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The calcium-dependent protein kinase CPK28 is
targeted by the ubiquitin ligases ATL31 and ATL6
for proteasome-mediated degradation to fine-tune
immune signaling in Arabidopsis
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Abstract

Immune responses are triggered when pattern recognition receptors recognize microbial molecular patterns. The
Arabidopsis (Arabidopsis thaliana) receptor-like cytoplasmic kinase BOTRYTIS-INDUCED KINASE1 (BIK1) acts as a signaling
hub of plant immunity. BIK1 homeostasis is maintained by a regulatory module in which CALCIUM-DEPENDENT PROTEIN
KINASE28 (CPK28) regulates BIK1 turnover via the activities of two E3 ligases. Immune-induced alternative splicing of
CPK28 attenuates CPK28 function. However, it remained unknown whether CPK28 is under proteasomal control. Here, we
demonstrate that CPK28 undergoes ubiquitination and 26S proteasome-mediated degradation, which is enhanced by flagel-
lin treatment. Two closely related ubiquitin ligases, ARABIDOPSIS TOXICOS EN LEVADURA31 (ATL31) and ATL6, specifi-
cally interact with CPK28 at the plasma membrane; this association is enhanced by flagellin elicitation. ATL31/6 directly
ubiquitinate CPK28, resulting in its proteasomal degradation. Furthermore, ATL31/6 promotes the stability of BIK1 by me-
diating CPK28 degradation. Consequently, ATL31/6 positively regulate BIK1-mediated immunity. Our findings reveal an-
other mechanism for attenuating CPK28 function to maintain BIK1 homeostasis and enhance immune responses.

Introduction

Plants have a sophisticated innate immune system to defend  trigger immune responses in plants, a process known as
against pathogen invasion. Microbe-associated molecular  pattern-triggered immunity (PTI). PTI confers the host de-
patterns or pathogen-associated molecular patterns (PAMPs)  fense against a wide range of phytopathogens (Jones and
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Background: Plants rely on innate immunity to thwart off microbial pathogens. Immune responses are triggered
when immune receptors recognize microbial molecular patterns. The cytoplasmic kinase BOTRYTIS-INDUCED
KINASE 1 (BIK1) plays a central role in relaying signals from multiple upstream immune receptors to diverse
substrate proteins. The homeostasis of BIK1 is tightly controlled and is maintained by a regulatory module, in which
the calcium-dependent protein kinase CPK28 contributes to BIK1 turnover.
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Question: Are CPK28 proteins under further control to maintain BIK1 homeostasis and fine-tune immune signaling?

Findings: We found that CPK28 proteins undergo a type of modification called ubiquitination that serves as a signal
for protein degradation via the 26S proteasome machinery. Interestingly, the bacterial flagellin treatment enhances
the ubiquitination and degradation of CPK28 proteins. Two ubiquitin ligases, ARABIDOPSIS TOXICOS EN
LEVADURA 31 (ATL31) and ATL6 directly interact with and mediate the ubiquitination of CPK28, which results in the
proteasomal degradation of CPK28 and attenuation of CPK28 function. Therefore, ATL31 and ATL6 modulate BIK1
homeostasis and regulate immune signaling via mediating CPK28 degradation. Our work reveals how CPK28 is kept
in check to maintain BIK1 homeostasis and to enhance immune responses.

Next steps: We aim to investigate how signals are relayed from immune receptors to ATL31 and ATL6 to mediate
the degradation of CPK28.
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Dangl, 2006). In Arabidopsis (Arabidopsis thaliana), the bacte-
rial flagellin or its derived peptide flg22 is recognized by
FLAGELLIN-SENSING2 ~ (FLS2), a well-studied plasma
membrane-localized leucine-rich repeat receptor kinase (LRR-
RK; Gomez-Gomez and Boller, 2000). BRIT-ASSOCIATED
RECEPTOR KINASE1 (BAK1) serves as a co-receptor for FLS2
and other pattern recognition receptors (PRRs), such as EF-
TU RECEPTOR (EFR), which perceives the bacterial elongation
factor EF-Tu and the derived epitope elf18. Upon ligand bind-
ing, FLS2 and EFR rapidly interact with BAK1 and the related
SOMATIC-EMBRYOGENESIS RECEPTOR-LIKE KINASE pro-
teins to activate downstream immune signaling (Zipfel et al,
2006; Chinchilla et al, 2007; Heese et al, 2007; Roux et al,
2011). Additionally, PRRs sense endogenous damage-
associated molecular patterns that are released upon wound-
ing or pathogen perception (Zipfel, 2014). Arabidopsis PLANT
ELICITOR PEPTIDEs (Peps) are perceived by two LRR-RKs,
PEP RECEPTOR1 (PEPR1) and PEPR2, triggering immune
responses (Yamaguchi et al,, 2006, 2010; Krol et al, 2010).
BOTRYTIS-INDUCED KINASE 1 (BIK1) is a receptor-like
cytoplasmic kinase (RLCK) that associates with multiple
PRRs and functions as a signaling hub immediately down-
stream of these PRRs. BIK1 undergoes hyperphosphorylation
upon PAMP perception in a BAK1-depdendent manner (Lu
et al, 2010; Zhang et al, 2010). To date, various substrates
have been identified for BIK1. BIK1 directly phosphorylates a
plasma membrane-resident NADPH oxidase, RESPIRATORY
BURST OXIDASE HOMOLOG D (RbohD), resulting in reac-
tive oxygen species (ROS) burst and stomatal immunity
(Kadota et al, 2014; Li et al, 2014). In addition, BIK1 phos-
phorylates the Ca’*-permeable channel OSCA1.3 within
minutes of flg22 treatment and enhances its channel activ-
ity, which is critical for PAMP-induced stomatal closure dur-
ing immunity (Thor et al, 2020). Upon pathogen attack,
BIK1 also phosphorylates and activates two CYCLIC
NUCLEOTIDE-GATED CHANNEL (CNGC) proteins, CNGC2

and CNGC4, which triggers calcium entry into the cytosol
(Tian et al, 2019).

Immune signaling is finely tuned to ensure its appropriate
magnitude and duration. BAK1-INTERACTING RECEPTOR-
LIKE KINASE2 (BIR2) and BIR3 block the association of FLS2
with BAK1 in the resting state, whereas they are released
from BAK1 after flg22 perception, facilitating the interaction
between BAK1 and FLS2 (Halter et al, 2014; Imkampe et al,,
2017). Protein Ser/Thr phosphatase 2A (PP2A) negatively
regulates immunity by dephosphorylating BAK1 (Segonzac
et al, 2014). Some endogenous peptides, such as RAPID
ALKALINIZATION FACTOR23 (RALF23) and RALF33, are
rapidly released and bind to their receptor FERONIA (FER)
to inhibit immunity in Arabidopsis (Stegmann et al, 2017).
Another Arabidopsis RLCK, AvrPphB SUSCEPTIBLE1-LIKE13
(PBL13), phosphorylates the C terminus of RbohD to affect
its activity and stability, thereby negatively regulating immu-
nity (Lin et al, 2015; Lee et al, 2020). The transcription fac-
tors TARGET OF EAT1 (TOE1) and TOE2 directly bind to
the FLS2 promoter and inhibit its activity to suppress plant
immunity during the early stages of seedling development
(Zou et al, 2018, 2020).

Protein ubiquitination is a widespread type of post-
translational modification that is involved in the regulation
of signal transduction. In the presence of ATP, ubiquitin is
activated and transferred to a specific target protein in a
stepwise manner by three types of enzymes: ubiquitin acti-
vating enzyme (UBA, E1), ubiquitin conjugating enzyme
(UBC, E2), and ubiquitin ligase (E3). During ubiquitination,
E3 ubiquitin ligases play a critical role in determining the
substrate specificity. A major consequence of ubiquitination
is the targeting of the substrate proteins to the 26S protea-
some for degradation (Callis, 2014). Ubiquitination plays an
important role in regulating immune signaling. FLS2 is ubiqg-
uitinated by two ubiquitin ligases PLANT U-BOX12 (PUB12)
and PUB13, which leads to the attenuation of immune
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signaling (Lu et al, 2011). The ubiquitination of RbohD by
PBL13 INTERACTING RING DOMAIN E3 LIGASE is further
enhanced upon RbohD phosphorylation catalyzed by PBL13,
which results in the degradation of RbohD and the negative
regulation of immune signaling (Lee et al, 2020). PUB22
ubiquitinates EXOCYST SUBUNIT 70 PROTEIN B2
(Exo70B2), a subunit of the exocyst complex required for ac-
tivation of immune responses, leading to the degradation of
Exo70B2 and the attenuation of immune signaling
(Stegmann et al., 2012; Furlan et al,, 2017).

The immune signaling hub BIK1 is subjected to tight regu-
lation. BIK1 homeostasis is maintained by a regulatory mod-
ule that consists of CALCIUM-DEPENDENT PROTEIN
KINASE28 (CPK28), two closely related ubiquitin ligases
(PUB25 and PUB26), and heterotrimeric G proteins. In this
module, PUB25/26 ubiquitinate BIK1, leading to its degrada-
tion. The ligase activity of PUB25 is enhanced when it is
phosphorylated at Thr95 by CPK28, which promotes the
polyubiquitination and degradation of BIK1 (Monaghan et
al, 2014; Wang et al, 2018).

It was recently reported that a retained intron (RI) variant
of CPK28, known as CPK28-Rl, is induced after treatment
with flg22 (Bazin et al, 2020) or AtPeps (Dressano et al,
2020). CPK28-RI encodes a truncated CPK28 isoform that
exhibits impaired kinase activity (Dressano et al, 2020). The
immune-induced alternative splicing of the CPK28 tran-
scripts plays a regulatory role in dynamically amplifying im-
mune signaling (Bazin et al, 2020; Dressano et al, 2020).
Furthermore, a more recent proteomics study showed that
CPK28 is ubiquitinated at multiple Lys residues (Grubb et
al, 2021). However, the underlying mechanisms of CPK28
ubiquitination and whether CPK28 undergoes proteasomal
degradation to maintain immune homeostasis remained
unknown.

Here, we demonstrate that CPK28 undergoes ubiquitina-
tion and 26S proteasome-mediated degradation that are en-
hanced by flg22 stimulation. Two closely related ubiquitin
ligases, ARABIDOPSIS TOXICOS EN LEVADURA 31 (ATL31)
and ATL6, interact with CPK28 in an flg22-enhanced man-
ner. Furthermore, ATL31 and ATL6 directly ubiquitinate
CPK28, resulting in the proteasomal degradation of CPK28.
As a result, ATL31 and ATL6 positively regulate BIK1 stabil-
ity and immune responses. Our work reveals how CPK28 is
targeted by ATL31/6 for proteasome-mediated degradation
to maintain BIK1 homeostasis and dynamically regulate im-
mune signaling.

Results

CPK28 undergoes ubiquitination and 26S
proteasome-mediated degradation

CPK28 is a key component of the recently characterized im-
mune regulatory module that modulates BIK1 stability
(Monaghan et al, 2014 Wang et al, 2018). To examine
whether CPK28 is under proteolytic control to keep this reg-
ulatory module in check, we examined its ubiquitination
and proteasomal degradation. We performed in vivo
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ubiquitination assays by transiently expressing ubiquitin
tagged with the FLAG epitope (FLAG-Ub) and CPK28 tagged
with hemagglutinin (CPK28-HA) in Arabidopsis protoplasts;
a similar approach was previously used to examine the ubig-
uitination of BIK1 (Ma et al., 2020) and FLS2 (Lu et al., 2011)
in vivo. Following immunoprecipitation (IP) with anti-FLAG
antibodies, the ubiquitinated CPK28 proteins were detected
by immunoblotting with anti-HA antibodies. CPK28 exhib-
ited ladder-like smears, which are indicative of protein ubig-
uitination (Figure 1A). Notably, a recent proteomics study
identified multiple ubiquitination sites on CPK28 proteins
(Grubb et al, 2021), suggesting that CPK28 indeed under-
goes ubiquitination. Furthermore, we found that the ubiqui-
tination of CPK28 was enhanced by flg22 treatment
(Figure 1A).

In addition to CPK28, other negative immune regulators,
such as BIR2 and BIR3, also undergo ubiquitination
(Supplemental Figure S1, A and B); consistently, ubiquitina-
tion sites were also identified on both BIR2 and BIR3 by the
recent proteomics study (Grubb et al, 2021). However, ubig-
uitination of PBL13 and RCN1 (PP2A subunit A1) was not
observed under the conditions we used (Supplemental
Figure S1, C and D), demonstrating the specificity of this
in vivo ubiquitination system.

We then examined the turnover of CPK28 protein. We
raised antibodies that specifically detected CPK28 in Col-0
but not in cpk28 mutants (Monaghan et al, 2014
Supplemental Figure S2, A—E). The anti-CPK28 antibodies spe-
cifically recognized recombinant CPK28 proteins, but not
other tested CPKs, such as CPK8, CPK6, CPK1, CPK3, and
CPK16 that is closely related to CPK28 (Boudsocq and Sheen,
2013; Supplemental Figure S2F). Importantly, the anti-CPK28
antibodies did not recognize recombinant CPK28-RI proteins
(Supplemental Figure S2G). CPK28 protein accumulation in-
creased in Col-0 seedlings treated with the 26S proteasome
inhibitor MG132, as measured by immunoblotting with anti-
CPK28 antibodies (Supplemental Figure S3A). Moreover,
when Col-0 seedlings were treated with cycloheximide (CHX)
to block protein synthesis, CPK28 protein accumulation de-
clined over time. However, the decrease in CPK28 protein
level was largely blocked by MG132 treatment (Figure 1B),
suggesting that CPK28 proteins are under proteasomal con-
trol. Notably, in the presence of CHX, we observed a signifi-
cant reduction in CPK28 protein levels within 2 h after flg22
treatment. This degradation was inhibited by MG132 treat-
ment (Figure 1C), indicating that flg22 treatment enhances
the proteasomal degradation of CPK28. Moreover, like CPK28,
both BIR2 and BIR3 also undergo proteasomal degradation, as
assayed using proteins transiently expressed in Arabidopsis
protoplasts (Supplemental Figure S3, B and C).

Identification of ubiquitin ligases that mediate
CPK28 degradation

We then sought to identify E3 ubiquitin ligases that mediate
the ubiquitination of CPK28. Considering that the interac-
tion between ubiquitin ligase and its target may result in
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Figure 1 CPK28 undergoes ubiquitination and 26S proteasome-mediated degradation. A, fig22 treatment enhances CPK28 ubiquitination in vivo.
FLAG-Ub and CPK28-HA were co-expressed in Arabidopsis protoplasts. In the presence of 20-uM MG132, the protoplasts were treated with 2-uM
fig22 for 30 min before harvesting. Total ubiquitinated proteins were immunoprecipitated with anti-FLAG antibodies, and ubiquitinated CPK28
proteins were detected by immunoblotting with anti-HA antibodies. B, CPK28 undergoes proteasomal degradation. Seven-day-old Col-0 seedlings
(10 seedlings per sample) were treated with 100-uM CHX for the indicated times in the presence or absence of 50-uM MG132. Total proteins
were isolated from whole seedlings. CPK28 proteins were detected with anti-CPK28 antibodies. ACTIN was used as a loading control. C, fig22
treatment enhances the proteasomal degradation of CPK28. Seven-day-old Col-0 seedlings (10 seedlings per sample) were treated with 100-uM
CHX in the presence or absence of 50-uM MG132, followed 1 h later by treatment with 2-uM fig22 for the indicated times. Total proteins were
isolated from whole seedlings. CPK28 proteins were detected with anti-CPK28 antibodies. ACTIN was used as a loading control.

degradation of the target protein, instead of directly screen-
ing for CPK28 interactors, we used an alternative approach
to identify the cognate ubiquitin ligases of CPK28. We per-
formed RNA sequencing (RNA-seq) to identify ubiquitin li-
gase genes that were differentially expressed upon flg22
treatment using RNA isolated from Arabidopsis seedlings
treated with flg22 or water (Supplemental Figure S4A).
Forty-nine ubiquitin ligase genes were upregulated upon
flg22 treatment, and 22 were downregulated (Supplemental
Figure S4B and Supplemental Table S1), and their expression
was confirmed by reverse transcription- quantitative poly-
merase chain reaction (RT-qPCR; Supplemental Figure S4C).

To examine which ubiquitin ligases could mediate the
degradation of CPK28, we performed a leaf protoplast cell-
based screen by co-expressing CPK28 together with a se-
lected ubiquitin ligase gene. To validate the feasibility of this
screening strategy, we co-expressed PUB25-HA together with
BIK1-FLAG in protoplasts, using a green fluorescent protein
(GFP)-FLAG fusion as a transfection control. Consistent with
a previous report (Wang et al, 2018), PUB25 overexpression
led to the reduced accumulation of BIK1 in this transient
system (Supplemental Figure S5). As flg22 enhanced the

ubiquitination and proteasomal degradation of CPK28, we
screened the flg22-induced ubiquitin ligase genes. We
screened 16 of the ubiquitin ligase genes described above
and found that the expression of ATL31-HA significantly re-
duced CPK28-MYC protein abundance (Supplemental
Figure S6).

ATL31 is a RING-H2 ubiquitin ligase with a well-
characterized role in plant carbon/nitrogen (C/N)-nutrient
responses (Sato et al, 2009, 2011; Yasuda et al, 2017).
ATL31 contains a transmembrane domain at its N terminus.
ATL31-GFP proteins were mainly localized to the cell periph-
ery when introduced into onion (Allium cepa) epidermal
cells (Sato et al, 2009), and ATL31-GFP co-localized with the
integral plasma membrane protein BRASSINOSTEROID
INSNESITIVET (BRI1) fused with red fluorescent protein
(RFP; Wang et al, 2001) at the plasma membrane, when
these two proteins were co-expressed in Arabidopsis proto-
plasts (Supplemental Figure S7), suggesting that ATL31 is lo-
calized to the plasma membrane in this expression system.

We also analyzed the expression patterns of ATL31 and
CPK28 in response to flg22 treatment. CPK28 has a canoni-
cally spliced transcript and the CPK28-Rl splice variant
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(Dressano et al., 2020; Bazin et al,, 2020). The proportion of
CPK28-RI transcript levels but not those of CPK28 signifi-
cantly increased after AtPep1 treatment (Dressano et al,
2020). We found that when the seedlings were treated with
flg22, CPK28 transcript levels started to increase after 15 min
of treatment, peaked at 30 min (~16-fold), and returned to
the initial level after 120 min (Supplemental Figure S8, A
and D). In contrast, CPK28-RI transcript levels increased to a
peak after 15 min of flg22 treatment (~49-fold), and then
decreased to the initial level after 60 min (Supplemental
Figure S8, B and D). These results demonstrate that induc-
tion of CPK28 by flg22 was weaker and slower than that of
CPK28-Rl. Moreover, the expression pattern of ATL37 after
flg22 treatment was more similar to that of CPK28 than to
that of CPK28-RI (Supplemental Figure S8, A-C).

ATL31/6 interact with CPK28 at the plasma
membrane

To examine whether ATL31 interacts with CPK28, we per-
formed co-IP assays in which we co-expressed CPK28-HA
and ATL31®MAFIAG  in  Arabidopsis  protoplasts.
ATL31<"3H195A s an ATL31 variant in which both Cys-143
(Sato et al, 2009) and His-145 in the RING domain were
replaced by Ala to impair its activity and decrease the po-
tential target degradation. CPK28-HA associated with
ATL31"BHISAELAG in this assay (Figure 2A). Similarly,
ATL31S"BH1A HA was also present in the CPK28-FLAG
immunoprecipitates (Figure 2B). Importantly, we observed
that flg22 treatment enhanced the association of
ATL319M3M%A and CPK28 (Figure 2, A and B). Moreover,
the association of CPK28 with ATL31<'*H"A was much
stronger than its association with wild-type (WT) ATL31
(Figure 2C), perhaps mainly due to the degradation of
CPK28 mediated by ATL31. To examine whether the associ-
ation of ATL31 and CPK28 is dependent on the FLS2-BAK1
receptor complex, we performed co-IP using protoplasts iso-
lated from fls2 and bak1. ATL31 still associated with CPK28
in both fls2 and bak1 plants. However, the flg22-enhanced
association between ATL31 and CPK28 was no longer ob-
served in the fls2 or bak1 mutant (Figure 2, D and E). These
results indicate that the association of ATL31 and CPK28
occurs before and after fig22 treatment but is further en-
hanced upon the recognition of fig22 by the FLS2-BAKT
complex.

ATL6 has the highest level of amino acid sequence similar-
ity with ATL31 (Sato et al, 2009). CPK28 also associated
with ATL6, but not with ATL2 (Figure 2, F and G), another
ATL family member that was previously shown to be in-
volved in plant defense responses (Serrano and Guzman,
2004). Moreover, flg22 treatment enhanced the association
of CPK28 and ATL6 (Figure 2F). Finally, ATL31 was not asso-
ciated with CPK8, another CPK family member
(Supplemental Figure S9). These results demonstrate the
specificity of the association between ATL31/6 and CPK28.

CPK28 associates with the plasma membrane via its myris-
toylation (Monaghan et al, 2014). Therefore, the CPK28%**
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variant containing a mutation in its myristoylation site loses
its plasma membrane localization when transiently
expressed in Nicotiana benthamiana (Monaghan et al,
2014). Consistently, the loss of plasma membrane localiza-
tion of CPK28“** was also observed in Arabidopsis proto-
plasts (Supplemental Figure S10). Accordingly, a co-IP assay
showed that ATL31 was no longer associated with
CPK28“** (Figure 3A). We also performed bimolecular fluo-
rescence complementation (BiFC) assays in Arabidopsis pro-
toplasts using ATL31<'3"'%A tagged with the N-terminal
half of yellow fluorescent protein (nYFP) tag and CPK28
tagged with the C-terminal half of YFP (cYFP) tag
ATL31"3H145A a5s0ciated with CPK28 at the plasma mem-
brane (Figure 3B). In line with a previous report (Huang et
al, 2019), the plasma membrane-associated protein PCRK1
(pattern-triggered immunity compromised RLCK1; Kong et
al, 2016) associated with the plasma membrane-resident
protein BRIT (Wang et al, 2001; Figure 3B). However,
ATL319"*H14%A did not associate with PCRK1, and CPK28
did not associate with BRI1. Consistently, the CPK28 mutant
CPK28“** did not associate with ATL31<"*""A i the BiFC
assays (Figure 3B). These results further confirm the specific-
ity of the association between ATL31 and CPK28 at the
plasma membrane.

Furthermore, CPK28 was pulled down by the intracellular
region of ATL31 (ATL31°™, amino acids 67-368, lacking
the transmembrane domain) and by ATL6 (ATLGATM,
amino acids 71-368) fused to a maltose-binding protein
(MBP) tag in MBP pull-down (PD) assays (Figure 3C).
These results suggest that ATL31/6 directly interact with
CPK28.

ATL31/6 ubiquitinate CPK28

ATL31/6 were shown to have ubiquitin ligase activity (Sato
et al, 2009; Maekawa et al, 2012). To investigate their roles
in CPK28 ubiquitination, we isolated the ATL37 and ATL6
null mutants, atl37 and atl6 (Sato et al, 2009, 2011), and
generated the homozygous atl37 atl6 double mutant (Sato
et al, 2009, 2011; Supplemental Figure S11, A-F). atl31 atlé
was slightly smaller than Col-0, but was morphologically
very similar to Col-0 during vegetative growth and after the
transition from the vegetative to the reproductive stage
(Supplemental Figure S11G). CPK28-HA and FLAG-Ub were
co-expressed in protoplasts isolated from at/31 atl6 or Col-0
plants, and the ubiquitination of CPK28 was weaker in atl31
atlé than in Col-0 plants (Figure 4A). Notably, CPK28 still
underwent ubiquitination even in atl31 atl6 plants, suggest-
ing that in addition to ATL31/6, there are likely other
unidentified ubiquitin ligases involved in CPK28 ubiquitina-
tion (Figure 4A).

To further confirm the ubiquitination of CPK28 by
ATL31/6, we transfected Col-0 protoplasts with FLAG-Ub,
CPK28-HA, and ATL31-GFP or ATL31<"*""*A.GFP and then
performed IP with anti-FLAG antibodies. CPK28 was ubiqui-
tinated, and ATL31 overexpression enhanced its ubiquitina-
tion (Supplemental Figure S12). Additionally, WT ATL31
underwent substantial autoubiquitination, whereas the
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Figure 2 Both ATL31 and ATL6 associate with CPK28. A, fig22 treatment enhances the association of the ATL31<"*""*A_F| AG variant and
CPK28-HA. CPK28-HA and ATL31<"H“*A_FLAG were co-expressed in Arabidopsis protoplasts, and the protoplasts were treated with 2-uM fig22
for 30 min before harvesting. IPs were performed using anti-FLAG antibodies. The immunoprecipitated ATL31<"*""*A_F| AG proteins were
detected by immunoblotting with anti-FLAG antibodies, and the associated proteins were detected by immunoblotting with anti-HA antibodies
(top two parts). The levels of ATL31<"*""*A_FLAG and CPK28-HA are shown in the bottom two parts. B, fig22 treatment enhances the associa-
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much stronger than that with WT ATL31. WT ATL31-FLAG or the ATL31"*""*A_F| AG variant was co-expressed with CPK28-HA in Arabidopsis
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were detected by immunoblotting with anti-HA antibodies. D, E, The association of ATL31 and CPK28 in the fIs2 and bak1 mutants. ATL31-FLAG
was co-expressed with CPK28-HA in protoplasts isolated from Col-0, fIs2, or bak1-4 plants. F, fig22 treatment enhances the association of CPK28
and ATL6. ATL6-FLAG was co-expressed with CPK28-HA in protoplasts, and the protoplasts were treated with 2-uM fig22 for 30 min before har-
vesting. G, CPK28 does not associate with ATL2. ATL2-FLAG was co-expressed with CPK28-HA in protoplasts. D-G, IPs were performed using
anti-FLAG antibodies, and the associated proteins were detected by immunoblotting with anti-HA antibodies.
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Figure 3 ATL31 interacts with CPK28 at the plasma membrane. A, ATL31 does not associate with CPK28?*, CPK28%**-HA and ATL31-FLAG
were co-expressed in protoplasts. IPs were performed using anti-FLAG antibodies, and the associated proteins were detected by immunoblotting
with anti-HA antibodies. B, ATL31<""1%4 a550ciates with CPK28 at the plasma membrane. The indicated BiFC constructs were transfected into
Arabidopsis protoplasts, and fluorescence was visualized by confocal microscopy. Scale bars, 10 um. C, ATL31/6 directly interact with CPK28
in vitro. Recombinant MBP-HA, MBP-ATL312™-HA, or MBP-ATL6™ -HA proteins immobilized on amylose resin were incubated with His-
FLAG-CPK28 proteins, and MBP PD assays were performed. ATM, lacking the transmembrane domain. Washed resin was subjected to immuno-
blotting with anti-HA and anti-FLAG antibodies to detect the immobilized proteins and the pulled-down proteins, respectively (top two parts).
Input proteins were detected by immunoblotting with the indicated antibodies (bottom two parts).

ATL31<"#H14A variant exhibited much weaker autoubiquiti-
nation, suggesting that the ubiquitin ligase activity of
ATL31"¥H14A is markedly  weakened.  Accordingly,
ATL31"3H195A \as less effective than WT ATL31 at pro-
moting CPK28 ubiquitination (Supplemental Figure S12).

To determine whether ATL31/6 directly ubiquitinate
CPK28, we used a bacterial ubiquitination system that was
previously developed in our laboratory (Han et al, 2017).
ATL31/6-MYC, AtUBA1 (E1), AtUBC8 (E2), His- and FLAG-
tagged ubiquitin (His-FLAG-Ub), and MBP-CPK28-HA were
co-expressed in Escherichia coli BL21 strain. ATL31 and ATL6
exhibited autoubiquitination activity in this system, as
detected with anti-MYC or anti-FLAG antibodies (Figure 4,
B and C), which is consistent with previous reports (Sato et
al, 2009; Maekawa et al, 2012). Both ATL31 and ATL6 di-
rectly ubiquitinated CPK28 in this bacterial system when
UBC8 was used as the E2. The lack of E1, E2, ATL31/6, or
ubiquitin resulted in the loss of CPK28 ubiquitination
(Figure 4, B and C). Moreover, the mutation of C143 and

H145 in ATL31 largely impaired its own ubiquitin ligase ac-
tivity and resulted in decreased ubiquitination of CPK28
(Supplemental Figure S13A).

CPK28 interacts with BIK1 and promotes its turnover
(Monaghan et al, 2014). However, ATL31 did not ubiquiti-
nate either BIK1 or the cytosolic domain of BAK1 (BAK1CD;
Supplemental Figure S13, B and C). Moreover, ATL2 did not
ubiquitinate CPK28 (Figure 4D). These data further support
the specificity of CPK28 ubiquitination by ATL31/6. Notably,
we frequently observed some ubiquitination bands in the
presence of E1, E2, and ubiquitin but not E3 during the de-
tection of ubiquitin conjugates by immunoblotting with
anti-FLAG antibodies (Figure 4, B—D; Supplemental Figure
S13A). These ubiquitin conjugates were likely free ubiquitin
chains generated by UBC8, as E2s such as UBC8, UBC7,
UBC13, and UBC35 (with ubiquitin conjugating enzyme vari-
ant D together) could all generate free ubiquitin chains in
the absence of E3, as previously shown (Zhao et al, 2013;
Han et al, 2017; Turek et al., 2018).
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Figure 4 ATL31/6 ubiquitinate CPK28. A, CPK28 ubiquitination is weaker in atl31 atl6 than in Col-0 plants. CPK28-HA and FLAG-Ub were co-expressed
in protoplasts isolated from atl31 atl6 or Col-0 plants. Following IP with anti-FLAG antibodies, the ubiquitination of CPK28 was detected by immunoblot-
ting with anti-HA antibodies. B-D, ATL31/6 but not ATL2 directly ubiquitinate CPK28. The combination of ATL312™/ATL6"™/ATL2®™-MYC,
AtUBAT (E1), AtUBCS (E2), His-FLAG-Ub, and MBP-CPK28-HA, or similar combinations lacking one component, were co-expressed in E. coli. The bacte-
rial lysates were subjected to immunoblotting analysis with anti-HA antibodies to detect CPK28 ubiquitination, with anti-MYC antibodies to detect
ATL31A™/ATLES ™/ ATLA ™ autoubiquitination, or with anti-FLAG antibodies to detect ubiquitin conjugates and free ubiquitin chains.

ATL31/6 mediate the proteasomal degradation of
CPK28

We have shown that overexpressing ATL37 in protoplasts sig-
nificantly reduced CPK28-MYC protein abundance, but over-
expressing ATL41, ATL45, and ATL80 did not (Supplemental
Figure S6). Like ATL31, its closest homolog ATLG6 also medi-
ated CPK28 degradation, but ATL2 did not, when they were
co-expressed with CPK28-HA in Arabidopsis protoplasts
(Supplemental Figure S14, A—C). PUB25 is known to interact
with and serve as a substrate of CPK28 (Wang et al, 2018).

Nonetheless, PUB25 did not affect CPK28 protein accumula-
tion (Supplemental Figure S14D). Furthermore, ATL31/6
promoted CPK28 degradation in a dose-dependent manner
(Figure 5 A and B). In contrast to WT ATL31, the
ATL319" %A yvariant was much less effective at promoting
CPK28 protein degradation (Figure 5C). Although ATL31 me-
diated the degradation of WT CPK28, it barely contributed to
the turnover of the CPK28** variant (Figure 5D).

To further verify the role of ATL31/6 in mediating CPK28
degradation in plants, we monitored CPK28 protein
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Figure 5 ATL31/6 promote the degradation of CPK28 in Arabidopsis protoplasts. A, B, ATL31/6 promote CPK28 degradation in a dose-dependent
manner. Different amounts of ATL31- (A) or ATL6-FLAG (B) were co-expressed with CPK28-MYC in protoplasts. GFP-HA was used as an internal
transfection control. CPK28-MYC/ATL31-FLAG/ATL6-FLAG/GFP-HA proteins were detected by immunoblotting with the indicated antibodies. C,
ATL31<3H1%A i much less effective than ATL31 at promoting CPK28 protein degradation. ATL31- or ATL31<"*"*AF AG was co-expressed
with CPK28-MYC in protoplasts. D, Overexpressing ATL31 hardly reduces CPK28%** protein accumulation. ATL31-GFP was co-expressed with
CPK28“**-HA or CPK28-HA in protoplasts. GFP-HA or GFP-FLAG was used as an internal transfection control (C and D).

accumulation in the atl37 atlé double mutant plants using
anti-CPK28 antibodies. CPK28 protein levels were lower in
Col-0 than in atl37 atlé (Supplemental Figure S15), while
CPK28 transcript levels in Col-0 were comparable to those in
atl31 atl6 plants (Supplemental Figure S16). Furthermore, in
the presence of CHX, CPK28 degraded much more rapidly in
Col-0 than in atl31 atl6 plants, as measured with anti-CPK28
antibodies (Figure 6A). These results strongly support the no-
tion that ATL31/6 mediate CPK28 degradation. Furthermore,
in the presence of CHX, CPK28 protein levels decreased in
Col-0 within 2 h of flg22 treatment (Figure 6B). However, this
phenomenon did not occur in atl31 atl6 plants (Figure 6B).
These results suggest that ATL31/6 mediate flg22-enhanced
CPK28 degradation. CPK28 directly phosphorylates BIK1
(Monaghan et al, 2014), and BIK1 was recently shown to
transphosphorylate CPK28 (Bredow et al,, 2021; Bredow and
Monaghan, 2021). To test whether BIK1 affects CPK28 degra-
dation, we measured CPK28 protein accumulation in bik1
plants. CPK28 protein levels in bik1 were comparable to those
in Col-0 plants (Supplemental Figure S15).

We also performed cell-free degradation assays to confirm
that ATL31/6 mediate the degradation of CPK28. In these
assays, recombinant MBP-CPK28-HA was incubated with to-
tal protein extracts from Col-0 or atl31 atlé plants in the
presence of ATP. The degradation rate of MBP-CPK28-HA
was much slower in extracts from atl31 atlé6 than from Col-
0. Moreover, when MG132 treatment was applied, the deg-
radation of MBP-CPK28 was largely inhibited (Figure 6C).
These results support the notion that ATL31/6 mediate
CPK28 degradation in a 26S proteasome-dependent manner.

ATL31/6 modulate BIK1 homeostasis through
CPK28

CPK28 is known to promote the degradation of BIK1 through
PUB25/26 (Monaghan et al, 2014 Wang et al, 2018). We
found that CPK28 accumulation was further regulated by
ATL31/6. Therefore, we sought to determine whether ATL31/
6 affect BIK1 accumulation. To this end, we transiently
expressed BIK1-HA together with ATL31/6-FLAG in proto-
plasts. Overall, the accumulation of BIK1 was enhanced by
ATL31/6 overexpression, which slowed BIK1 turnover
(Figure 7, A and B; Supplemental Figure S17A), likely due to
the degradation of CPK28 mediated by ATL31/6 (Figure 6). In
contrast, overexpressing ATL31BHIBA o ATL2 in proto-
plasts had little effect on BIK1 accumulation (Supplemental
Figure S17, A and B), and overexpressing ATL31 barely af-
fected the accumulation of FLS2 and BAK1 (Supplemental
Figure S17, C and D). Furthermore, when BIK1-HA was tran-
siently expressed in protoplasts isolated from alt31 atl6 and
Col-0, overall BIK1-HA protein levels were lower in alt31 atlé
than in Col-0, and BIK1 turnover was accelerated in alt31 atlé
compared to that in Col-0 (Figure 7C). These results suggest
that ATL31/6 promote BIK1 protein accumulation.

To confirm that ATL31/6 modulate the stability of BIK1
via CPK28, we examined the effect of ATL31 overexpression
on BIK1 accumulation in the ¢pk28 mutant (Monaghan et
al, 2014). BIK1-HA protein levels were higher in ¢pk28 pro-
toplasts than in Col-0, which is consistent with previous
reports (Monaghan et al, 2014 Wang et al, 2018). When
BIK1 was co-expressed with ATL31, BIK1 protein
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Figure 6 The degradation of CPK28 in atl31 atl6 and Col-0 plants. A,
CPK28 protein turnover in atl31 atl6 and Col-0 plants. Seven-day-old
Col-0 and atl31 atl6 seedlings (10 seedlings per sample) were treated
with 100-uM CHX for different times. B, fig22-induced CPK28 degra-
dation is largely blocked by loss of ATL31/6 function. Seven-day-old
Col-0 and atl31 atlé seedlings (10 seedlings per sample) were pre-
treated with 100-uM CHX, followed 1 h later by treatment with 2-uM
flg22 for the indicated times. A, B, Total proteins were isolated from
whole seedlings. CPK28 proteins were detected by immunoblotting
with anti-CPK28 antibodies. ACTIN was used as a loading control. C,
ATL31/6 mediate the proteasomal degradation of CPK28, as demon-
strated by cell-free degradation assays. Purified recombinant MBP-
CPK28-HA proteins were incubated with total protein extracts iso-
lated from 14-day-old Col-0 or atl31 atl6 seedlings in the presence of
1-mM ATP for the indicated times, with or without 50-uM MG132.
MBP-CPK28-HA was detected with anti-HA antibodies. ACTIN was
detected as a loading control.

accumulation in Col-0 protoplasts was enhanced to a level
comparable to that in cpk28 protoplasts. However, ATL31
had little effect on promoting BIK1 protein accumulation in
cpk28 protoplasts (Figure 7D). These results demonstrate
that ATL31 modulates BIK1 homeostasis through CPK28.

ATL31/6 positively regulate BIK1-mediated
immunity

BIK1 plays a critical role in flg22-triggered production of
ROS (Kadota et al, 2014; Li et al, 2014), and cpk28 mutant
plants produce more ROS than Col-0 plants upon flg22
treatment (Monaghan et al, 2014). We therefore tested
whether ATL31/6 regulate the flg22-triggered ROS burst.
After flg22 treatment, the atl31 and atlé single mutants
exhibited less ROS production than Col-0 plants, and the
ati31 atl6 double mutant plants produced even less ROS

X. Liu et al.

than either single mutant (Figure 8A), suggesting that
ATL31 and ATL6 play redundant roles in positively regulat-
ing PTI signaling.

fig22 also triggers MITOGEN-ACTIVATED PROTEIN
KINASE (MAPK) activation (Segonzac et al, 2014, Xu et al,
2014). flg22-induced MPK3/6 activation was not affected by
the loss of ATL31 and ATL6 (Figure 8B), which is in line with
a previous observation that overexpression of CPK28 had no
impact on MPK3/6 activation (Monaghan et al, 2014).

As BIK1 plays an important role in stomatal immunity (Li
et al, 2014 Thor et al, 2020), we also measured flg22-
induced stomatal closure in Col-0 and atl31 atl6 plants. As
observed in the immune-deficient mutant bik1 (Li et al,
2014) and in transgenic plants overexpressing CPK28
(Monaghan et al,, 2014), flg22-induced stomatal closure was
almost abolished in atl31 atl6 mutant plants compared to
that in Col-0 (Figure 8C). However, abscisic acid (ABA)-trig-
gered stomatal closure was not affected in atl31 atlé
(Figure 8D), suggesting that ATL31/6 specifically function in
stomatal closure during innate immunity. Moreover, atl31
atlé plants were more susceptible than Col-0 to the hypovir-
ulent bacterial pathogen Pseudomonas syringae pv. tomato
(Pst) DC3000 COR™, a strain deficient in the production of
the phytotoxin coronatine (COR), which stimulates stomatal
opening (Ma et al, 1991; Melotto et al, 2006; Figure 8E). We
also inoculated atl31 atl6, cpk28-1, and Col-0 plants with the
nonvirulent type Ill secretion mutant strain Pst DC3000
hrcC. atl31 atl6 also supported significantly higher bacterial
growth than Col-0 plants, whereas the cpk28 mutant exhib-
ited stronger resistance to bacteria than Col-0 (Supplemental
Figure S18), which is consistent with a previous report
(Monaghan et al, 2014). These results demonstrate that
ATL31/6 positively regulate BIK1-mediated immunity.

Discussion

Immune responses must be tightly regulated to ensure their
proper timing, appropriate amplitude, and optimal duration.
BIK1 functions as a signaling hub of plant immunity and is
subjected to different modes of modification, including
phosphorylation and poly- and monoubiquitination (Lu et
al, 2010; Zhang et al,, 2010; Monaghan et al, 2014; Wang et
al, 2018; Ma et al,, 2020). Importantly, an immune signaling
module forms to modulate BIK1 stability and immune ho-
meostasis in which CPK28 phosphorylates PUB25/26 to en-
hance their activity, thereby promoting BIK1 degradation
(Monaghan et al,, 2014; Wang et al,, 2018). Here, we demon-
strated that CPK28 is further subjected to negative regula-
tion by ATL31/6. Our findings indicate that the PRR-BIK1
immune complex is subjected to multi-layered regulation,
and CPK28 is kept in check to maintain BIK1 homeostasis.
Furthermore, we demonstrate how ATL31/6-mediated
CPK28 degradation is dynamically controlled to regulate im-
mune singling. In the resting state, ATL31/6 regulate CPK28
turnover to maintain immune homeostasis. Following flg22
treatment, the degradation of CPK28 was enhanced, which
resulted in the relief of the CPK28-mediated negative
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Figure 7 ATL31/6 modulate BIK1 homeostasis. A, B, ATL31/6 promote BIK1 accumulation. BIK1-HA was co-expressed with ATL31/6-FLAG in pro-
toplasts. The protoplasts were treated with 50-uM CHX for the indicated times before harvesting. BIK1-HA proteins were detected by immuno-
blotting with anti-HA antibodies. GFP-HA was used as an internal transfection control. The relative protein levels of BIK1-HA were normalized to
those of GFP-HA. The relative protein level of BIK1-HA at the beginning of the CHX treatment (in the absence of ATL31-FLAG) was set to 1. The
density of the BIK1-HA and GFP-HA protein bands was quantified using EvolutionCapt v18.10 software. C, BIK1-HA protein levels are lower in
atl31 atl6 than in Col-0 protoplasts. BIK1-HA was expressed in protoplasts isolated from atl37 atl6 or Col-0 plants. The protoplasts were treated
with 50-uM CHX for the indicated times. GFP-FLAG was used as an internal transfection control. The relative protein levels of BIK1-HA were nor-
malized to those of GFP-FLAG. The relative protein level of BIK1-HA in Col-0 at the beginning of the CHX treatment was set to 1. D, ATL31 modu-
lates BIK1 homeostasis via CPK28. BIK1-HA was co-expressed together with or without ATL31-GFP in protoplasts isolated from Col-0 or cpk28-1
plants. GFP-FLAG was used as an internal transfection control. BIK1-HA proteins were detected by immunoblotting with anti-HA antibodies.

regulation of the immune receptor complex to further en-
hance immune responses (Figure 9). It was recently reported
that CPK28 transcripts are alternatively spliced after flg22
(Bazin et al, 2020) and AtPep1 treatment (Dressano et al,
2020), resulting in the accumulation of the truncated CPK28
variants, which has been proposed as a major immune-
induced CPK28 attenuation mechanism. Therefore, flg22-
induced CPK28 degradation has emerged as another CPK28
attenuation mechanism. Notably, the canonically spliced
CPK28 transcript was also induced upon flg22 treatment;
however, its induction was weaker and slower than that of
CPK28-Rl (Supplemental Figure S8). Therefore, it is likely
that the induction of WT CPK28 by fIg22 acts as a negative
feedback regulation to maintain immune homeostasis. On
the other hand, this result indicates that the negative im-
mune regulator genes can also be induced by PAMP treat-
ment, like PUB22, PUB23, and PUB24 (Trujillo et al.,, 2008).
The ubiquitination and proteasomal degradation of posi-
tive regulators of plant immunity has often been shown to
contribute to their degradation and the attenuation of im-
mune signaling, except for the monoubiquitination of BIK1
by RHA3A and RHA3B (Stegmann et al,, 2012; Monaghan et
al, 2014; Lee et al, 2020; Wang et al., 2018; Ma et al, 2020).
In contrast, less is known about the ubiquitination and pro-
teasomal degradation of negative immune regulators, which
may contribute to activation of immune signaling. Here, we

showed that negative immune regulators such as CPK28,
BIR2, and BIR3 also undergo ubiquitination and proteasomal
degradation (Figure 1B; Supplemental Figure S1, A and B). In
line with this, a recent proteomics study identified ubiquiti-
nation sites on CPK28, BIR2, and BIR3 proteins (Grubb et al,
2021). We showed that CPK28 was ubiquitinated by ATL31/
6, leading to its degradation. However, which E3 ligases me-
diate the ubiquitination and degradation of BIR2 or BIR3
should be investigated in the near future.

ATL is a RING-type ubiquitin ligase gene family unique to
plants that consists of 91 members in Arabidopsis (Aguilar-
Hernandez et al, 2011; Guzman, 2014). Several ATL family
members are involved in defense response. Ectopic expres-
sion of ATL2 leads to the induction of many defense-related
genes (Serrano and Guzman, 2004). Here, we demonstrated
that ATL2 does not associate with and ubiquitinate CPK28
(Figure 2, G and D); consequently, it does not mediate
CPK28 degradation (Supplemental Figure S14C). Moreover,
ATLY9, another ATL family member that is localized to the
endoplasmic reticulum, positively regulates plant resistance
to the biotrophic fungal pathogen Golovinomyces cichora-
cearum (Berrocal-Lobo et al, 2010). Although ATL31 and
ATL6 positively regulate plant resistance to Pst DC3000 in-
fection (Maekawa et al, 2012), the underlying mechanism
remains elusive. Here, by screening for ubiquitin ligases that
mediate CPK28 degradation, we identified ATL31 and ATL6
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Figure 8 ATL31/6 positively regulate BIK1-mediated immunity. A, atl31, atl6, and atl31 atlé produce less ROS than Col-0 after flg22 treatment.
Leaf discs from 30-day-old plants of the indicated genotypes were treated with 100-nM fig22, and RLU (representing the relative amounts of
H,0,) were immediately measured. Values are means + sp (n = 8, n means leaf disc number). B, fig22-induced MPK3/6 activation in atl31 atl6 and
Col-0 plants. Seven-day-old seedlings (10 seedlings per sample) were treated with 100-nM flg22 for the indicated times. Total proteins were iso-
lated from whole seedlings. MAPK activation was detected by immunoblotting with anti-pErk1/2 antibodies. Ponceau (PONC.) staining of the
membrane was used as the loading control. C, fig22-triggered stomatal closure in at/31 atlé and Col-0 plants. Leaves from 5-week-old Col-0, at/31
atlé, and bik1 plants were treated with 10-uM fig22 for 1 h. The stomatal aperture was measured using ImageJ software. Each data point repre-
sents a single stoma; values are means + sp for n = 144 stomata from three biological repeats using independent plant samples grown and treated
with fig22 under the same conditions. D, ABA-triggered stomatal closure in at/31 atl6 and Col-0 plants. Leaves from 5-week-old Col-0, at/31 atl6,
and bik1 plants were treated with 10-uM ABA for 1 h. The stomatal aperture was measured using Image] software. Each data point represents a
single stoma; values are means =+ sb for n > 100 stomata from three biological repeats using independent plant samples grown and treated with
ABA under the same conditions. C, D, Statistical significance compared to mock-treated plants was determined by Student’s t tests: ****P <
0.0007; ns, no significant difference. Number of stomata counted and statistical analysis are described in detail in the “Materials and methods” and
Supplemental Table S3. E, Growth of Pst DC3000 COR™ in Col-0 and atl31 atl6 plants. Four-week-old Col-0 and atl31 atl6 plants were dipping-inoc-
ulated with the bacteria. Bacterial growth was evaluated as colony-forming units per cm? of leaf area (cfu/cm?®) and was determined 3 days post
inoculation. Individual data points are shown with means £ sp (n = 12 leaves from three biological replicates using plant samples grown and inoc-
ulated under the same conditions). Statistical significance compared to Col-0 plants was determined by Student’s t tests: ****P < 0.0001
(Supplemental Table S3).

as the cognate E3s that target CPK28 for ubiquitination and
proteasomal degradation. However, the substrates of ATL2
and ATL9 have yet to be identified and warrant further
investigation.

The E3 ligases ATL44 and ATL45, also known as RHA3A
and RHAZ3B, respectively, were recently shown to play posi-
tive roles in activating immune signaling by mediating the

monoubiquitination of BIK1, resulting in the release of BIK1
from the FLS2 PRR complex (Ma et al, 2020). Therefore,
ATL-mediated protein ubiquitination not only has proteo-
lytic functions, but also plays a nonproteolytic role in regu-
lating immune responses.

Ub chains with different linkage types encode different sig-
nals that dictate the fates of their modified substrates. The
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Figure 9 CPK28 is targeted by ATL31 and ATL6 for proteasome-mediated degradation to fine-tune immune signaling. BIK1 acts as a signaling hub
of plant immunity, which relays the immune signal from the FLS2-BAK1 complex to RbohD to promote ROS production. BIK1 homeostasis is
maintained by a regulatory module in which CPK28 contributes to BIK1 turnover. Based on a previous conceptual model (Monaghan et al., 2014),
we proposed a model for maintenance of BIK1 homeostasis by ATL31/6 via CPK28. Our work demonstrates that CPK28 is under proteasomal con-
trol to fine-tune immune signaling. The ubiquitin ligases ATL31 and ATL6 interact with CPK28 at the plasma membrane. ATL31/6 directly ubiqui-
tinate CPK28, which results in the degradation of CPK28 via the 26S proteasome. A, In the resting state, ATL31/6 mediate CPK28 turnover to
maintain BIK1 homeostasis. B, Following fig22 treatment, the association of CPK28 and ATL31/6 is enhanced, which promotes the degradation of
CPK28 and leads to the relief of the CPK28-mediated negative regulation of the immune receptor complex to enhance immune responses. C,
CPK28 protein accumulation is higher in at/31 atl6 than in Col-0. Consequently, BIK1 protein levels are lower in atl31 atl6 than in Col-0. Therefore,
the immune responses in atl31 atl6 are reduced compared to those of Col-0.

Lys48 Ub chain usually encodes a signal for 26S proteasomal
degradation, while Lys63 Ub chains often play nonproteo-
lytic roles (Komander and Rape 2012). E2s play a critical role
in ubiquitin chain assembly (Komander and Rape 2012;
Stewart et al., 2016). The Arabidopsis genome encodes 37 E2
enzymes. UBC8 is one of the Group VI E2s that consist al-
most exclusively of the UBC domain that binds to E3s (Kraft
et al, 2005; Turek et al, 2018). We previously showed that
UBC8 had broad lysine specificity, and likely mediated the
formation of Ub chains at both the Lys48 and Lys63 sites or
at other Lys sites of Ub moieties (Han et al, 2017). UBCS, as
well as other group VI E2 members, functions with a wide
range of E3 ubiquitin ligases (Kraft et al, 2005). Therefore,
UBCS is widely used for in vitro ubiquitination assays to ex-
amine the ubiquitination of various substrates by cognate
E3s (Lu et al, 2011; Stegmann et al, 2012; Wang et al, 2018;
Ma et al, 2020). A set of E2s that paired with PUB22 in vivo
were recently identified, including various members of group
VI, such as UBC8 and UBC30 (Turek et al, 2018). Here, we
also used UBC8 as the E2 and demonstrated the ubiquitina-
tion of CPK28 by ATL31/6 (Figure 4, B-D). However, to un-
cover the type of CPK28 ubiquitination mediated by ATL31/
6 and to fully understand the distinct cellular roles played
by ATL31/6, an endogenous E2 for ATL31/6 needs to be
identified.

C and N in plants function not only as energy sources but
also as signaling molecules. C and N are reciprocally regu-
lated and tightly integrated to maintain their proper bal-
ance. The ratio of C and N (C/N) is sensed in plant cells,
and C/N-nutrient responses are initiated to regulate plant
growth and development (Vidal and Gutierrez, 2008).
ATL31/6 negatively regulate plant C/N responses via the
ubiquitination and subsequent degradation of 14-3-3 pro-
teins (Sato et al,, 2009, 2011). In this study, we showed that
ATL31/6 function as positive regulators of plant immune
responses by mediating CPK28 ubiquitination. C and N me-
tabolism is thought to be related to plant defense responses
(Gémez-Ariza et al, 2007; Ros et al, 2008; Maekawa et al.,
2012). Therefore, it is likely that ATL31/6 function in the
crosstalk between plant immune signaling and C/N
responses, but this requires further investigation.
Additionally, whether CPK28 is involved in regulating plant
C/N responses remains to be determined.

Our results demonstrate that ATL31/6 target CPK28 for
ubiquitination and degradation. A previous study revealed
that eight 14-3-3 isoforms are associated with ATL31. Of
these 14-3-3s, 14-3-3y and 14-3-3A directly interact with
ATL31 (Sato et al, 2011). Furthermore, 14-3-3y serves as a
substrate of ATL31 and thus is ubiquitinated and targeted
for 26S proteasome-mediated degradation in response to
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cellular C/N changes (Sato et al, 2011). 14-3-3 proteins bind
to the specific phosphorylated motifs in a wide array of tar-
get proteins and play important roles in various cellular pro-
cesses, including plant defense responses (Roberts et al,
2002; Chevalier et al, 2009). 14-3-3 proteins play positive
roles in regulating early PTI responses in Arabidopsis, such
as PAMP-triggered ROS burst and stomatal immunity, as
chemical disruption of the interaction between 14-3-3s and
their client proteins greatly suppressed these immune
responses (Lozano-Duran et al, 2014). In addition, 14-3-3L
binds to RPW8.2 (RESISTANCE TO POWDERY MILDEWS8.2)
and positively regulates RPW8.2-mediated resistance to the
fungal pathogens Golovinomyces spp. in Arabidopsis via the
salicylic acid signaling pathway (Yang et al, 2009). Notably,
CPK28 and other CPKs phosphorylated 14-3-3y and 14-3-3¢
in vitro kinase assays. Furthermore, CPK28 harbors a canoni-
cal 14-3-3 binding motif R-S/T-X-S*>-X-P; and Ser43 in this
motif is an autophosphorylation site of CPK28 (Swatek et
al, 2014). However, whether these 14-3-3 isoforms are in-
volved in ATL31-mediated CPK28 degradation and in regu-
lating CPK28-mediated immunity remain to be determined.

CPK28 plays dual roles in regulating immune signaling
and stem elongation (Matschi et al, 2013, 2015). After the
induction of bolting, cpk28 mutant plants displayed reduced
stem elongation compared to the WT plants (Matschi et al,,
2013, 2015). Like CPK28 overexpression lines (Monaghan et
al, 2014), atl31 atl6 plants did not show a growth defect af-
ter the transition to the reproductive stage (Supplemental
Figure S11G). However, whether ATL31/6 regulate stem
elongation and whether they mediate CPK28 degradation in
a stage-specific manner remain to be investigated.

The phosphorylation status of a kinase affects its ubiquiti-
nation by cognate E3 ligases. BIK1 phosphorylation is a pre-
requisite for its monoubiquitination at the plasma
membrane (Ma et al,, 2020). In contrast, flg22-induced phos-
phorylation at Ser236/Thr237 of BIK1 inhibits its polyubiqui-
tination by PUB25/26 (Wang et al, 2018). CPK28 undergoes
autophosphorylation at multiple sites (Hegeman et al, 2006;
Matschi et al, 2013; Swatek et al, 2014; Bender et al,, 2017).
The kinase activity of CPK28 is required for its roles in stem
elongation and immune homeostasis (Matschi et al, 2013;
Monaghan et al,, 2014). flg22 treatment can promote CPK28
kinase activity (Wang et al,, 2018). However, the sites under-
going flg22-induced phosphorylation have not been identi-
fied for CPK28. CPK28 was recently shown to undergo
intermolecular autophosphorylation at Ser318, which can
also be transphosphorylated by BIK1 (Bredow et al, 2021).
Moreover, phosphorylation of Ser318 is required for CPK28
activation at physiological [Ca®*] and CPK28-mediated im-
mune homeostasis, but not required for stem elongation
(Bredow et al., 2021). Additionally, Thr76 of CPK28, a con-
served BIK1 phosphorylation site but not an autophosphory-
lation site, is also required for CPK28-mediated immune
regulation (Bredow and Monaghan, 2021). It would be inter-
esting to examine whether the autophosphorylation of
CPK28 and the phosphorylation of CPK28 at Ser318/Thr76
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are required for its ubiquitination by ATL31/6 and subse-
quent proteosomal degradation. We observed that CPK28
protein levels in bik1 plants were comparable to those of
Col-0 plants (Supplemental Figure S15). It is likely that phos-
phorylation of CPK28 by BIK1 does not affect CPK28 protein
accumulation. However, BIK1 and its closest homolog PBL1
function additively in PTI signaling (Zhang et al, 2010). To
investigate the role of BIK1 in CPK28 accumulation, it is nec-
essary to use the bik1 pbl1 double mutant, as a recent epis-
tasis analysis demonstrates CPK28-mediated immune
signaling is dependent on both BIK1 and PBL1 (Bredow et
al, 2021). Intriguingly, CPK28-RI has been shown to have im-
paired kinase activity and compromised autophosphoryla-
tion (Dressano et al, 2020), but whether CPK28-Rl is
ubiquitinated by ATL31/6 and undergoes degradation await
more investigation.

Materials and methods

Plant materials and growth conditions

For protoplast isolation, the stomatal aperture assay, and
the pathogen infection assay, A. thaliana plants were grown
in soil (TS 1, Lithuania) in a growth room at 22°C with a
60% relative humidity and under 70 pE m™ s light (white
fluorescent bulbs) with a 12-h photoperiod for 30 days. For
assays using Arabidopsis seedlings, seeds were surface steril-
ized, germinated and grown on 1/2 Murashige and Skoog
plates with 0.5% sucrose and 0.8% agar. The plates were
kept in the dark at 4°C for 2 days, and then the plants were
grown under the same conditions described above. The fIs2,
bak1-4, and bik1 mutants were described previously (Shan
et al, 2008; Lu et al, 2010). The T-DNA insertion mutants
atl31 (GK_746D08, Sato et al., 2009), atl6 (Salk_149614, Sato
et al, 2009), cpk28-1 (WiscDslox246D03, Monaghan et al,
2014), and cpk28-3 (GABI_523B08, Monaghan et al, 2014)
were obtained from the Arabidopsis Biological Resource
Center (ABRC), genotyped by PCR-based methods, and con-
firmed by RT-PCR analysis. The atl31 atl6é double mutant
was generated through a genetic cross between at/37 and
atlé (Sato et al, 2009, 2011) and confirmed by molecular
genotyping and RT-PCR analysis. The primers used for geno-
typing are listed in Supplemental Table S2.

Elicitors and antibodies
The fig22 peptide (QRLSTGSRINSAKDDAAGLQIA) was syn-
thesized by the Shanghai Biotech Company (Shanghai, China).
Anti-CPK28 antibodies were generated in mouse by the
Animal Facility, Institute of Genetics and Developmental
Biology (Beijing), using full-length recombinant CPK28 pro-
teins as antigens. The rabbit polyclonal anti-Phospho-p44/42
MAPK (Erk1/2) antibody (Cat# 9101) was purchased from
Cell Signaling Technology (USA). The anti-HA antibody
(Cat# H3663), mouse monoclonal anti-FLAG antibody (Cat#
F1804), mouse monoclonal anti-HA-peroxidase (Cat#
H6533), mouse monoclonal anti-FLAG-peroxidase (Cat#
A8592), and mouse monoclonal anti-C-MYC-peroxidase
(Cat# A5598) were purchased from Sigma (USA). The goat
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polyclonal anti-GFP-peroxidase (Cat# ab6663) was purchased
from Abcam (USA). The mouse monoclonal anti-plant beta-
ACTIN antibody (Cat# AT0004) was purchased from
CMCTAG (USA) and used at 1:10,000 dilution. The goat
anti-rabbit & mouse IgG-HRP (Cat#M21003-S) was pur-
chased from Abmart (China) and used at 1:10,000 dilution.

Plasmid construction

The full-length coding sequences of Arabidopsis CPK28,
CPK8, CPK6, CPK1, CPK3, CPK16, CPK28-Rl, BIR2, BIR3,
ATL31, ATL6, ATL2, PUB25, PBL13, RCN1 and a set of E3
ubiquitin ligase genes were amplified by PCR from Col-0
¢DNA and cloned into the plant expression vector pHBT,
where they were fused to either an HA, FLAG, MYC, cYFP,
nYFP, GFP, or RFP tag.

Arabidopsis FLS2, BAK1, BIK1, UBQ10, BRI1, PCRK1, and GFP
constructs were described previously (Huang et al, 2019; Lu
et al, 2010, 2011). CPK28, CPK8, CPK6, CPK1, CPK3, CPK16,
CPK28-RI, ATL312™ (amino acids 67-368), and ATL6"™
(amino acids 71-398) were subcloned into the modified His-
tagged or MBP-tagged fusion protein expression vector
pET28a (Novagen) or pMAL-C2 (New England Biolabs). The
primers used are listed in Supplemental Table S2.

RT-qPCR

Total RNA was extracted from 7-day-old seedlings using
TRIzol (Invitrogen) following the manufacturer’s instructions.
The first-strand cDNA was synthesized in 20-L reactions
from 1 pg DNase I-treated total RNA using a reverse tran-
scription kit (Promega, USA). gPCR was then performed on
a Bio-Rad CFX-96 Real-Time PCR system using a SYBR
Green qPCR kit (Promega, USA). Gene expression levels
were normalized to that of GAPC, a stably expressed refer-
ence gene (Czechowski et al., 2005).

Transcriptome sequencing

Seven-day-old Arabidopsis seedlings were treated with 4-pM
flg22 or water for 30 min. Total RNA was isolated from the
seedlings using TRIzol reagent (Invitrogen). Library construc-
tion and sequencing were performed by Novogene (Tianjing,
China). In-house Perl scripts were used to process the raw
reads, and the clean data were obtained by calculating Q20,
Q30, and GC content. The clean reads were aligned to the
reference Arabidopsis genome using TopHat v2.0.12. The
number of fragments per kilobase of transcript sequence per
million base pairs sequenced was counted using HTSeq
v0.6.1 (Trapnell et al, 2009). Differential expression analysis
of seedlings treated with flg22 or water for two biological
replicates (independent seedling samples grown and treated
with flg22 or water under the same conditions) was per-
formed using the DESeq R package (1.18.0). A model based
on the negative binomial distribution was used to calculate
P-values for differential expression, which were further ad-
justed using the Benjamini and Hochberg approach.
Differentially expressed genes were defined as those with P
< 0.05.
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Transient gene expression in protoplasts

Arabidopsis leaf protoplasts were isolated and used for tran-
sient gene expression as described previously (Huang et al,
2019). Protein expression in protoplasts was then detected
by immunoblotting with anti-HA, anti-FLAG, anti-MYC, or
anti-GFP antibodies.

Co-IP assays

Co-IP assays were performed as described by Huang et al.
(2019). Protoplasts were transfected and incubated for 10 h.
Before being harvested, the protoplasts were treated with 2-
HM flg22 or water for 30 min. Total proteins were extracted
from the protoplasts with protein extraction buffer contain-
ing 1-mM EDTA, 0.5% Triton X-100 and a protease inhibitor
cocktail tablet (Roche). After centrifugation (12,470g) at 4°C
for 10 min, the supernatant was incubated with anti-FLAG
antibodies (Sigma) at 4°C for 2 h and then protein-G-
agarose beads (Roche) were added and the incubation was
continued for another 2 h. The agarose beads were collected
by centrifugation (100g) at room temperature for 2 min,
washed three times with washing buffer containing 1-mM
EDTA and 0.1% Triton X-100, and washed once with 50-
mM Tris—HCl at pH 7.5. The immunoprecipitated proteins
were detected by immunoblotting.

BiFC assay in Arabidopsis protoplasts and confocal
laser-scanning microscopy

Arabidopsis protoplasts were transfected with the BiFC vec-
tors ATL31C™ "' A.nYFP, CPK28-cYFP, CPK28“**-cYFP, BRI1-
nYFP, and PCRK1-cYFP. Fluorescent signals were detected by
confocal laser-scanning microscopy (Leica, Germany). YFP
was excited at 514 nm using an argon laser, and emission
was collected from 525 to 570 nm. GFP was excited at 488
nm using an argon laser, and emission was collected at
500-540 nm. RFP was excited at 552 nm using an argon la-
ser, and emission was collected between 589 and 625 nm.
The chlorophyll autofluorescence was collected at wave-
lengths between 630 and 700 nm.

Recombinant protein expression, purification, and
MBP PD assay

The recombinant His—FLAG-CPK28 proteins were purified
from E coli using Ni-NTA agarose. MBP-ATL314™
ATL6*™-HA or MBP-HA proteins immobilized on amylose
resin (New England Biolabs) were incubated with purified
His-tagged recombinant proteins. The incubation was carried
out at 4°C for 2 h with gentle shaking. The incubation buffer
contained 20-mM Tris—HCl (pH 7.5), 150-mM NadCl, 3-mM
EDTA, and 0.5% Triton X-100. The amylose resin was col-
lected and washed five times with buffer containing 20-mM
Tris-HCl (pH 7.5), 3-mM EDTA, 150-mM NadCl, and 0.1%
Triton X-100. The bound His-tagged proteins were detected
by immunoblotting using anti-FLAG antibodies (Sigma).

In vitro ubiquitination assay
The ubiquitination assay using a bacterial reconstituted sys-
tem was performed as previously described (Han et al,
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2017). The pCDFDuet-MBP-CPK28/BIK1/BAK1CD-HA-UBAT1-S,
pACYCDuet-ATL314™/ATL6* ™ /ATL2A™/PUB25-MYC-
UBC8-S, and pET28a-FLAG-Ub plasmids were co-transformed
into E. coli BL21 (DE3) competent cells. The bacteria were
cultured at 37°C in 500-pL liquid Luria-Bertani (LB) medium.
When the absorbance at 600 nm reached 0.5, 0.5-mM iso-
propyl [B-b-1-thiogalactopyranoside was applied to induce
the expression of recombinant proteins. The bacteria were
grown at 28°C for 10 h. Protein ubiquitination was analyzed
by immunoblotting with anti-HA, anti-FLAG, and anti-MYC
antibodies.

Cell-free protein degradation assay

Total cell-free extracts were obtained from 14-day-old Col-0
or atl37 alt6 mutant seedlings using protein extraction
buffer (50-mM Tris—-MES, pH 8.0, 0.5-M sucrose, 1-mM
MgCl,, 10-mM EDTA, pH 8.0, 5-mM DTT). Purified recombi-
nant MBP-CPK28-HA proteins were incubated with the
above cell-free extracts in the presence of 1-mM ATP, with
or without 50-mM MG132 (at 25°C). The degradation of
MBP-CPK28-HA proteins was detected by immunoblotting
with anti-HA antibodies.

MAPK activation assay

Seven-day-old seedlings were treated with 100-nM flg22 or
water. MPK3/6 activation was detected by immunoblotting
with anti-pErk1/2 antibodies (Cell Signaling Technology).
ACTIN was used as the loading control, which was detected
by immunoblotting with anti-beta-ACTIN antibodies (Cell
Signal Pathway Research Tools Supplier).

ROS burst assay

ROS production was measured as described previously (Li et
al, 2014). Leaf discs (4 mm in diameter) were collected from
the leaves of 30-day-old plants. The leaf discs were soaked
overnight in sterile water in a 96-well plate. The water was
then replaced with ROS measurement solution containing
10-ug-mL™" horseradish peroxidase (Sigma), 50-uM luminol
(Sigma), and 100-nM flg22. Luminescence was captured and
ROS production was measured immediately using a
GLOMAX 96 microplate luminometer (Promega). The values
for ROS production are represented by Relative Light Units
(RLU), which were determined based on the data obtained
from eight leaf discs per treatment.

Stomatal aperture measurement

Stomatal aperture was measured as described by Li et al.
(2014) with some modifications. Before flg22 or ABA treat-
ment, 4-week-old plants were kept under the light for 2 h
so that most of the stomata were opened. The leaves were
collected and soaked in buffer containing 10-mM MES (pH
6.15), 10-mM KCl, and 10-mM CaCl,. The leaves were then
treated with 10-uM flg22 or 10-uM ABA for 1 h and the
stomata were observed under a light microscope (Leica).
Image ) software (NIH, Bethesda, MD, USA) was used to
measure the stomatal aperture. At least eight peels from
eight different plants were examined for each treatment.
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Number of stomata counted in Figure 8C are: Col-0 mock:
n = 144, Col-0 flg22: n = 144, atl31 atl6é mock: n = 144, atl31
atlé flg22: n = 144, bik1 mock: n = 144, bik1 flg22: n = 144.
Number of stomata counted in Figure 8D are: Col-0 mock:
n =100, Col-0 flg22: n = 100, atl31 atlé mock: n = 144, atl31
atl6 flg22: n = 144, bik1 mock: n = 144, bik1 flg22: n = 144.

Pathogen infection assay

Pseudomonas syringae pv. tomato (Pst) strain DC3000 COR™
or DC3000 hrcC" was grown overnight at 28°C in liquid
King's B (KB) medium supplemented with 50-pg-mL™" ri-
fampicin. Bacteria were collected by centrifugation (376g) at
room temperature for 5 min, and washed with H,O. The
bacteria were diluted with H,O to the desired density (opti-
cal density [OD]goo = 0.1). Thirty-day-old plants were
dipped into 5 x 10® cfu-mL™" Pst DC3000 COR™ solution
containing 0.15% gelatin (Amresco) for 15 s (Jiang et al,
2013), or infiltrated with 5 x 10® cfu-mL™" Pst DC3000
hrcC™ solution using a needleless syringe. Three-day post in-
oculation, leaf discs were ground in 100-uL H,O, and 10-fold
serial dilutions of the bacteria solution were prepared to
measure bacterial growth. Bacteria were grown on KB plates
with 50-pg-mL™" rifampicin at 28°C for 3 days, and bacterial
colony forming units were counted.

Statistical analysis

Statistical significance was determined by one-way analysis
of variance (ANOVA) and Student’s t tests; P-values were
generated using GraphPad Prism 7.04.

Accession numbers

Sequence data from this article can be found in GenBank
(https://www.ncbi.nlm.nih.gov/gene/) and the Arabidopsis
Information Resource (http://www.arabidopsis.org/) under
the following accession numbers: FLS2: NP_199445.1,
AT5G46330; BAKT: NP_567920.1, AT4G33430; BIKT:
NP_181496.1, AT2G39660; ATL31: NP_198094.1, AT5G27420;
ATL6:  NP_566249.1, AT3G05200; CPK8: NP_197446.1,
AT5G19450;, ATL2: NP_188294.1, AT3G16720; BRIT:
NP_195650.1, AT4G39400; PCRK1: NP_187594.1, AT3G09830;
PUB25: NP_566632.1, AT3G19380; BIR2: NP_189486.1,
AT3G28450; BIR3: NP_174039.1, AT1G27190; PBL13:
NP_198408.2, AT1G27190; RCNT: NP_174039.1, AT1G25490;
BSK1: NP_567980.1, AT4G35230; CPK6: NP_565411.2,
AT2G17290; CPK1: NP_196107.1, AT5G04870; CPK3:
NP_194096.1, AT4G23650; CPK16: NP_179379.1, AT2G17890.
Mutants used in this article can be obtained from ABRC un-
der the following accession numbers: ati31 (GK_746D08), atl6
(SALK_149614),  cpk28-1  (WiscDslox246D03),  cpk28-3
(GABI_523B08), fls2 (SALK_141277), bak1-4 (SALK_116202),
bik1(Salk_005291). The RNA-seq data were deposited into
National Center for Biotechnology Information and are acces-
sible via BioProject accession number PRJNA742510.
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The following materials are available in the online version of
this article.
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