on day 10, 12 and
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14. Pupation was expected on day 16, with pre-pupation weight loss
expected on days 15-16. Statistical significance was calculated using
WSRT due to data sets for some lines not following a normal distribu-
tion. (Appendix B.3).

For Spodoptera exigua assays, plants were raised on a 16 h light
(23°C) / 8h dark (22 °C) diurnal cycle in 24 cm x 44 cm x 18 cm
transparent boxes. Boxes contained soil to a height of 10 cm, and plants
were planted in a 13 x 20 plants grid arrangement to create a lawn.
Boxes were secured with plastic wrap to prevent larval escape. Tem-
perature was raised from the standard 22 °C/20 °C day/night program
to a 23 °Cday/ 22 °C night program to ensure safer larval growth.
Larvae were hatched on artificial medium (Benzon Research, Carlisle,
PA) and raised for one week at 28 °C before transfer. This was necessary
due to the higher temperature requirements for S. exigua larval devel-
opment; neonate larvae did not thrive at standard temperatures used for
Arabidopsis growth but could continue development with slightly raised
temperatures after the first instar. Larvae (n = 12) were weighed, then
transferred to each box, and allowed to feed for two days, then weighed
each subsequent day until pupation while continuing to feed on the
same plants. Statistical significance was calculated using WSRT (Ap-
pendix B.4).

3. Results

3.1. Wound-induced MAPK phosphorylation kinetics are altered in MIPP
loss-of-function mutants

Since each MIPP shows stress-specific MAPK binding specificity and
gene expression, we tested whether knockout of the MIPP genes AP2C1,
PP2C5, DsPTP1, and MKP1 in T-DNA insertional mutant plants
(Fig. A.1.1) would result in distinct effects on wound-induced MPK6/3
phosphorylation kinetics in Arabidopsis (Fig. 1). We included the mpk6
and mpk3 loss-of-function mutants. All mutants were in the Col-0 back-
ground and were analyzed for MPK6/3 phosphorylation by immuno-
blotting before (0 min) and after wounding (15, 30, 60, and 90 min)
with a rippled forceps. We also detected phosphorylation of another
MAPK, presumably MPK4 (Fig. 1). In addition, we analyzed the inser-
tional mutant lines ap2c1-1 and pp2c5-1 as well as the double mutant
dsptp1/pp2c¢5-1. We measured a significant amount of the respective
transcripts in these mutants and therefore we did not include them in
further analyses. As null mutants, mpk6 and mpk3 show complete loss of
MPK6 and MPK3 phosphorylation (Liu and Zhang 2004; Zhao et al.
2014).

Phosphorylation signals on blots were quantified, and, for each time
point, fold values in mutant lines over Col-0 (= 1 fold) were determined
for MPK6 and MPK3 phosphorylation. For MPK6, higher phosphoryla-
tion was found at 60 min in the ap2c1 line (Fig. 2 C) and at 90 min in the
ap2c1, pp2c5, and mpk3 mutant lines (Fig. 2 D). We found that statistical
significance for earlier time points would have required more replicates
(Wilcoxon Signed Rank test; Appendix B.1.1). For an alternative
assessment, we plotted a heat map of median values from each mutant at
each time point (Fig. 2 E). Most mutant lines showed elevated MPK6 and
or MPK3 phosphorylation at one or more time points. However, at
30 min, no mutant showed significant MPK6 phosphorylation above
Col-0. The ap2c1 mutant had reduced MPK6 phosphorylation early in
the time course but showed increased MPK6 phosphorylation late in the
time course. The dsptpl mutant showed strongly elevated MPK6 phos-
phorylation early in the time course only. The mkp1 mutant had reduced
MPK6 phosphorylation throughout the time course. The pp2c5 mutant
showed increased MPK6 phosphorylation throughout the time course, as
did the mpk3 mutant; the mpk3 mutant showed the strongest MPK6
phosphorylation signal. This shows that different MIPPs affect MAPK
phosphorylation at different times after wounding as shown in Fig. 2 F.

In Col-0, MPK6 and MPK3 show similar phosphorylation kinetics.
MPK3 kinetics were impacted in MIPP loss-of-function mutants at the
15- and 60-min time points. The ap2c1 mutant showed elevated activity
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Fig. 1. Wound-induced MAPK phosphorylation kinetics are regulated by
MIPPs. 3-week-old Col-0 and mutant plants were wounded with forceps and
analyzed by immunoblotting with an anti-pERK antibody that recognizes
MAPKs dually phosphorylated in the TEY phosphorylation motif. A represen-
tative experiment is shown. All experiments are shown in Figs. A.2.1 — A.2.5.
MPK6 (47 kDa), MPK3 (43 kDa), and MPK4 (39 kDa) positions are indicated.
The diffuse band above MPK6 is due to unspecific binding of antibodies to a
prominent protein, presumably RuBisCO. d/p = dsptp1/pp2c5-1 double mutant
- not further analyzed; other mutants are explained in the text. CBB-stained
blots show protein loading. Exposure times for each timepoint varied to
accommodate for different signal intensities. All signals in mutants are
compared to Col-0 (lane 1), and not to signals from other time points.

at 15 min, indicating an early negative effect of AP2C1 on MPK3 ki-
netics. The pp2c5 mutant showed lower MPK3 phosphorylation at
15 min and elevated phosphorylation at 60 min, indicating late negative
regulation of MPK3 kinetics (Fig. 3 A and C). The mkpl mutant also
showed elevated phosphorylation of MPK3 at 60 min (5/5 experiments,
Fig. 3 C). The mpk6 mutant showed the strongest MPK3 phosphorylation
signal (Fig. 3 E) (Appendix B.1.2).

In the mpk6é mutants, we found elevated wound-induced MPK3
phosphorylation, and in mpk3 mutants elevated wound-induced MPK6
phosphorylation (Fig. 2 and Fig. 3) in most experiments at 15, 60, and
90 min. This indicates that the two MAPKs mutually regulate each other
via a mechanism yet to be determined.

3.2. Defense hormone analysis

To test whether changes in wound-induced MAPK phosphorylation
kinetics correlate with changes in levels of defense hormones, we
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measured the hormones jasmonic acid (JA), salicylic acid (SA), and ABA
post wounding. One leaf per plant was wounded as described for Fig. 1.
We then collected and extracted each sample (10 plants) for HPLC-MS
analysis. Hormone levels were calculated as ng/g fresh weight (FW)
and converted to nmol/g FW for time courses. We also expressed all
values for all times post wounding as fold over the corresponding Col-
0 value and pooled them for statistical analysis. We performed a
similar analysis using relative increases over baseline (0 min) for each
mutant line and Col-0. We found that JA, SA, and ABA levels in some
MIPP and MAPK mutants were different than in Col-0.

Compared to Col-0, wound-induced levels of the wound hormone JA
were altered in the mpk6 and mkp1 mutants (Fig. 4 A, D, H, I). In the
mpk6 mutant, median ng/g FW was significantly lower at 30 min (H,
mpk6=619 ng/g FW, Col-0 =726 ng/g FW, p *=0.031, Wilcoxon
Signed Rank Test [WSRT); this trend was replicated at 180 min (J,
median mpk6=728 ng/g FW, Col-0 =1178 ng/g FW) but n = 3 provided
only 75% actual confidence, too low to establish significance (Appendix
B.2.1.2). Conversely, median JA levels in the mkpI mutant were higher
in all three timepoints; at 30 min (mkp1=857 ng/g FW, Col-0 =726 ng/
g FW, n = 6) and at 180 min (mkp1=1603 ng/g FW, Col-0 =1178 ng/g
FW, n = 3) the effect was not found to be significant, but significance
was detected at 90 min (mkp1=1074 ng/g FW, Col-0 =846 ng/g FW,
n==6, p *=0.03, WSRT, Appendix B.2.1.2). In Col-0 and the mutants,
the highest JA levels were detected at 180 min, except for mpk6 where
they were reached at 90 min

To discern overall differences in wound-induced hormone accumu-
lation between Col-0 and the mutant plants, we compared the combined
values from each time point post wounding in the mutants as fold over
Col-0 (=1) (Fig. 4 K). We found that the mkpl mutant showed a sig-
nificant overall increase in the median fold accumulation of JA
compared to Col-0 (mkpl =1.2,n = 17, p * *=0.006). We also observed
an overall decrease in the mpk6 mutant (mpk6 =0.84), but the difference
was not significant (p = 0.26, WSRT). Differences in initial levels
(0 min) were not significantly different between all lines (Fig. 4 G).
Since data for the 0 min time point show some variability among lines,
we also calculated relative JA abundance for each time point compared
to the 0 min time point (baseline) for each mutant line and Col-0 (Fig. 4
L). The pp2c5 mutant showed a reduced relative abundance (Col-
0 =183, pp2c5 =117, p * **=0.0001, WSRT), likely due to slightly
elevated JA at time 0’ compared to Col-0 (Fig. 4, L); relative abundance
was similar to that of Col-O for other lines, with the exception of the
mkpl mutant which showed a slight increase without significance
(mkpl =234, p = 0.16). Taken together, our analyses indicate that
changes in JA accumulation in response to wounding only occurred in
the mkp1 mutant, where we observed a slight increase in JA compared to
Col-0, and in the mpk6 mutant, where we observed a slight decrease in
JA compared to Col-0. (Appendix B.2.1.3).

Salicylic acid (SA) accumulates in response to stressors like patho-
gens and aphids, but not wounding. We tested whether SA levels in MIPP
mutants would change in response to wounding, which would indicate a
disruption in wound signaling. No reports addressing SA levels in
response to wounding are available for the MIPP mutants. The SA
pathway is known to repress JA signaling via interference of SA master
regulator NPR1 (NONEXPRESOR OF PR GENES 1) with the JA master
regulator MYC2 (Nomoto et al. 2021). However, direct involvement of
MAPKs in this JA/SA crosstalk is not known.

In wounded Col-0 plants, SA concentrations do not change signifi-
cantly. At 30 and 90 min after wounding, a minor dip in SA levels can be
detected in Col-0 (Fig. 5, A-F). This could be due to suppressive crosstalk
from JA (Wei et al. 2014), which is already accumulating strongly at
30 min after wounding (Fig. 4 A-F). The mutants mpk6, mpk3, mkp1 and
ap2c1 show higher SA levels than Col-0 at time 0. This correlates with a
stronger dip effect at 30 min in these lines (Fig. 5 A, B, D, F). The sample
size for 0 min (n = 4 biological replicates) was too small to determine
significant differences amongst all genotypes (Fig. 5 G, Appendix
B.2.2.2). At 90 min, SA levels in Col-0 are similar to those at 0 min. In
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Fig. 2. Quantification of immunoblot signals shows that wound-induced MPK6 phosphorylation kinetics are negatively regulated by AP2C1, PP2C5, and DsPTP1, but
not MKP1. Signals from immunoblots (Fig. 1, A.2.1 - A.2.5) were quantified, signal intensities in mutants were expressed as fold over Col-0 (Col-0 = 1), and sig-
nificance was calculated using Wilcoxon Signed Rank test (WSRT) (Appendix B.1.1). Points plot single signals generated from one protein sample containing 10
plants. Black dotted lines on violins indicate quartiles of median. Fold MPK6 phosphorylation above Col-0 is shown at 15 min (n = 5 biological replicates) (A), 30 min
(n = 4) (B), 60 min (n = 6) [mpk6, ap2c1 p * =0.03] (C), and 90 min (n = 6) [Pp2c5, ap2c1, mpk6, p * =0.031, mpk3, p * =0.03] (D). (E) Heat map reporting median
value for each line at each time sampled. (F) Timing of MAPK6 dephosphorylation by MIPPs based on numbers shown in E. Red indicates negative regulation, and

green indicates positive regulation by wild type MIPPs.

contrast, in the mpk6, mkp1 and ap2c1 mutants (Fig. 5, A, D, F), elevated
SA levels were detected at 90 min, although JA levels were still
increasing after 90 min. This indicated that in these three mutants,
wound-induced JA and SA levels were at least partially uncoupled,
indicating a role for MPK6, MKP1, and AP2C1 in JA-SA crosstalk. In
contrast to mpk6, SA levels at 90 min in the mpk3 mutant (Fig. 5 B) were
similar to levels in Col-0, showing that MPK6 and MPK3 regulate SA
accumulation in response to wounding differently. However, median
fold SA levels in mpk3, when all time points post wounding were com-
bined, are elevated compared to Col-0 (mpk3=1.33, p * *=0.009,
n =12, WSRT, Fig. 5 J), showing an MPK3 effect on SA synthesis (Ap-
pendix B.2.2.3).

Wound-induced SA levels in mkpl and mpk6 mutants were signifi-
cantly elevated at 30 min and 90 min post wounding as compared to SA
levels in Col-0. At 30 min, the median value for mkp1 was 224 ng/g FW,
and the median value for Col-0 was 132 ng/g FW (n =6, p * =0.03,
WSRT, Fig. 5 H, Appendix B.2.2.2). At 90 min, the median value for
mkpl was 355 ng/g FW and the median value for Col-0 143 ng/g FW
(n =6, p *=0.03, WSRT; Fig. 5 I, Appendix B.2.2.2). For mpké6, the
numbers were as follows: 30 min: 239.6 ng/g FW, Col-0 = 132 ng/g
FW, Fig. 5 H); 90 min (243 ng/g FW, Col-0 =143 ng/g FW, Fig. 5 D).
These differences approached significance (p = 0.09 and p = 0.06,

n = 6 for both time points, WSRT, Appendix B.2.2.2). In mkp1, mpk3,
and mpk6 mutants, median fold SA levels in mpk3 at all time points
combined were also elevated (mkp1 =1.76, p * **=0.001; mpk3 =1.33,
p * *=0.009; mpk6 =1.35, p * =0.027; Col-0 =1, n = 12 all lines, WSRT,
Appendix B.2.2.3, Fig. 5 J). While the pp2c5 mutant showed no signif-
icant differences in SA levels compared to Col-0 at any time, it was the
only line to show unusual accumulation over baseline (pp2c5 =1.31,
n = 14, Col-0 =0.88, n = 14, p * =0.02, WSRT, Appendix B.2.2.3, Fig. 5
K), possibly due to decreased SA levels at O min and no suppression
effect at 30 min. This indicates that PP2C5 may contribute to sup-
pressing SA synthesis at 30 min after wounding. We detected signifi-
cantly higher median SA in the dsptp1 mutant at 30 min (160 ng/g FW),
but this effect was likely caused by a large outlier visible on the plot
(Fig. 5 H). Taken together, we observed noticeable and significant
changes in constitutive SA levels (0 min) and in SA accumulation in
response to wounding in some of the mutants. Notably, mkpl, mpkeé,
mpk3, and possibly pp2c5 showed elevated SA levels.

Abscisic acid (ABA) levels rise in response to wounding (Heyer et al.
2018; Birkenmeier and Ryan, 1998) and changes in leaf turgor (Sus-
smilch et al. 2017), and support JA signaling in defense against herbi-
vores (Vos et al. 2013). ABA levels showed an increase at 30 min post
wounding, peaked at 90 min, and leveled off by 180 min (Fig. 6, A-F).
More data points are required to establish statistical significance at some
time points (Appendix B.2.3.2), but medians reported for some mutants
suggest some biologically relevant effects are present. The mkpIl mutant
showed reduced median ABA at 30 min (mkpl =2.58 ng/g FW, n = 6;
Col-0 =4.74ng/g FW, n=6; p=0.16, Fig. 6 H) and 90 min
(mkp1 =8.23 ng/g FW, n =5; Col-0 =9.39 ng/g FW, n=6; p = 0.13,
Fig. 6 I). Median fold ABA levels in mkp1 at all time points combined
compared to Col-0 were also significantly reduced in this mutant
(mkp1 =0.84, n = 16; Col-0=1, n =17; p * =0.018, WSRT, Appendix
B.2.3.3, Fig. 6 K). Conversely, we detected high median ABA in the mpk3
mutant at 90 min (mpk3 =13.1 ng/g FW, n = 6; Col-0 =9.39 ng/g FW,
n==6; p=0.16, Fig. 6 1) and 180 min (mpk3 =12.6 ng/g FW, n=3;
Col-0=8.46 ng/g FW, n = 3; p = 0.25, Fig. 6 J). Median fold ABA levels
in mpk3 at all time points combined compared to Col-0 was slightly

elevated, and the result only approached significance (mpk3 =1.14, n
=17; Col-0=1, n = 17; p = 0.07, WSRT, Appendix B.2.3.3, Fig. 6 K).
However, it should be.

for ABA levels by LC-MS. (A-F) Time courses of mean ABA concen-
trations (pmol/g fresh weight) in Col-0 and mutant plants post wound-
ing. Error bars plot SEM. (G-J) Comparison of mean ABA concentrations
(ng/g fresh weight) in Col-0 and mutant plants at each time point post
wounding. Dashed lines in violin plots show median, and dotted lines
show quartiles based on multiple biological replicates (ngy=4, n3y=5-6,
nyg9=3). Significance was calculated using WSRT, p * <0.05. The 180-
minute time point had too few values to reach 95% AC (75%). (Ap-
pendix B.2.3.2) (K) Comparison of fold ABA levels combined from each
time point in mutant plants relative to Col-0 (= 1-fold). Significance was
calculated by WSRT, p * <0.05 (Appendix B.2.3.3).

noted that elevated ABA levels in mpk3 were detected at both rele-
vant time points post-wounding (90 and 180 min). The dsptpl mutant
showed remarkably high median ABA at 180 min (dsptpl =12.6 ng/g
FW, n=3; Col-0 =8.5ng/g FW, n=3; p =0.25, WSRT, Appendix
B.2.3.2, Fig. 6 J), although the sample size was too small to establish
statistical significance. Due to non-detect instances in some replicates at
0 min for ABA, we did not consider the pre-wounding value for each line
a useful baseline for analysis over all times. Taken together, we found
that wound-induced ABA levels peaked at 90 min and then levelled off
in Col-0, whereas this time course was slightly altered in mpk3 (Fig. 6 B),
mkpl (Fig. 6 D), and dsptpl (Fig. 6 E) mutants. An alternate figure
containing all hormone results post wounding plotted as individual
values are shown in Figure A.7.

3.3. Larval Growth Assays

Since we determined differences in wound-induced MAPK kinetics
and defense hormone accumulation in mpk6, mpk3, and MIPP mutants,
which are relevant parameters for defenses against herbivores, we tested
whether these changes would correlate with altered weight gain in
lepidopteran larvae. Larvae grow faster on mutants defective in JA
signaling or JA synthesis than on wildtype plants (Hoo et al. 2008;
Zhang et al., 2015). High SA levels may suppress JA signaling, reducing
the effectiveness of the wound response (Van der Does et al. 2013;
Verhage et al., 2011). Defective ABA synthesis also compromises resis-
tance against herbivorous insects (Vos et al. 2013).

We raised neonates of the generalist Trichoplusia ni (cabbage looper,
Lepidoptera), which prefers Brassicaceae, on our MIPP and MAPK
knockout mutants in no-choice experiments, i.e., each neonate larva was
confined to the same group of 2-week-old plants (n = 8 plants) until
pupation. Larval weight was measured 12 and 14 days after hatching.
Care was taken to avoid weighing larvae during the pre-pupation phase,
in which larvae lose frass weight. Median larval weights at day 12 were
significantly reduced in mpk6 and dsptpI mutants (Col-0 mean=79 mg,
median=67 mg, n = 39; mpk6 mean=61 mg, median=57 mg, n = 39,
p*=0.012; dsptpl mean=55 mg, median=57 mg, n = 39, p**=0.0081;
Fig. 7 A; WSRT; Appendix B.3.1). On day 14, all cohorts but the ap2c1
cohort showed significantly reduced weight (Col-0 mean=168 mg,
median=180 mg, n = 35; mpk6 mean=134 mg, median=140 mg, n =
38, p****<0.0001; dsptpl mean=138 mg, median=148 mg, n = 34,
p****<0.0001; mpk3 mean=156 mg, median=165mg, n = 38,
p**=0.0051; pp2c5 mean=140 mg, median=138mg, n = 38,
p****<0.0001; mkpl mean=158 mg, median=166mg, n = 37,
p***=0.0004; WSRT, Appendix B.3.2, Fig. 7 B). These results indicate
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Fig. 3. Quantification of immunoblot signals shows that wound-induced MPK3 phosphorylation kinetics are negatively regulated by AP2C1 and MKP1. Signals from
immunoblots (Fig. 1; A.2.1 - A.2.5) were quantified, signal intensities in mutants were expressed as fold over Col-0 (Col-0 = 1), and data were analyzed by WSRT.
(Appendix B.1.2). Points plot single signals generated from one protein sample containing 10 plants. Black dotted lines on violins indicate quartiles of median. Fold
MPK3 phosphorylation above Col-0 is shown at 15 min (n = 5 biological replicates) (A), 30 min (n = 4) (B), 60 min (n = 6) [mpk3 p * =0.03] (C), and 90 min (n = 6)
[ap2c1, mpk3, p * =0.03] (D). (E) Heat map reporting median value for each line at each time sampled. (F) Timing of MAPK6 dephosphorylation by MIPPs based on
Eumbers shown in E. Red indicates negative regulation, and green indicates positive regulation by wild type MIPPs.

that MPK6/3, PP2C5, MKP1, and DsPTP1 negatively regulate resistance
of Arabidopsis against T. ni, although MPK3/6 kinetics and defense
hormone levels are affected in different ways by mutations in different
MIPP genes.

We also tested the effects of MPK6/3 misregulation on larval growth
of the generalist Spodoptera exigua (beet armyworm), which has no
preference for Brassicaceae. Larvae were raised for 7 days on artificial
medium and then transferred to plants (n = 260 plants/line/biological
replicate) to complete growth to pupation (6 additional days). Larvae
(n = 12/biological replicate/genotype, 5-7 replicates/genotype) were
isolated in covered boxes (no choice) on a lawn of plants and weighed
each day until pupation. Defense effects on larval weight were
measurable during the last three days before pupation, on days 10 to 12
(Fig. 8 A-C). On day 10, larvae in the pp2c5 cohort (pp2c5
median=65 mg, mean=68 mg, SEM=2.2, p * ***<(0.0001) and the
ap2cl cohort (ap2cl median=60 mg, mean=64 mg, SEM=2.1,
p * *=0.004) had increased weight compared to those in the Col-
0 cohort (Col-0 median=56 mg, mean=60 mg, SEM=2.4; WSRT, Ap-
pendix B.4.1, Fig. 8 A). By day 11, those in the mkp1, dsptp1, and mpk3
cohorts also showed increased weight over Col-0 (Col-0 median=96 mg,
mean=99 mg, SEM=3.4; mkpl median=105mg, mean=109 mg,
SEM=4.2, p **=0.005; dsptp] median=102 mg, mean=102 mg,
SEM=3.3, p *=0.049; mpk3 median=109 mg, mean=107 mg,
SEM=4.2, p * =0.01), along with the pp2c5 and ap2c1 cohorts (pp2c5
median=119 mg, mean=121 mg, SEM=4.3, p * ***<0.0001; ap2cl
median=103 mg, mean=104 mg, SEM=3.5, p * =0.02; Fig. 8 B; WSRT,
Appendix B.4.2). On day 12, larvae in all cohorts except dsptp1 and mpk6
had significantly higher weights compared to Col-0 (Col-
0 median=137 mg, mean=137 mg, SEM=3.63), including the ap2cl
cohort (ap2cl median=149 mg, mean=144 mg, SEM=4.5, p * =0.02),
the pp2c5 cohort (pp2c5 median=164 mg, mean=156 mg, SEM=5.6,
p * *=0.001), the mkp1 cohort (mkpl median=162 mg, mean=159 mg,
SEM=5.55, p * ***<0.0001) and mpk3 cohort (mpk3 median=161 mg,
mean=159 mg, SEM=5.53, p * *=0.001; WSRT, Appendix A.4.2; Fig. 8
C; WSRT, Appendix B.4.3).

S. exigua experiments proved to be challenging to evaluate due to
early pupation. S. exigua larvae burrow in preparation for pupation and
could not be weighed without disrupting the experiment. By the end of
each experiment, on day 13, larvae on some mutant plants had under-
gone pupation, while many of the larvae raised on Col-0 were still
feeding. A high early pupation rate confounded the analysis of larval
weight gain on day 13. In Lepidopterans, pupation is size-dependent
(Nijout et al., 2014), with faster growing larvae pupating earlier than
slower growing larvae, although other factors triggering pupation
cannot be excluded. To link larval weight and pupation, we counted the
number of larvae that had pupated on each day. On days 11 and 12, the
dsptpl mutant showed a pupation delay; conversely mpk3 and mpké6
mutants showed accelerated pupation starting at day 11, which became
highly significant on day 12 (Fig. 9, A-C; WSRT, Appendix B.4.4.1). The
pupation rate for each day is reported in Fig. 9 D. In a 2-way ANOVA
analysis including pupation on all days, the mpk3 cohort showed an
increased mean pupation rate compared to Col-0 (mpk3= —0.268,
n = 24; Col-0 = —0.16, n = 34; p * =0.017, Dunnett’s multiple com-
parisons test). A stronger effect was observed in the mpk6é cohort
(n = 24, mean= —0.297, p * *=0.0018, Dunnett’s multiple comparisons
test). The cohort raised on pp2c5 plants showed an elevated pupation
rate compared to Col-0 on Day 12 and 13, but the effect was not present
throughout the time course (pp2c5= -0.217, n=29; p=0.297,

Dunnett’s multiple comparisons test). No significant interaction was
demonstrated between day and genotype effects in the 2-way-ANOVA
(day/genotype, p = 0.26). This indicates that significant differences in
pupation rate between larvae feeding on Col-0 and mpké6 (p * *=0.002)
or Col-0 and mpk3 (p * =0.02) were detectable throughout the feeding
time course and not affected by measurement day. The shorter time to
pupation may indicate less effective plant defenses against larvae
feeding on mpk6 and mpk3 mutants than on Col-0 plants. Taken
together, these results support that misregulation of MPK6/3 activity
affects the time from hatching to pupation of S. exigua larvae.

4. Discussion

Through dephosphorylation of MAPKs, MIPPs can regulate the
activation time, amplitude, and duration of MAPK signaling, resulting in
input-specific patterns of MAPK kinetics. We tested the effect of four
different MIPPs on MAPK kinetics and found that their effects are
different, most likely due to MIPP-specific timing of phosphatase activity
in relation to MAPK activity (Fig. 10). As expected, MPK6 or MPK3 ac-
tivity was stronger and/or more prolonged in the MIPP knockout mu-
tants pp2c5, dsptp1, and ap2c1 than in Col-0 plants. Surprisingly, in mkp1
mutant plants, MPK6 activity was lower for MPK6 over the entire 90 min
time course and for MPK3 at 15 and 30 min. Other reports showed
stronger wound-or molecular pattern-induced MPK6/3 activity in mkp1
mutants but also did not find prolonged MAPK activity, as can be ex-
pected for a MIPP mutant. Rather, these reports found a more transient
MAPK activity (Escudero et al. 2019; Ayatollahi et al. 2022; Anderson
et al. 2011). The cause for the low MAPK activity in mkpIl mutant plants
is unknown but may point to an overcompensation by another
wound-responsive MIPP. MPK3 activity was elevated over Col-0 in mkp1
at 60 min after wounding, which is consistent with a function of MKP1
as a MIPP. We also included the mpk3 and mpk6 null mutants and found
that the activity of the intact MPK was upregulated in plants mutated for
the other MPK. Since both MAPKs share many substrates and are known
to function together in stress responses, overcompensation of one MPK
in the mutant of the other MPK may effectively negate the effect of the
null mutation, at least in pathways where MPK3 and MPK6 have
redundant functions (Ichimura et al. 2000; Rayapuram et al. 2018). We
will consider this for the interpretation of hormone and herbivory data.

In tomato and tobacco, orthologs of Arabidopsis MPK6/3 positively
regulate JA synthesis in response to wound and herbivory-related sig-
nals (Kandoth et al. 2007; Wu et al. 2007). In contrast, MPK6/3 activity
in Arabidopsis can be induced by JA treatment, indicating a
species-specific function of MPK6/3 in JA synthesis and signaling
(Takahashi et al. 2007). ABA signaling has been shown to amplify JA
signaling in response to wounding (Vos et al. 2013), whereas SA
signaling can repress JA signaling (Nomoto et al. 2021). The JA and SA
pathways share few stress gene targets and generally repress one
another at both the hormone synthesis and target gene levels (Van der
Does et al. 2013; Wei et al. 2014). Except for the mkp1 mutant, which
showed elevated wound-induced JA accumulation, we did not find
significant effects on JA synthesis in the MAPK and MIPP mutants,
although mpk6 showed slightly lower JA levels than Col-0 (Fig. 10). This
indicates that MAPKs are not directly involved in JA synthesis in Ara-
bidopsis. The increased JA accumulation observed in the mkpl mutant,
along with its low MPK6 activity post wounding, is consistent with
previous reports implicating MPK6 as a negative regulator of JA
signaling (Takahashi et al. 2007).
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Fig. 4. Wound-induced JA accumulation is changed in mpk6 and mkp1 mutants. 3-week-old Col-0 and mutant plants were wounded with forceps and analyzed for JA
levels by LC-MS at the times indicated. (A-F) Mean hormone concentrations (nmol/g fresh weight) over a 180 min time course. Error bars plot standard error of the
mean (SEM). (G-J), Violin plots show comparison of mean JA concentrations (ng/g fresh weight) in Col-0 and mutant plants at each time point post wounding.
Dashed lines plot median, dotted lines plot quartiles. Biological replicates (ny=>5, nzy=6, ngg=6, n1gy=3) were collected on separate days from separate plant
cohorts. Significance was calculated using WSRT, p * <0.05. 180-minute time point had too few values to reach 95% confidence (75%, Appendix B.2.1.2). (K) values

relative to Col-0, at all times post wounding; WSRT. (L) Fold values relative to baseline (0") measurement. WSRT, p * ¥*<0.01, p * **

* <0.001. Dots plotted over bars in

(K) and (L) represent individual replicates included in the analysis. Data in (K) and (L) include results shown in A-J, plus two 60 min data sets (Appendix B.2.1.3).
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Fig. 5. Wound-induced and constitutive SA accumulation is changed in mkp6, mpk3 and mpkl mutants. 3-week-old Col-0 and mutant plants were wounded with
forceps and analyzed for SA levels by LC-MS. (A-F) Time courses of mean SA concentrations (nmol/g fresh weight) in Col-0 and mutant plants post wounding. Error
bars plot SEM. Error bars for SA in Col-0 in A, B, D & F are invisible due to scale. (G-I) Comparison of mean SA concentrations (ng/g fresh weight) in Col-0 and mutant
plants at each time point post wounding. Dashed lines in violin plots show median, and dotted lines show quartiles based on multiple biological replicates (ny=4,
nzg=6, ngg=6). Significance was calculated using WSRT, p * <0.05. (Appendix B.2.2.2) (J) Comparison of fold SA levels combined from each time point in mutant
plants relative to Col-0 (= 1-fold). (K) Relative SA abundance for each time point compared to time = 0 (baseline) for each mutant line and Col-0. Significance was
calculated by WSRT, p * <0.05, p * *<0.01, p * ** <0.001. Dots plotted over bars in (J) and (K) represent individual replicates included in the analysis. Results in (J)

and (K) include results shown in A-I, plus two 60’ results. (Appendix B.2.2.3).

On the other hand, the two MIPP mutants mkp1 and pp2c5, and the
MAPK mutants mpk6 and mpk3, had higher wound-induced SA accu-
mulation than Col-0. The dsptpI and ap2c1 mutants had neither elevated
JA nor SA levels, indicating that these two MIPPs play no role in wound-
induced JA and SA synthesis (Fig. 10). ABA levels were significantly
reduced in mkpl, and only slightly elevated in mpk3 and dsptpl.
Therefore, levels of the two positively interacting hormones JA and ABA
were not significantly altered in all mutants but mkp1. In mkp1, both JA
and SA are higher, while ABA levels are lower than in Col-0, indicating
that MKP1 has a different effect on MAPK kinetics and hormone syn-
thesis than all other MIPPs (Fig. 10).

Not much is known about the role of MPK6/3 in responses to
chewing herbivorous insects in Arabidopsis. Since caterpillars mechan-
ically wound leaves with their mandibles, this should lead to activation
of MAPKs, as demonstrated for tomato and N. attenuata (Kandoth et al.
2007; Wu et al. 2007). To our knowledge, there is only one relevant
study where the authors show that S. littoralis caterpillars clearly acti-
vate MPK2 but not or only weakly MPK6 and MPK3 (Sozen et al. 2020).
MPK2 also responds to ABA (Danquah et al. 2015). MIPPs that may
downregulate MPK2 activity are not known. MPK2 is a member of MAPK
subgroup C, while MPK6/3 belong to subgroup A. Nevertheless, it
cannot be excluded that the four MIPPs studied here also dephosphor-
ylate MPK2. We therefore explored whether misregulation of MPK6/3
activity by our four MIPPs would correlate with changes in Arabidopsis
responses to larvae of two lepidopteran species.

The strongest difference we observed was that T. ni larvae gained less
weight on all mutant plants but ap2c1, while S. exigua larvae showed
increased weight on all mutants except dsptpl and mpk6 (Fig. 10). This
indicates that the two species respond differently to Arabidopsis de-
fenses, though both are members of the Noctuidae family and have a
similar lifestyle (Capinera, 2020). However, it cannot be excluded that
the differences are due to experimental design. A more extended expo-
sure to T. ni (days 2 to 14 post-hatching vs. days 6 to 12 for S. exigua) that
started feeding as very small larvae may have induced a more intense
defense response in Arabidopsis. Along the same line, S. exigua larvae
that started feeding at a larger size (day 6) encountered naive plants that
were overwhelmed by an attack of already grown larvae and had less
time to deploy defenses. Nevertheless, resistance to these caterpillars
was altered by mutations in MAPK and MIPP genes. Loss-of-function of
MPK3, MKP1, and PP2C5 resulted in higher resistance to T. ni (lower
weight) and lower resistance to S. exigua (higher weight) as compared to
Col-0. In contrast, loss-of-function of DsPTP1 did not affect resistance to
S. exigua, but increased resistance to T. ni. Loss-of-function of AP2C1 also
caused opposite effects on resistance; resistance to S. exigua was
reduced, but unaffected in response to T. ni. We also measured the pu-
pation rate of S. exigua, since larvae on mpk3 and mpk6 mutants pupated
faster than larvae on Col-0 reducing the number of larvae that could be
measured for the growth experiment (Fig. 8). Increased weight and
shortened larval stage corresponded only when larvae were feeding on
mkp3 and pp2c5 mutant plants (more weight gain, shorter larval period).
In the mkpl cohort, the two parameters were disconnected. Larvae
feeding on mpk6 plants completed their larval period faster than larvae
feeding on all other mutant plants. It is likely that the largest larvae in
this cohort pupated sooner, making larval weights in the mpk6 cohort
not directly comparable to those raised on other mutant plants (Fig. 9
D). This increased pupation rate also indicates reduced resistance of the
mpk6 mutant to S. exigua.
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S. exigua larvae have a lower feeding index (pupal weight divided by
total weight of leaf tissue consumed) on cabbage (Brassicaceae) than on
other non-Brassicaceae plants, indicating a pronounced susceptibility to
defenses of cabbages (Greenberg et al. 2001). Glucosinolates are the
main line of defense against chewing herbivores in Brassicaceae,
including Arabidopsis thaliana, and their synthesis is regulated by JA
(Yan and Chen, 2007). Assuming a suppression of glucosinolate syn-
thesis by SA counteracting JA signaling, mutants with higher SA levels
should have lower glucosinolates and thus lower resistance to S. exigua.
This is what we observed for mpk3, mkp1, and pp2c5. In contrast, T. ni is
likely to be less sensitive to glucosinolates but may respond to other
defenses in the mutants which are not suppressed by SA (regulated by
JA) and reduce performance of T. ni. Also, while caterpillars mechani-
cally wound leaves with their mandibles, temporal and spatial specifics
of caterpillar chewing may have different effects than one-time forceps
wounding as performed in our experiments (Mithofer et al. 2005).

Furthermore, herbivory results in the release of additional signals
such as herbivore-associated molecular patterns and effectors, which
either induce or suppress plant defenses, respectively, and thus may
change MAPK kinetics and defense hormone levels (Grissett et al. 2020;
Chen et al. 2019). However, fatty acid-amino acid conjugates are
prominent herbivore-associated molecular patterns that do not activate
MAPKs and do not lead to synthesis of JA, SA, or ethylene in Arabi-
dopsis, unlike in many other dicot and monocot families (Grissett et al.
2020; Schmelz et al. 2009). S. exigua contains orthologs of two effector
proteins from Helicoverpa armigera (cotton bollworm), HARP1 and HAS1
(Prajapati et al., 2020; Chen et al. 2019; Chen et al. 2023). Therefore, it
is conceivable that S. exigua effectors suppressed JA-mediated defenses
independently of MAPK kinetics. We only measured wound-induced JA
levels, so we do not know whether JA levels in herbivore-exposed plants
were suppressed. Also, effectors have not been investigated for the
A. thaliana-S. exigua system. As effectors and corresponding host plant
resistance genes are often genotype-specific in both pathogens and their
host plants, it is possible that the HARP1 and HAS1 proteins from
S. exigua do not suppress Arabidopsis defenses.

Lastly, we determined whether changes in wound-induced MAPK
kinetics and levels of JA, SA, and ABA could be correlated with the
performance of T. ni and S. exigua larvae (Fig. 10). Mutants with high
wound-induced MPK3 and low MPK6 activity include mpk6 and mkp1I;
the two lines shared timing of peak MPK3 activity and elevated SA levels
and both were similar regarding reduced resistance to both herbivore
species (mpk6 due to faster pupation, mkp1 due to higher larval weight).

Mutants with high wound-induced MPK6 and low MPK3 activity
include mpk3, pp2c5, dsptp1, and ap2c1, but times of peak MPK6 activity
and duration of elevated activity are different among these mutants, e.
g., mpk3 showing an early peak and prolonged elevated MPK6 activity,
while ap2c1 showed delayed peak activity. These four mutants were
different with regard to hormone synthesis and resistance to T. ni and
S. exigua (Fig. 10).

The mkp1 mutant showed wound-induced MPK6 and MPK3 activity
mostly below activities in Col-0 plants, except for an increase in MPK3
activity at 60 min after wounding. These MAPK kinetics are different
from all other mutant lines and unexpected for a MIPP mutant known to
interact with MPK6/3, unless increased MAPK activity occurred be-
tween 0 and 15 min or after 90 min post wounding. This mutant also
showed wound-induced hormone levels that were different from all
other mutant lines, while at the same time showing a similar resistance
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Fig. 6. Wound-induced ABA accumulation is changed in mpk3, mpk1, and dsptpl mutants. 3-week-old Col-0 and mutant plants were wounded with forceps and
analyzed for ABA levels by LC-MS. (A-F) Time courses of mean ABA concentrations (pmol/g fresh weight) in Col-0 and mutant plants post wounding. Error bars plot
SEM. (G-J) Comparison of mean ABA concentrations (ng/g fresh weight) in Col-0 and mutant plants at each time point post wounding. Dashed lines in violin plots
show median, and dotted lines show quartiles based on multiple biological replicates (n 0’ = 4, n 30’ = 5-6, n 180" = 3). Significance was calculated using WSRT, p *
<0.05. The 180-minute time point had too few values to reach 95% AC (75%). (Appendix B.2.3.2) (K) Comparison of fold ABA levels combined from each time point

in mutant plants relative to Col-0 (= 1-fold). Significance was calculated by WSRT, p * <0.05 (Appendix B.2.3.3).
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Fig. 7. Weight gain of T. ni larvae feeding on mpk6, mpk3, pp2c5, mkp1, and dsptpl mutant plants is reduced compared to Col-0. 1-2-day old T. ni larvae were
transferred to 2-week-old Arabidopsis plants in tented boxes and allowed to feed until pupation. Larval weight was measured before pupation on day 12 and 14 after
hatching (6 independent experiments with 4-5 larvae per Arabidopsis genotype each). Total n values used for analysis for each genotype are reported on each
column. Significance calculated via WSRT; error bars show SEM. (A) Mean larval weights on day 12 (n = 38-40 larvae/plant genotype). Letters over bars: “b” - p* <
0.05, “c” - p** < 0.01. (B) Mean larval weights, on day 14 (n = 24-28 larvae/genotype; lower numbers compared to day 12 due to pupation). Letters over bars: “b” -
p** < 0.01, “c” - p*** < 0.001, and “d” - p**** < 0.0001. (Appendix B.3).

A S. exigua weights, Day 10 B S. exigua weights, Day 11

80- " 150 o =
a 2 I a a a a = 4 = e *
— - = Z 2 T b & b
60 & = F a 2@F 2 F . =
100- =
240- g
50-
20-
WP I P, IRV R
0- T ‘)I T T 0- T 0,: T T
S N A A o %) N A A A o %)
A o o Q Q N W \ (Y (4 Q Q \N i
R T R R R € & & L & &

C S. exigua weights, Day 12

*k

200_ . ke Fkkk
d [
b 2 2 T 2 =
1504 2 = 5 = =
£100-
50~
SV
R
0- T ‘)I T T
S LN A A ) )
N O 19 N S
SFF &S

Fig. 8. Weight gain of S. exigua larvae feeding on mpk3, ap2c1, pp2c5, and mkp1 mutant plants is increased compared to Col-0. Cohorts of 7-day old S. exigua larvae
(n = 12) were transferred to 2-week-old Arabidopsis plants and allowed to feed until pupation (no choice). Larval weight was measured before pupation on days
10-12 after hatching (5-7 independent replicates/genotype with 12 larvae per Arabidopsis genotype each). Significance calculated via WSRT; error bars show SEM.
Total n values entered in the analysis for each genotype are reported on each column. (A) Mean larval weights on day 10 (n = 73-52 larvae/plant genotype). Letters
over bars: “b” — p * ¥*<0.01, “c” — p * ** *<0.0001. (B) Mean larval weights on day 11 (n = 79-45 larvae/plant genotype). Letters over bars: “b” — p * <0.05, “c” —
p * *<0.01, “d” -p * ** *<0.0001. (C) Mean larval weights on day 12 (n = 71-36 larvae/plant genotype). N values are lower than on day 10 and 11 due to pupation.
Letters over bars: “b” — p * <0.05, “c” — p * *<0.01, “d” — p * ** *<0.0001. (Appendix B.4).

to T. ni and S. exigua as mpk3 and pp2c5 mutant plants (Fig. 10). mutants (Fig. 10). Since the functions of these two MAPKs largely

It is also important to note here, that knockout of either MPK6 or overlap, we were unable to demonstrate how defenses would be altered
MPK3 resulted in hyperactivity of the remaining MAPK in the MPK in the absence of both MPK3 and MPK6 activity. Double mutants for
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Fig. 9. Time to pupation of S. exigua larvae is shorter in mpk3, mpk6, and pp2c5 mutants and longer in dsptpl mutants than in Col-0 plants. Larvae were raised as
described in Fig. 8. (A-C) Dot plots listing one dot per day, each representing mean proportion of larvae that had pupated by the indicated day (day 9 = dot 1, day
10 =dot 2, etc.). Plots report proportion of larvae that had pupated each day during all experiments (n = 5-7 independent experiments), where — 1 represents 100%
pupation and O reports no change. Horizontal bars show median. (A) Pupation by day 11. Col-0 vs. all lines; dsptpl (median = 0), p * ** *<0.0001. (B) Pupation by
day 12. Col-0 median vs. all lines; dsptp1 (median = 0), p * ** *<0.0001; mpk3 (median = —0.125), p * =0.013; mpk6 (median = —0.125), p * =0.035. (C) Pupation
by day 13. Col-0 (median = —0.083) vs. all lines; mpk3 (median=-0.168), p * *= 0.003; mpk6 (median=—0.167), p * *= 0.0026. Significance was calculated using
WSRT. (D) Box plot (low-high) of replicate values on all five days. An analysis of all values was performed (up to day 13) via 2-way ANOVA. Mutant cohort effects
were analyzed by combining values for all days. Day effect on mutant cohort weight: p * ** *<0.0001; Line effect on mutant cohort weight: p * ** *<0.0001; Day/
Line effect on mutant cohort weight: p = 0.26. Post-hoc analysis with Dunnett’s multiple comparisons test reports significance on all days for mpk3 (p * =0.017) and
mpk6 (p * *=0.0018) compared to Col-0. QQ plot associated with cohorts analyzed in 2-way ANOVA, normality, and statistical tables associated with ANOVA and
WSRT are reported in Appendix B.4.4.

MPK6 and MPK3 are embryo lethal, although inducible double mutants induced levels of the defense-related hormones JA, SA, and ABA were

have been generated (Zhang and Zhang, 2022). Those are hardly suit- also different in MPK6/3 and MIPP mutants, indicating that changes in
able for herbivory experiments due to unknown effects of chemical in- MAPK phosphorylation kinetics have consequences for hormone syn-
ducers of gene expression on herbivores. thesis and/or accumulation. b) We provide additional evidence that

In summary, we were unable to detect any obvious correlation be- MPK6/3 are not directly involved in JA synthesis in Arabidopsis, unlike
tween MPK6/3 kinetics, defense hormone levels, and resistance to two in other plant species, and we provide further evidence for a compen-

lepidopteran larvae (Fig. 10). This should not be interpreted as an satory regulation of MPK6 and MPK3 activity in mpk6é and mpk3 mu-
absence of such a correlation. Most likely, MAPK kinetics would be tants. ¢) We also found that MAPK and MIPP mutant plants showed

altered in a more pronounced way in MIPP double and higher-level altered resistance to T. ni and S. exigua compared to Col-0. This indicates
mutants, leading to stronger effects on hormone levels and resistance different adaptations to Arabidopsis defenses by the two herbivore
to herbivores. species, and that MAPKs and MIPPs are involved in regulating herbivore

resistance. d) We did not find an obvious correlation between MAPK
5. Conclusions kinetics and hormone levels, and neither between hormone levels nor

MAPK kinetics and resistance to the herbivores. However, in mkpl,
We found that a) wound-induced MAPK phosphorylation kinetics are pp2c5, mpk6 and mpk3 mutants, regulation of SA levels was dysfunc-

changed in different ways in four different MIPP mutants as compared to tional leading to higher wound-induced SA levels than in Col-0. This
Col-0, resulting in MIPP-specific kinetic patterns. This may be due to a strongly correlated with reduced resistance to S. exigua.
different timing of MIPP activity in relation to MAPK activity. Wound- The larval growth differences we detected were statistically
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Fig. 10. Summary of defense effects associated with MAPK misregulation. Results from mutants were compared to Col-0. Further explanations are in the text.

significant, but overall relatively small. Stronger effects may emerge in
higher-level MIPP mutants.
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