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Plant immune responses activated through the perception of microbe-associated molecular patterns, leading to pattern-triggered
immunity, are tightly regulated. This results in low immune responses in the absence of pathogens and a rapid return to the
resting state following an activation event. Here, we show that two CALMODULIN-LIKE genes, CML46 and CML47, negatively
regulate salicylic acid accumulation and immunity in Arabidopsis (Arabidopsis thaliana). The double mutant cml46 cml47 is highly
resistant to the pathogen Pseudomonas syringae pv maculicola (Pma). The effects of cml46 cml47 on Pma growth are genetically
additive to that of cbp60a, a known negative regulator in the CALMODULIN-BINDING PROTEIN60 (CBP60) family.
Transcriptome profiling revealed the effects of cbp60a and cml46 cml47 on both common and separate sets of genes, with the
majorities of these differentially expressed genes being Pma responsive. CBP60g, a positive regulator of immunity in the CBP60
family, was found to be transcriptionally regulated by CBP60a, CML46, and CML47. Analysis of the flg22-induced mRNA levels
of CBP60g in cbp60a and cml46 cml47 revealed that cml46 cml47 plants have higher induced expression while cbp60a plants retain
elevated levels longer than wild-type plants. Assays for the effect of flg22 treatment on Pma growth showed that the effect is
stronger in cml46 cml47 plants and lasts longer in cbp60a plants. Thus, the expression pattern of CBP60g is reflected in flg22-
induced resistance to Pma.

Plants living in natural environments are exposed to
various environmental cues and microorganisms both
pathogenic and nonpathogenic. Although plants have
evolved an effective and robust immune system that
defends them against most pathogens, activating im-
mune responses usually comes at the cost of reduced
growth and seed yield. Therefore, tight control of im-
mune responses to effectively combat pathogens while
avoiding unnecessary activation is key to maximizing
plant fitness.

The presence of molecules characteristic of microbes,
termedmicrobe-associated molecular patterns (MAMPs),
such as the flg22 peptide derived from bacterial flagellin,
is recognized by specific pattern recognition receptors
located on the cell surface, resulting in pattern-triggered
immunity (PTI; Zipfel et al., 2004; Jones and Dangl, 2006;
Boller and Felix, 2009). Early defense responses during
PTI include rapid influxes of Ca2+, production of reactive
oxygen species, activation of MAPK cascades, callose
deposition, and characteristic gene expression changes
(Wu et al., 2014). PTI signaling is amplified through hor-
mone production, which, in turn, reinforces tran-
scriptome reprogramming (Li et al., 2016).

In Arabidopsis (Arabidopsis thaliana), three members
of the CALMODULIN-BINDING PROTEIN60 (CBP60)
gene family have roles in immune signaling. Two of
these, CBP60g and SYSTEMIC ACQUIRED RESIS-
TANCE DEFICIENT1 (SARD1), are required for full
induction of many immune-responsive genes (Wang
et al., 2009, 2011; Zhang et al., 2010), including SALI-
CYLIC ACID INDUCTION DEFICIENT2 (SID2)/ISO-
CHORISMATE SYNTHASE1 (ICS1), which encodes an
enzyme required for the synthesis of the immunity
hormone salicylic acid (SA; Wildermuth et al., 2001).
CBP60g and SARD1 are partially redundant. Single
mutants are somewhat more susceptible to Pseudomonas
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syringae pv maculicola (Pma) strain ES4326 and have re-
duced SA levels following infection, while cbp60g sard1
double mutants have severe defects in limiting Pma
growth and greatly reduced SA levels (Wang et al.,
2011). Many genes requiring CBP60g or SARD1 for
full pathogen-induced expression have an enrichment of
the sequence GAAATTT in their promoters (Wang et al.,
2011), and electrophoretic mobility shift assay and chro-
matin immunoprecipitation sequencing (ChIP-seq) data
suggest that CBP60g and SARD1 can bind this sequence
(Zhang et al., 2010; Sun et al., 2015). SARD1 interacts
physically with the TEOSINTE BRANCHED1, CYCLO-
IDEA, and PCF (TCP) family transcription factor TCP8, a
positive regulator of SID2/ICS1 expression shown to bind
its promoter by chromatin immunoprecipitation (ChIP)
and electrophoretic mobility shift assay (Wang et al.,
2015). Thus, CBP60 proteins are likely transcriptional
regulators.
A third CBP60 family member, CBP60a, encodes a

negative regulator of immunity (Truman et al., 2013).
Plants with cbp60a mutations are more resistant to Pma,
and infected plants have higher levels of SA. Several
immune-responsive genes, including SID2, are
expressed at higher levels than the wild type in mock-
infected cbp60amutants. It seems likely that CBP60a also
is a transcriptional regulator, but this hypothesis has not
been tested.
CBP60g and SARD1 are strongly inducible by treat-

ment with flg22 or Pma infection (Wang et al., 2009,
2011), while CBP60a is only slightly inducible (Truman
et al., 2013). Recent work on the control of SARD1 ex-
pression found that the transcription factor WRKY70
binds the SARD1 promoter and represses SARD1 ex-
pression in the absence of infection (Zhou et al., 2018).
In addition, the transcription factor TGA1 binds the
SARD1 promoter in ChIP assays, and Pma-induced
SARD1 expression is reduced in tga1 mutants (Sun
et al., 2018).
CBP60g and CBP60a bind calmodulin (CaM) in a Ca2

+-dependent manner (Wang et al., 2009; Truman et al.,
2013), while SARD1 does not bind CaM (Wang et al.,
2011). These observations implicate the CBP60 proteins
in Ca2+ signaling, which is known to be important for
immune responses (for review, see Yuan et al., 2017).
For both CBP60g and CBP60a, point mutants unable to
bind CaM fail to complement null mutants, indicating
that CaM binding is required for their functions. CaM is
a highly conserved protein in eukaryotes, and the
Arabidopsis genome includes seven CaM genes, sev-
eral of which encode identical proteins. In addition to
CaM, many plant genomes also include many CAL-
MODULIN-LIKE (CML) genes. There are 50 CMLs in
Arabidopsis. The CMLs contain various numbers of
predicted Ca2+-binding EF-hand motifs, but they vary
in protein size and contain additional sequences that
lack similarity to any domains of known function (Zhu
et al., 2015). Thus, CMLs may affect some CaM-binding
proteins or otherwisemediate cellular responses to Ca2+

. We noticed that two CML genes, CML46 and CML47,
are tightly coexpressed with the CBP60g/SARD1/SID2

signaling regulon (Truman and Glazebrook, 2012).
This, together with the fact that CBP60a and CBP60g
require CaM binding for their functions, raised the
possibility that CML46 and CML47 have roles in im-
munity.

In this study, we found that CML46 and CML47 are
both negative regulators of immunity, and the double
mutation cml46 cml47 has broad impact on repression
of immune signaling in the absence of pathogens and
during PTI signaling. We conducted genetic analyses
and found that the effect of cml46 cml47 is additive to
cbp60a. A transcriptome-profiling experiment revealed
that CBP60a, CML46, and CML47 regulate both over-
lapping and distinct sets of genes, consisting mostly of
pathogen-responsive genes. Mathematical modeling of
the expression kinetics of a PTI marker gene, CBP60g,
revealed different impacts of mutations in cml46 cml47
and cbp60a. CBP60g expression was extended in cbp60a,
while it had greater amplitude in cml46 cml47. Flg22-
PTI also followed that pattern, as it was extended in
cbp60a plants while it had greater amplitude than the
wild type in cml46 cml47 plants. Thus, we have defined
two different modes of negative regulation of immu-
nity.

RESULTS

Arabidopsis CML46 and CML47 Are Negative Regulators
of Immunity against P. syringae and Are Genetically
Independent of CBP60a

As CML46 and CML47 are closely related phyloge-
netically (Zhu et al., 2015) and coexpressedwithCBP60g,
SARD1, and SID2, we investigated their roles in plant
immunity. We obtained transfer DNA (T-DNA) inser-
tion alleles of CML46 and CML47 (Supplemental Fig.
S1A). The T-DNA insertion in cml46 (SALK_127471)
creates a null allele (Supplemental Fig. S1B), while cml47
(SK_31780) is a hypomorphic allele of CML47 with an
approximately 10-fold reduced transcript abundance
(Supplemental Fig. S1C). Both single mutants show re-
duced growth of Pma ES4326 at 3 d post inoculation
(dpi). The enhanced disease resistance phenotype of
both single mutants could be restored to the wild-type
level by transgenes expressing the corresponding wild-
type genes from their native promoters, although, in the
case of CML46, only a subset of transgenic lines showed
this complementation (Supplemental Fig. S2). The
cml46 cml47 double mutant displayed a further decrease
in Pma growth (Fig. 1A). The sum of enhanced resistance
against Pma from cml46 and cml47 is not different from
the effect of cml46 cml47 (Fig. 1B), indicating that the
relationship between cml46 and cml47 is additive. Taken
together, we conclude that CML46 and CML47 are both
negative regulators of plant immunity and act inde-
pendently. Because cml46 cml47 has a greater effect than
the single mutants, we focused on the double mutant.

To investigate the relationship between CBP60a and
the two CML genes, we crossed cbp60a-1 (SALK_124410;
hereafter cbp60a) into cml46 cml47 to obtain the cbp60a
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cml46 cml47 triple mutant. All three mutant genotypes
and Columbia-0 (Col-0) wild-type plants were tested for
Pma growth. Both cbp60a and cml46 cml47 showed re-
duced Pma titers relative to Col-0 at 3 dpi, with the re-
duction in cml46 cml47 greater than that in cbp60a (Fig.
1C). The cbp60a cml46 cml47 triple mutant is even more
resistant (Fig. 1C), and the effect of the triple mutant is
not different from the sum of the effects of cbp60a and
cml46 cml47, indicating that the effects of cbp60a and
cml46 cml47 are additive (Fig. 1D). These results suggest
that mutations in cbp60a and cml46 cml47 have inde-
pendent effects on plant immunity that contribute to
enhanced resistance against Pma.

The cbp60a and cml46 cml47 Mutants Have Elevated
Salicylate Levels

We noticed that, unlike either cbp60a or cml46 cml47,
some plants of the cbp60a cml46 cml47 triple mutant
exhibited spontaneous chlorosis starting from as early as
3 weeks of age and had smaller rosettes (Supplemental
Fig. S3), which might indicate an autoimmune defect

(van Wersch et al., 2016). Many of the known autoim-
mune mutants of Arabidopsis have constitutively ele-
vated levels of SA. To test whether these mutant
genotypes also accumulate higher levels of SA, we
measured the free and total salicylate contents in leaves
24 h after no treatment or infiltration with water, 1 mM

flg22, or Pma ES4326 using an SA biosensor assay
(Defraia et al., 2008). Indeed, the triple mutant accumu-
lated more SA than the wild type when untreated and
under all three treatment conditions (Fig. 2). Interest-
ingly, both cbp60a and cml46 cml47 have comparable
levels of SA relative to the wild type in untreated or
water-infiltrated leaves. This shows that CBP60a,
CML46, and CML47 play redundant roles in repressing
basal SA accumulation in the absence of an immune
signal. However, 24 h after elicitation by either flg22 or
Pma, cml46 cml47 accumulates SA to higher levels than
the wild type and similar to the triple mutant, while the
SA levels in cbp60a are not different from those in the
wild type (Fig. 2). These results show that, in the elicited
state, induced SA accumulation is higher in cml46 cml47
than in the wild type. We conclude that repression of
basal SA can be achieved by either CBP60a or CML46

Figure 1. Growth of Pma is reduced in
cml46 and cml47 plants, and their effects
are additive to cbp60a. A and C, Leaves of
Arabidopsis wild-type Col-0, cml46,
cml47, and cml46 cml47 (A) or wild-type
Col-0, cbp60a, cml46 cml47, and cbp60a
cml46 cml47 (triple; C) were infiltrated
with Pma ES4326 suspension. Bacterial ti-
ters were determined immediately (0 dpi)
or 3 dpi. Data were combined from six (A)
and three (C) independent experiments,
each containing four and 12 biological
replicates for 0- and 3-dpi samples, re-
spectively. Means and SE for 3-dpi samples
were calculated using amixed-effect linear
model. Different letters indicate significant
differences between means (q , 0.05).
CFU, Colony-forming units. B, Sum of ef-
fects of cml46 and cml47 compared with
the effect of cml46 cml47 on Pma growth
at 3 dpi, calculated from the data in A. D,
Sum of effects of cbp60a and cml46 cml47
compared with the effect of cbp60a
cml46 cml47 on Pma growth at 3 dpi,
calculated from the data in C. Error bars
represent SE.
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and CML47, while CML46 and/or CML47, but not
CBP60a, limits SA accumulation in the elicited state.

Transcriptome Profiling of cbp60a and
cml46 cml47 Mutants

To explore the effects of the cbp60a and cml46 cml47
genotypes on global gene expression patterns, we
conducted an RNA sequencing (RNA-seq) experiment.
Transcriptome data were collected from mock-treated
and Pma-infected plants 24 h after inoculation for a set
of genotypes including the Col-0 wild type, cbp60a,
cml46 cml47, cbp60g sard1, and sid2. Data were analyzed
as described in “Materials and Methods” using a

minimum fold change of 2 (log2 fold change . 1) and
q , 0.05 as the criteria for differential expression.

Comparing mock-treated cbp60a and the wild type,
400 genes were differentially expressed, among which
364 were expressed at higher levels in cbp60a. Further-
more, 343 of these 364 genes were induced by Pma in-
fection in wild-type plants (Supplemental Data Set S1),
indicating that the primary effect of CBP60a in the ab-
sence of infection is the repression of genes that are
induced during an immune response. The cml46 cml47
double mutation affected the expression of 885 genes
after mock treatment. Of the 561 genes expressed at
higher levels in cml46 cml47 plants comparedwithwild-
type plants, 491 were induced by Pma in wild-type
plants (Supplemental Data Set S1). Thus, CML46 and
CML47 also act in the absence of infection to repress the
expression of many genes induced during an immune
response. However, mock-treated cml46 cml47 plants
expressed 324 genes at levels lower than wild-type
plants, and of these, 303 were repressed by Pma infec-
tion in wild-type plants. CML46 and CML47, therefore,
act in the absence of infection to both repress the ex-
pression of genes induced during an immune response
and activate the expression of genes repressed during
an immune response.

To visualize the effects of the various mutations on
genes induced or repressed during an immune re-
sponse, we conducted a clustering analysis. We first
selected the sets of genes induced or repressed by Pma
infection in wild-type plants. Within each set, we fur-
ther selected the genes differentially expressed in
cbp60a or cml46 cml47 plants under either mock or Pma-
infected conditions, yielding 690 and 635 genes in the
Pma-induced and Pma-repressed gene sets, respec-
tively. The genes in each set were then clustered
according to the similarity of expression pattern. The
results are shown in Figure 3. Inspection of Figure 3A
suggests that a number of Pma-induced genes are
expressed at levels higher than the wild type in both
mock-treated cbp60a and mock-treated cml46 cml47
plants, while many other genes are expressed at high
levels in only one of these genotypes. Figure 4A shows
that 217 genes are expressed at high levels in both
genotypes, 126 are high only in cbp60a, and 274 are high
only in cml46 cml47. Figure 3B suggests that many Pma-
repressed genes are expressed at levels lower than the
wild type in mock-treated cml46 cml47 plants, while
very few genes are affected this way in cbp60a plants.
Figure 4B shows that there are 303 such genes in
cml46 cml47 plants and only 33 in cbp60a, with eight of
these in common. Thus, there is extensive overlap be-
tween the inducible immune-responsive genes re-
pressed byCBP60a or CML46 andCML47 in uninfected
plants, but only CML46 and CML47 cause extensive
increased expression of repressible immune-responsive
genes.

As CBP60a, CBP60g, and SARD1 belong to the same
gene family, it is possible that the effect of CBP60a
is through the repression of CBP60g- and SARD1-depen-
dent genes, including SID2. Among the 343 Pma-inducible

Figure 2. The cml46 cml47 and cbp60a cml46 cml47 mutants have
elevated SA accumulation. Leaves of Arabidopsis wild-type Col-0,
cbp60a, cml46 cml47, and cbp60a cml46 cml47 (triple) were collected
for the determination of total SA (A) and free SA (B) from untreated
plants or 24 h after infiltration with water, 1 mM flg22, or Pma ES4326
suspension at OD600 = 0.002. Data from four independent experiments,
each containing two biological replicates, were combined using a
mixed-effect linear model. Error bars represent SE. Different letters in-
dicate significant differences between means (q , 0.05). n.d., Not
detected.
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genes expressed at elevated levels in cbp60a mock-
treated plants, the induction by Pma infection was
compromised in cbp60g sard1 and sid2 for 61 and 118 of
them, respectively (Fig. 4D). For example, several genes
involved in plant immunity, including PR1, FRK1,
VSR6, and NUDT6, display this pattern, as their tran-
script levels were increased in cbp60a after mock

treatment and reduced in cbp60g sard1 and sid2 after
Pma infection (Supplemental Fig. S4). We conclude that
some of the genes up-regulated by cbp60a in the mock
treatment are CBP60g/SARD1- and/or SID2-dependent
pathogen-inducible genes but that most genes with in-
creased transcript levels in cbp60a mock-treated plants
are pathogen inducible independently ofCBP60g/SARD1

Figure 3. Hierarchical clustering anal-
ysis of Pma-responsive genes affected by
cbp60a or cml46 cml47. The Pma-in-
duced (A) or Pma-suppressed (B) genes
whose expression levels were affected
in cbp60a or cml46 cml47 at 24 h after
mock or Pma treatment were selected
for hierarchical clustering analysis. The
log2 differential expression in mutants
relative to the wild type following the
same treatment is presented as heat
maps, with each row representing one
gene. Red indicates an expression level
that is higher than in the wild type, and
blue indicates an expression level that is
lower than in the wild type. The log2
expression levels of the genes induced
by Pma infiltration in the wild type are
shown in orange, and those suppressed
by Pma are shown in green. In total,
690 Pma-induced (A) and 635 Pma-
suppressed (B) geneswere included. The
clustering on genes was based on Pear-
son correlation.
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Figure 4. Many Pma-responsive genes are differentially expressed in cbp60a and cml46 cml47. A and B, Venn diagram illus-
tration of genes expressed higher (A) and lower (B) than wild-type levels in cbp60a and cml46 cml47 24 h after mock treatment
(termedUP.mock and DOWN.mock, respectively). C, Venn diagram illustration of genes differentially expressed in cml46 cml47
24 h after mock or Pma treatment. D and F, Venn diagram illustration of genes expressed at higher thanwild-type levels in cbp60a
(D) and cml46 cml47 (F) 24 h after mock treatment and lower in cbp60g sard1 and sid2 24 h after Pma infection (termedDOWN.
Pma). For A to D and F, numberswithout parentheses indicate the counts of differentially expressed genes that are Pma induced in
A, D, and F and group DOWN.Pma in C, or that are Pma repressed for B and group UP.Pma in C, in wild-type Col-0 plants.
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or SID2. To gain more insight into the functions of the
genes expressed at high levels in mock-treated cbp60a
plants, we carried out Gene Ontology (GO) enrichment
analysis of the 364 up-regulated genes in cbp60a. These
up-regulated genes were highly enriched in genes in-
volved in defense responses to bacteria and other plant
immunity-related processes (Fig. 4E). Similarly, only
modest fractions of the genes expressed at high levels in
cml46 cml47 mock-treated plants showed CBP60g/
SARD1- and/or SID2-dependent Pma induction, and
GO analysis of these genes showed that they are also
enriched in genes associated with plant immunity (Fig.
4, F and G).

The effects of cbp60a and cml46 cml47 mutations in
Pma-infected plants are very different from those in
uninfected plants. Only 48 genes are differentially
expressed between cbp60a and wild-type plants after
Pma infection, including 12 and 36 genes expressed
higher and lower than in the wild type, respectively
(Supplemental Data Set S1). This similarity is observ-
able in Figure 3 in the very weak signal for cbp60a
versus Col-0 under Pma infection conditions. Thus, the
overall gene expression profile of these plants is very
similar to that of wild-type plants. In contrast to cbp60a,
cml46 cml47 has substantial effects on transcript levels
after Pma infection. There are 291 Pma-repressed genes
with smaller repression ratios in cml46 cml47 than in the
wild type after Pma infection (Figs. 3B and 4C). Only
a few genes overlap between the differentially
expressed genes in mock and Pma-infected samples in
cml46 cml47. A similar pattern also was observed in the
opposite direction: 59 Pma-induced genes (excluding
CML46 and CML47) are expressed lower in cml46 cml47
than in the wild type after Pma infection (Figs. 3A and
4C). Only a few of the CML46 and CML47 regulated
genes are affected in both mock and Pma-infected
samples in cml46 cml47 (Fig. 4C). Therefore, cml46 cml47
affects largely separate groups of genes under mock or
Pma-infected conditions.

The Kinetics of flg22-Induced CBP60g Transcript
Accumulation Are Differentially Affected by cbp60a
and cml46 cml47

To gain further insight into the effects of cbp60a and
cml46 cml47 mutations on the dynamics of immune
signaling, we monitored mRNA levels of a flg22-
responsive gene over time. We wanted a gene known
to be important for PTI, which has a large dynamic
range when induced by flg22 and a basal level that is

readily detectable by quantitative reverse transcription
PCR (RT-qPCR). These attributes would provide good
statistical power for studying the effects of cbp60a and
cml46 cml47 over time. CBP60gmeets these criteria. It is
important for PTI, it is induced rapidly and consistently
in response to flg22 treatment, and it has both a readily
detectable basal expression level and a large dynamic
range when induced (Wang et al., 2009). The transcript
levels of CBP60g were determined by RT-qPCR in the
leaves of wild-type and mutant plants untreated and
treated at 2, 4, 6, 10, 24, 48, 72, and 96 h post infiltration
(hpi) with water or flg22. We first determined the basal
level of CBP60g expression in the leaves of untreated
wild-type, cbp60a, cml46 cml47, and cbp60a cml46 cml47
plants. Both cml46 cml47 and the triple mutant exhibit
higher basal levels of CBP60g expression than the wild
type and cbp60a (Supplemental Fig. S5). This increased
expression of CBP60g in cml46 cml47 and cbp60a
cml46 cml47 alsowas observed followingmock infiltration
(Fig. 5; Supplemental Fig. S6), consistent with the elevated
expression of CBP60g in cml46 cml47 mock-treated plants
in the RNA-seq experiment (Supplemental Data Set S1).
When plants are infiltrated with 0.1 mM flg22, CBP60g is
up-regulated transiently in the wild type, cbp60a, and
cml46 cml47 (Fig. 5A), while it is maintained at high levels
throughout the time course in cbp60a cml46 cml47
(Supplemental Fig. S6). In the case of the wild type, the
mRNA level of CBP60g is highest at 6 and 10 hpi and has
dropped markedly by 24 hpi. A similar pattern was ob-
served in cml46 cml47, although CBP60g reaches higher
mRNA levels at 10 and 24 hpi than in the wild type (Fig.
5A; Supplemental Table S1).However,CBP60g expression
is sustained close to the peak level longer in cbp60a, which
has higher levels at 24 and 48 hpi, than in the wild type
(Fig. 5A; Supplemental Table S1). By the end point of the
time course, the expression of CBP60g returns to the basal
level in all three genotypes. Following treatmentwith 1mM

flg22,CBP60gmRNA is at high levels for longer periods of
time in thewild type, cbp60a, and cml46 cml47 (Fig. 5B) and
exhibits sustained high levels in cbp60a cml46 cml47
(Supplemental Fig. S6). TheCBP60gmRNA level is similar
in thewild type and cml46 cml47 at all time points, while it
persists at higher levels in cbp60a after 48 hpi and does not
return to the basal level by 96 hpi, the last time point
measured (Fig. 5B; Supplemental Table S1).

To understand the changes of the kinetics of CBP60g
transcript accumulation in wild-type, cbp60a, and
cml46 cml47 plants following flg22 treatment at both
low (0.1 mM) and high (1 mM) concentrations, a simple
mechanistic model consisting of six first-order,

Figure 4. (Continued.)
Numbers within parentheses indicate the total counts of genes differentially expressed in each intersect group between geno-
types. Pma-responsive genes were selected based on absolute values of expression fold change$ 2 and q, 0.05 in Pma-treated
than in mock-treated wild-type plants. E and G, GO enrichment analysis for GO biological processes with 364 and 561 genes
up-regulated relative towild-type levels after mock treatment in cbp60a (E) and cml46 cml47 (G), respectively. The negative log10
P values from the PANTHER overrepresentation test (x axis) for the top 10 significantly enriched GO biological processes (y axis)
are reported.
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ordinary differential equations (ODEs) for six combi-
nations of the three genotypes and two flg22 concen-
trations was fitted to the CBP60g mRNA level data. In
each ODE, the rate of the CBP60g expression level
change was explained by the production and removal
rates. Specifically, the ODE was formulated as

dS
dt

¼ mf ðt;a;bÞ2 kS

where S is the CBP60g mRNA level,
f ðt;a;bÞ ¼ bata2 1e2 tb

GðaÞ is a g probability density function
with shape parameter a and rate parameter b, repre-
senting the production rate time course, m is the ampli-
tude parameter for the production rate, and k is the
removal rate constant. The production rate term mf (t;
a, b) can be interpreted as the synthesis rate of the
CBP60g mRNA, and the removal rate term 2kS can
be interpreted as the degradation rate of the CBP60g
mRNA determined by a first-order chemical reaction.
Alternatively, the ODE can be interpreted in a more
abstract manner: the production and removal rates

represent the activation and inactivation rates of the
regulatory system for CBP60g transcript accumulation,
and the CBP60g mRNA level directly reports the activ-
ity of the regulatory system. We used the g probability
density function to approximate the time course of the
synthesis rate, since it is a simple function with two
parameters that can generate smooth unimodal time
courses of various shapes and timing: we assumed
that the CBP60g regulatory signals, generated by flg22
treatment, have smooth unimodal time courses. Two
different sets of a and b values were employed for
two different concentrations of flg22 based on the as-
sumption that different concentrations of flg22 could
generate different production rate time courses and
that the production rate time courses are not affected
by genotype differences. For the other parameters, dif-
ferent values for six different ODEs were initially as-
sumed. The model was fitted to the data based on
maximum likelihood estimation for a log-normal data
error distribution. The fitted model revealed that the
amplitude parameter m was greater in cml46 cml47
than in the other genotypes and the removal rate

Figure 5. The kinetics of flg22-induced
CBP60g expression are differentially af-
fected by cbp60a and cml46 cml47. The
transcript abundance of CBP60g in
30-d-old wild-type Col-0, cbp60a, and
cml46 cml47 plants was monitored at 2,
4, 6, 10, 24, 48, 72, and 96 hpi with
water (Mock; A and B), 0.1 mM flg22 (A),
or 1 mM flg22 (B). Samples from five in-
dependent experiments were collected.
Each experiment included all three
genotypes in a balanced layout, but only
a subset of the time points and treat-
ments, with overlaps between subsets
from different independent experi-
ments. Each data point represents at
least four biological replicates. Data
were combined using a linear mixed-
effect model for estimating means and
SE. Error bars represent SE. The same
mock data are shown in A and B.
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parameter k was smaller in cbp60a than in the others at
each of the flg22 concentrations (Supplemental Table
S2). To test the significance of the parameter value dif-
ferences in the model, we performed model selection
analysis on all possible model structures based on the
Bayesian information criterion (BIC). Four sets of pa-
rametersm and k (two each for the two flg22 concentra-
tions, high and low, namely, mH, mL, kH, and kL;
Supplemental Table S3) with five equivalence patterns
across the genotypes (Supplemental Table S4) were
used to construct all the 54 possible model structures.
The top 10 model structures based on BIC are shown in
Supplemental Table S5. The best BIC-selected model
predicts that one parameter value of m can be shared
between cbp60a and the wild type, while one value of k
can be shared between the wild type and cml46 cml47 at
each flg22 concentration (Table I; Supplemental Fig.
S7), which is consistent with the observations from
the initial model (Supplemental Table S2). Thus, this
mechanistic model study provides statistical support
for our intuitive interpretations of the data: the
CBP60g mRNA level is induced more rapidly in
cml46 cml47 than in the wild type and cbp60a while
there is no difference in the induction rate between
the wild type and cbp60a; the CBP60g mRNA level de-
creases at lower rates in cbp60a than in the wild type
and cml46 cml47while there is no difference in the rates
of decrease between the wild type and cml46 cml47.
These notions about the induction and decrease rates
are true for both low and high concentrations of flg22.

To test whether the kinetics of CBP60g transcript ac-
cumulation in response to flg22 treatment are repre-
sentative of other flg22-inducible genes, we measured
the transcript levels of FRK1 (Asai et al., 2002), VSR6
(Denoux et al., 2008), andWRKY29 (Asai et al., 2002) in
a subset of the samples used to monitor CBP60g ex-
pression. For both FRK1 and VSR6, slower transcript
decay was observed in cbp60a plants following treat-
ment with 1 mM flg22, and for VSR6, a higher induction
rate was observed in cml46 cml47 plants following
treatment with 0.1 mM flg22 (Supplemental Fig. S8, A
and B; Supplemental Tables S6 and S7). WRKY29 be-
haved very differently. It was induced only transiently
(Supplemental Fig. S8C) andwas not affected by cbp60a
or cml46 cml47 (Supplemental Table S8), indicating that

the expression ofWRKY29 is regulated quite differently
from the other three genes. These observations support
the idea that CBP60a and CML46 CML47 regulate the
expression of a subset of pathogen- or flg22-inducible
genes through different mechanisms.

PTI Induced by flg22 Is Enhanced in cbp60a and
cml46 cml47 and Is Extended in cbp60a

CBP60g is a positive regulator of immunity and is
induced rapidly upon flg22 treatment. It is possible that
themRNA level ofCBP60g reflects the strength of flg22-
PTI. If this is true, two predictions can be derived from
the behavior of the CBP60g mRNA level: first, PTI
might be extended in cbp60a; second, PTI might be
stronger in cml46 cml47. We first demonstrated that the
flg22 treatment we used triggered FLS2-dependent PTI
(Supplemental Fig. S9). To test our hypotheses, we
pretreated leaves with water or 0.1 mM flg22 at 72, 48, or
24 h prior to inoculation with Pma ES4326 (Fig. 6A), and
the strength of PTI was quantified as the reduction of
Pma growth between water- and flg22-pretreated
samples 1 d after inoculation. If the growth of Pma is
significantly lower in flg22-pretreated plants than in
water-pretreated plants of the same genotype, then PTI
is considered present. In Col-0 and cml46 cml47, PTI
induced by 0.1 mM flg22 could be detected following
pretreatments for 24 or 48 h (Fig. 6, F andD) but not 72 h
(Fig. 6B). In contrast, flg22-PTI could still be detected in
cbp60a and cbp60a cml46 cml47 even 72 h after pre-
treatment (Fig. 6B), indicating that flg22-PTI was ex-
tended by at least 1 d in the genetic backgrounds
containing cbp60a. At each pretreatment time point, the
strength of flg22-PTI in cbp60awas significantly greater
than in the Col-0 wild type (Fig. 6, C, E, and G), sug-
gesting that flg22-PTI was generally more effective in
cbp60a relative to Col-0. The strength of flg22-PTI was
greater in cml46 cml47 than in the wild type with 24 h of
pretreatment (Fig. 6G) but not with 48 and 72 h of
pretreatment (Fig. 6, E and C). It is worth noting that
there was little or no Pma growth in the leaves of cbp60a
cml46 cml47 plants pretreated with flg22 at 24 h prior to
pathogen inoculation (Fig. 6F, compare with time-0
values in Fig. 1, A and C), which likely resulted in an

Table I. Regression results of the top model structure based on maximum likelihood estimation

flg22 Concentration Genotype Parameters

m k
a b

Value 95% Confidence Interval Value 95% Confidence Interval

High Wild type 1.263 (1.097, 1.478) 0.0576 (0.0545, 0.0605) 2.073 0.797
cbp60a 1.263 (1.097, 1.478) 0.0242 (0.0172, 0.0293)a

cml46 cml47 2.053 (1.794, 2.318)a 0.0576 (0.0545, 0.0605)
Low Wild type 0.947 (0.701, 3.177) 0.1168 (0.1050, 0.4484) 2.152 0.369

cbp60a 0.947 (0.701, 3.177) 0.0641 (0.0394, 0.1934)a

cml46 cml47 2.244 (1.761, 9.072)a 0.1168 (0.1050, 0.4484)

aDifferent parameter values for each of the parameters m and k are significantly different because this was the best model based on BIC among all
the equivalence patterns (Supplemental Tables S3–S5).
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underestimation of PTI in cbp60a cml46 cml47 at this
time point. In fact, PTI in cbp60a cml46 cml47 was
stronger than, or as strong as, PTI in cbp60a after 72 and
48 h of flg22 pretreatment, respectively (Fig. 6, C and E).
This strong PTI persisting in the triple mutant is likely
due to synergistic interactions between cbp60a and
cml46 cml47 for compromised ability of shutting down
or repressing the immune responses (Supplemental
Fig. S10) and is consistent with the high expression
of CBP60g induced by flg22 treatment in cbp60a
cml46 cml47 (Supplemental Fig. S6). In summary,

flg22-induced PTI is more effective and of longer du-
ration in cbp60a. In cml46 cml47, it is stronger within a
short window of time following flg22 pretreatment.
These effects on PTI mirror the effects of these muta-
tions on the kinetics ofCBP60g transcript accumulation.

The Effect of cbp60a on Immunity against Pma ES4326 Is
Detectable Only at a Late Stage of Infection

As the CBP60g transcript accumulation kinetics revealed
that the cbp60a mutation extended the duration of the

Figure 6. PTI induced by flg22 is en-
hanced in cbp60a and cml46 cml47 and
extended in cbp60a. A, Description of
the flg22-PTI assay on 30-d-old Arabi-
dopsis wild-type Col-0, cbp60a,
cml46 cml47, and cbp60a cml46 cml47
plants. B, D, and F, Leaves were infil-
trated with 0.1 mM flg22 or water 72 (B),
48 (D), or 24 (F) h prior to inoculation
with Pma ES4326 at OD600 = 0.0002.
Bacterial titer was determined at 1 dpi.
Data from four, five, and four indepen-
dent experiments, each containing at
least 12 biological replicates, for 72, 48,
and 24 h pretreatment prior to inocula-
tion, respectively, were combined sep-
arately using a linear mixed-effect
model. ***, q, 0.001 for the difference
of means between water- and flg22-
pretreated samples. CFU, Colony-form-
ing units. C, E, and G, Strength of PTI
calculated as the difference in Pma
growth between water- and flg22-pre-
treated samples using the data from
B, D, and F. Different letters indicate
significant differences between means
(q , 0.05).
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response but did not affect the signal input rate (Table I),
we hypothesized that the effect of cbp60a on immunity
might only be detectable at time points well after defense
responses become activated. Thus, we expected that
cml46 cml47 would show enhanced disease resistance
throughout the course of pathogen infection while cbp60a
would only provide enhanced disease resistance at a late
stage of disease progression. To test this hypothesis, we
monitored titers of Pma ES4326 in wild-type, cbp60a,
cml46 cml47, and cbp60a cml46 cml47 plants at 1 and 3 dpi,
which approximate early and late stages of Pma infection,
respectively. Indeed, at 1 dpi, the Pma growth in cbp60a
was not different from that in thewild type, while at 3 dpi,
Pma grew to a significantly lower titer in cbp60a than in the
wild type (Fig. 7A). In contrast, Pma growth was signifi-
cantly lower in cml46 cml47 and cbp60a cml46 cml47 plants
than in the wild type at both 1 and 3 dpi (Fig. 7A).

Enhanced resistance to Pma usually accompanies
high SA accumulation. This difference between 1- and
3-dpi Pma growth in cbp60a prompted us to test
whether there was a difference in SA levels at the later
time point. Because Pma-infected leaves start to collapse
by 3 dpi, we decided to test SA accumulation 72 h fol-
lowing 1 mM flg22 treatment. Although no differences
were observed between the free SA levels in the wild
type, cbp60a, and cml46 cml47, likely because the mea-
sured values were approaching the detection limit
(Supplemental Fig. S11), both cbp60a and cml46 cml47
accumulate more total SA than the wild type and the
triple mutant accumulates more SA than the other three
genotypes (Fig. 7B). This differs from the relative total
SA levels 24 h after flg22 treatment, when SA accu-
mulation in cbp60a is not different from that in the wild
type (Fig. 2). The SA accumulation patterns are con-
sistent with the Pma growth phenotypes at both time
points, as cml46 cml47 plants have high SA and less
bacterial growth at both time points while cbp60a plants
have high SA and reduced bacterial growth only at the
later time point (Figs. 2 and 7). Taken together, these
data support our hypothesis that cbp60a displays en-
hanced resistance and higher SA accumulation only at a
later stage by affecting the rate at which the immune
response ends, while cml46 cml47 shows greater overall
expression of immunity, resulting in elevated SA ac-
cumulation and reduced Pma growth throughout the
time course.

DISCUSSION

Plants have evolved highly effective inducible im-
mune responses through coevolution with pathogens.
The activation of immune responses often accompanies
the production of stress-related hormones, reprogram-
ming of the transcriptome, and down-regulation of
vegetative growth and photosynthesis, representing a
tradeoff between defense and growth (Vos et al., 2013).
To minimize negative impacts on growth, immune re-
sponses must be repressed in the absence of pathogen
attack and return to the basal level once a pathogen
attack has ended. These requirements of the plant

immune system are met using various regulators
playing different roles. In this study, we have demon-
strated that CBP60a, CML46, and CML47 negatively
regulate plant immune signaling and resistance to Pma.
Genetic analysis revealed additive effects between
cml46 and cml47, and between cbp60a and cml46 cml47,
on Pma growth at 3 dpi (Fig. 1), which suggests that

Figure 7. Mutation in cbp60a does not provide enhanced resistance at
an early stage of disease progression. A, Bacterial titerswere determined
at 0, 1, and 3 dpi with Pma ES4326 in Arabidopsis wild-type Col-0,
cbp60a, cml46 cml47, and cbp60a cml46 cml47 (triple). Data from
three independent experiments, each containing 8, 12, and 12 biolog-
ical replicates at 0, 1, and 3 dpi, respectively, were combined using a
linear mixed-effect model. Pma titers in mutant genotypes at 1 and 3 dpi
were compared with the wild type at the corresponding time points
using means and variances estimated from the linear model. ***, P ,
0.001 from Student’s t test. CFU, Colony-forming units. B, Leaves of
Arabidopsis wild-type Col-0, cbp60a, cml46 cml47, and cbp60a
cml46 cml47 (triple) were collected to determine SA levels 72 h after
infiltration with water or 1 mM flg22. Data from three independent ex-
periments were combined using a linear mixed-effect model. In total,
eight biological replicates were included for each genotype-treatment
combination. Different letters indicate significant differences between
means (q , 0.05). Error bars show SE.
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these genes may have independent roles in regulating
immune signaling. This hypothesis is further supported
by transcriptome profiling of both mutants, showing
that cbp60a and cml46 cml47 affect the expression of
different, as well as overlapping, sets of genes (Figs. 3
and 4, A and B).
Transcriptome profiling of cbp60a and cml46 cml47

revealed that the majority of the genes differentially
expressed in both mutants are Pma responsive, with
over one-third of these genes responding to Pma infec-
tion in a CBP60g/SARD1- or SID2-dependent manner
(Fig. 4, D and F). Among these are genes involved in the
biosynthesis of SA, which is consistent with the obser-
vations that cbp60a and cml46 cml47 accumulate more
SA than the wild type following flg22 treatment (Figs. 2
and 6B). Most of the genes differentially expressed be-
tween cbp60a and the wild type in mock-treated plants
have higher transcript levels in cbp60a, suggesting that
cbp60a is a negative regulator of immunity-related
genes. For cml46 cml47, in addition to a number of
Pma-induced genes having higher transcript levels in
mock-treated plants, there are also many genes down-
regulated, and the majority of them are Pma sup-
pressed. This pattern mimics a transcriptome in an
activated state of immune signaling, highlighting the
roles of CML46 and CML47 as negative regulators of
immunity.
Given the sizable overlap of the genes displaying

altered mRNA levels in the transcriptome profiles of
cbp60a and cml46 cml47, wewere interested in exploring
how the two mutants might differentially affect the
behavior of these genes. However, the transcriptome
profiling data only described effects at a single time
point. Therefore, we measured the expression of one
representative gene, CBP60g, over a time course fol-
lowing flg22 treatment in wild-type and mutant back-
grounds. Using kinetic expression data of CBP60g as a
readout of immune signaling during PTI, we mathe-
matically modeled the kinetic patterns of CBP60g
transcript levels and captured a slower signal decay
rate in cbp60a and a greater signal amplitude in
cml46 cml47. The model predicted that flg22-PTI is ex-
tended in cbp60a plants, which was supported by the
observation that the flg22-PTI could be detected as long
as 72 h after pretreatment prior to Pma inoculation in
cbp60a plants (Fig. 6, B andC). Themodel also predicted
that the response to flg22 might be stronger in
cml46 cml47. We found that flg22-PTI was indeed en-
hanced in cml46 cml47 with 24 h of pretreatment (Fig.
6G), but this effect decreased to the wild-type level with
longer times following pretreatment (Fig. 6, C and F).
It is probable that CBP60a and the CMLs negatively

regulate immune responses through different mecha-
nisms, such that CBP60a acts to control the duration of
the activated responses while the CMLs affect the rate
and amplitude of the response. This is consistent with
our finding that, when naive plants were challenged
with Pma, enhanced disease resistance was measurable
throughout the course of disease progression in
cml46 cml47while resistance was observed only at a late

time point in cbp60a (Fig. 7). Interestingly, tran-
scriptome profiling of 24-hpi Pma-treated plants
revealed that only eight Pma-inducible genes were af-
fected by cbp60a (Fig. 4). Furthermore, SA levels in
infected cbp60a plants were indistinguishable from
those in the wild type at 24 h after infection (Fig. 2).
These phenotypes are consistent with the observation
that titers of Pma were similar in wild-type and cbp60a
plants at this time point. Evidently, the derepression of
some immunity-inducible genes in mock-inoculated
cbp60a plants is not sufficient to cause increased resis-
tance at early time points.

We found that the expression pattern of the immune
regulatory gene,CBP60g, reflected the resistance to Pma
during the PTI response. However, the expression
pattern of another gene thought to be important for
immunity, WRKY29, was quite different. While we do
not have time-course data for the RNA-seq experiment,
it seems likely that the genes with elevated expression
inmock-infected cbp60a plants will not show expression
patterns similar to CBP60g. The significance of these
genes to resistance to Pma, the ultimate biological effect
of PTI that we studied, is unclear. Little is known about
which gene expression changes are causally related to
the limitation of pathogen growth. The majority of
genes known to be important for plant immunity have
regulatory effects, not direct effects on limiting patho-
gen growth. There are a number of possible explana-
tions for why the expression pattern of CBP60g
correlates with Pma resistance while other genes do not.
CBP60g and SARD1 play partially overlapping roles in
positively regulating PTI (Wang et al., 2011). Perhaps
CBP60g itself is needed for PTI resistance. It seemsmore
likely that genes expressed with the same pattern as
CBP60g are collectively critical for PTI resistance. This is
plausible, as a group of genes coexpressed with
CBP60g, SARD1, and ICS1 include many genes with
known roles in immunity (Truman and Glazebrook,
2012). The correlation observed between CBP60g ex-
pression and PTI resistance may be due to a combina-
tion of the broad effects of CBP60g in the activation of
immune responses (Sun et al., 2015) and the coordi-
nated expression of CBP60g and other responses causal
to effective PTI. If an RNA-seq data set collected over a
time course following flg22 or mock treatment of wild-
type and cbp60a plants was available, it would be pos-
sible to determine how many and which genes have
expression patterns similar to CBP60g. It might then be
worthwhile to test these for effects on PTI. Another
possible explanation rests on the hypothesis that the
resistance effect of PTI results from the cumulative ef-
fects of many gene expression and physiological
changes. The net effect of cbp60a on PTI resistance is to
extend it over time. This does not require the expression
of each of the genes contributing to this net effect to be
similarly extended over time.

In our previous study, we did not detect the en-
hanced PTI effect in cbp60a (Truman et al., 2013). This
disparity is likely attributable to a combination of dif-
ferences in the experimental conditions, including the
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concentration of flg22 used and the duration of
pathogen growth. Here, we used a lower concentra-
tion of flg22 (0.1 rather than 1 mM) to avoid saturating
the system. Consistent with our finding that the effect
of cbp60a can only be detected after defense responses
are activated (Fig. 7), the 2-dpi Pma growth used
previously in the PTI assay led to lower bacterial ti-
ters in both mock- and flg22-treated cbp60a plants
relative to wild-type plants, which resulted in a
smaller PTI effect over 2 d of pathogen growth
(Truman et al., 2013).

We have demonstrated that CBP60a is involved in
ending the immune response triggered by the bacterial
MAMP flg22 and affects the duration of flg22-PTI. This
is not mutually exclusive with the observation that
many Pma-responsive genes had higher transcript
levels in cbp60a than in the wild type following mock
treatment (Figs. 3 and 4A), which, in this RNA-seq ex-
periment, was water infiltration with needleless sy-
ringes. Although not as potent as Pma or flg22 for
inducing gene expression, water infiltration can trigger
a smaller yet measureable pulse in the transcript levels
of many genes. This transient increase in transcript
levels also might be regulated by CBP60a in ways
similar to those we have described in this study; hence,
in mock-inoculated cbp60a, those genes had higher
mRNA levels. It would be interesting to test whether
this function of CBP60a is general to other MAMP
treatments and whether CBP60a plays similar roles in
other plant species.

It is likely that the transient nature of PTI is important
for plant fitness. However, to date, we have not noticed
any penalty on growth or reproduction in cbp60a, even
in plants treated with flg22 or challenged with Pma. It is
possible that the effect of such one-time activation of
immune signaling is negligible or that an effect too
small for us to notice is nevertheless sufficient to affect
fitness. We did observe stunted growth and early se-
nescence in cbp60a cml46 cml47 plants (Supplemental
Fig. S3), which have high expression levels of CBP60g
and high SA accumulation, suggesting that sustained
high PTI responses compromise growth.

CML46 and CML47 contributed to repressing
CBP60g expression in the absence of Pma or flg22 as
well as following flg22 treatment. While CBP60a did
not have this effect, cbp60a cml46 cml47 plants exhibited
sustained high CBP60g expression under all conditions.
This may result from the combined effects of the ele-
vated expression in cml46 cml47 coupled with the re-
duced ability to shut down CBP60g expression caused
by the cbp60a mutation. CML46 and CML47 are CaM-
like proteins that are both predicted to contain a pair of
EF-hand domains that bind Ca2+ (Zhu et al., 2015).
Given the coexpression pattern among CML46, CML47,
CBP60g, SARD1, and SID2 (Truman and Glazebrook,
2012), as well as the set of genes that are coregulated by
CML46, CML47, CBP60g, and SARD1 (Fig. 4F), it is
possible that either or both CML46 and CML47 might
competewith the canonical CaMproteins for binding to
CBP60g and, hence, modulate the activity of CBP60g as

a transcription factor. Or, theymight affect the activities
of other CaM-binding proteins important in immune
signaling. Alternatively, CML46 and CML47 could act
as calcium buffers that modulate the calcium concen-
tration available to canonical CaM proteins during
immune signaling, and their coexpression pattern may
reinforce the timing of the calcium-buffering effect. This
calcium-buffering property of CaM has been described
using hippocampal CA1 pyramidal cells (Faas et al.,
2011).

CBP60a and CBP60g belong to the same family of
plant-specific CaM-binding proteins. CBP60g has been
shown to act as a transcription factor and directly target
the promoters of various genes that it regulates (Zhang
et al., 2010; Sun et al., 2015). It is possible that CBP60a
exhibits similar behaviors but counteracts CBP60g by
competing for common targets, which results in op-
posing mutant phenotypes. However, the facts that the
expression ofCBP60a is only induced to a fraction of the
level of CBP60g after Pma challenge and that the effect
of cbp60a is genetically epistatic to cbp60g (Truman
et al., 2013) suggest that direct competition between
CBP60a and CBP60g is unlikely to produce the ob-
served mutant phenotypes. We hypothesize that
CBP60a might directly repress the expression of
CBP60g and other positive immune regulator genes by
targeting their promoters and/or indirectly regulating
them by activating the expression of other negative
regulators. Identifying the targets of CBP60a, as well as
any interaction partners of CML46 and CML47, would
enhance our understanding of the negative regulatory
mechanisms modulating PTI signaling.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) wild-type Col-0, cbp60a-1 (At5g62570,
SALK_124410), cml46 (At5g39670, SALK_127471), cml47 (At3g47480, SK31780),
cml46 cml47 (generated in this study by crossing cml46 and cml47), cbp60a-
1 cml46 cml47 (generated in this study by crossing cbp60a-1 and cml46 cml47),
cbp60g-1 sard1-2 (Wang et al., 2011), and sid2-2 (Wildermuth et al., 2001) were
grown in autoclaved BM2 germinating mix (Berger) soil in a growth chamber
(Conviron) at 22°C and 75% relative humidity on a 12-h-light/12-h-dark cycle
at light intensities of 100 mmol m22 s21. Where not otherwise specified, cbp60a
refers to cbp60a-1, cbp60g refers to cbp60g-1, sard1 refers to sard1-2, and sid2 refers
to sid2-2.

Pathogen Growth and flg22-PTI Assays

For pathogen growth assays, Pseudomonas syringae pvmaculicola ES4326 was
cultured in King’s B medium supplemented with 100 mg L21 streptomycin at
26°C until saturation. The inoculum was prepared as a suspension of Pma
ES4326 at OD600 = 0.0002 (approximately 13 105 colony-forming units mL21) in
5 mMMgSO4 solution. Inoculation was conducted 3 to 5 h after subjective dawn
by infiltrating the inoculum into the underside of plant leaves with a needleless
syringe. Inoculated plants were kept under the same growth conditions until
collection for bacterial titer quantification. The collected leaf tissues were ho-
mogenized in 5 mM MgSO4, serially diluted, and spread onto King’s B agar
supplemented with 100 mg L21 streptomycin. After incubation for 2 d at 26°C,
colony-forming units were counted to calculate pathogen growth.

For flg22-PTI assays, 0.1 mM flg22 or water was infiltrated into the underside
of leaves at indicated time points prior to Pma inoculation. The remaining
procedures were the same as in the Pma growth assay.
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Mutant Complementation

To complement the cml46 and cml47 mutants, their native promoter and
coding sequence, omitting the stop codon, were cloned from wild-type Col-0
with the primers listed in Supplemental Table S9 and ligated into pCR8/GW/
TOPO vector (Invitrogen) as entry clones. The genomic sequences of 2,248- and
1,435-bp promoter regions upstream of the predicted translation start sites were
cloned for CML46 and CML47, respectively. The correct constructs confirmed
by Sanger sequencing were cloned subsequently into destination binary vectors
via LR reactions. To complement cml46, the construct was cloned into pEAR-
LEYGATE301 (Earley et al., 2006), resulting in pEG301-CML46pro::CML46. For
cml47, the construct was cloned into pMDC107 (Curtis and Grossniklaus, 2003),
resulting in pMDC107-CML47pro::CML47. Both destination constructs were
transformed into Agrobacterium tumefaciens strain GV3101 (pMP90), which was
used to transform the corresponding mutants by floral dip (Clough and Bent,
1998). Plants of the T0 and T1 generations of successfully transformed cml46
plants were selected by spraying with 300mL of Basta in 500mL of water (Bayer
Cropscience; active ingredient, 18.19% [w/v] glufosinate ammonium). Plants of
the T0 and T1 generations of successfully transformed cml47 plants were se-
lected on Murashige and Skoog medium supplemented with 10 g L21 Suc,
20 mg L21 hygromycin, and 250 mg L21 carbenicillin. Offspring plants from the
T3 generation were tested for Pma growth.

Quantification of SA

Free and total SA contents were determined using an Acinetobacter sp.
ADPWH_lux-based biosensor strain as described previously (Defraia et al.,
2008). Plant leaf samples were collected at indicated time points following no
treatment (untreated) or infiltration with water (mock), 1 mM flg22, or Pma
(OD600 = 0.002). For each sample, four leaf discs from two leaves of one plant
were cut with a cork borer (6 mm diameter), frozen in liquid nitrogen, and
homogenized. Each sample was equivalent to approximately 17 mg of leaf
tissue. Samples were mixed with 100 mL of 0.1 M sodium acetate buffer (pH 5.6)
and centrifuged for 15 min at 16,000g at 4°C. The supernatant was divided into
two aliquots: 80 mL of supernatant was used to determine free SA; the
remaining 20 mL was diluted with 75 mL of acetate buffer, and 0.4 units of
b-glucosidase (G0395; Sigma-Aldrich) in 5 mL of buffer was added. These
samples were incubated at 37°C for 90 min and used to measure total SA,
consisting of free SA and SA glucosides. Three technical replicates per sample
were measured. For this, 20 mL of extract was combined with 50 mL of Luria-
Bertani medium and 50 mL of Acinetobacter sp. ADPWH_lux culture grown in
Luria-Bertani medium to OD600 = 0.4 on white 96-well microtiter plates
(E150633M; Greiner Bio-One) and incubated for 1 h at 37°C. Luminescence was
measured for 1 s using a luminometer (Centro LB 960; Berthold Technologies).
SA content was determined in comparison with standards of known SA con-
centrations in extracts derived from the sid2-2 mutant, which does not accu-
mulate pathogen-induced SA.

RT-qPCR Analysis of Gene Expression

The extraction of RNA from plant leaf tissues was performed with TRIzol
reagent (Life Technologies) following the manufacturer’s protocol. Transcript
abundance was determined by RT-qPCR using the SuperScript III Platinum
SYBR Green One-Step RT-qPCR Kit (Invitrogen) in a LightCycler 480 instru-
ment (Roche). The system-reported Cp (crossing point-PCR-cycle) values
using the second derivative maximum method were used for data analysis.
Gene expression levels were normalized to the expression levels of ACTIN2
measured from the same RT-qPCR run. Primers used for CBP60g, FRK1,
VSR6, WRKY29, CML46, CML47, and ACTIN2 are listed in Supplemental
Table S9.

RNA-seq Analysis

Plants of the indicated genotypeswere grown to 30d old, and the leaveswere
infiltrated with either a suspension of Pma ES4326 (OD600 = 0.002) in 5 mM

MgSO4 or 5 mM MgSO4. Leaf tissues were collected at 24 h post treatment and
frozen in liquid nitrogen until used for RNA extraction.

The preparation of RNA-seq libraries from total RNA was performed using
the Smart-3SEQ method (Foley et al., 2018), which was adapted from the 3SEQ
method (Beck et al., 2010). The libraries were multiplexed and sequenced as
50-bp single reads on an Illumina HiSeq 2500 instrument. For each sequenced
library, reads were aligned to the Arabidopsis reference genome (TAIR10)

based on gene models from Araport11_20151202 (Cheng et al., 2017) using
STAR aligner (version 2.4.2a; Dobin et al., 2013), and transcript counts for each
gene were determined with the unique molecular identifiers for each sample
(Kivioja et al., 2011) incorporated in the Smart-3SEQ protocol.

The read-count-per-gene data were analyzed with the method described
previously (Hatsugai et al., 2017) with minor modifications. Genes were not
included in the downstream analysis if no transcript was detected for the
gene in more than 60% of the libraries and the fifth largest transcript count
value was less than 20. These criteria resulted in 18,463 genes remaining for
downstream analysis using a negative binomial generalized linear model.
Comparisons of gene expression between genotypes or between treatments
were conducted as Z-tests with mean values and SE estimated from the
negative binomial generalized linear model. The two-tailed P values derived
from all the comparisons were adjusted to q values through a false discovery
rate-based multiple testing correction procedure (Storey and Tibshirani,
2003). Genes that have an absolute value of expression fold change$ 2 and q
# 0.05 in mutant genotypes compared with the wild type are considered
differentially expressed. Genes that are expressed higher or lower in the Col-
0 wild type following Pma treatment relative to mock treatment by 2-fold or
greater and q # 0.05 are termed Pma induced or Pma suppressed, respec-
tively.

Hierarchical clustering analysis was performed on the Pma-induced and
Pma-suppressed sets, including genes differentially expressed in cbp60a or
cml46 cml47 after mock or Pma treatment. In total, 690 Pma-induced and
635 Pma-suppressed genes were selected. Hierarchical clustering was per-
formed for genes using Pearson correlation. Visualization of the hierarchical
clustering as heat maps was made using the ComplexHeatmap package (ver-
sion 1.14.0; Gu et al., 2016) from the Bioconductor project in the R environment
(version 3.4.1; Venables and Ripley, 2010).

GO Enrichment Analysis

TheGOenrichment analysis of differentially regulated geneswas performed
asaPANTHERoverrepresentation test (release 20170413)with theGObiological
process for Arabidopsis reference in the GO database (release 20170926). The P
values reported were adjusted with the Bonferroni correction for multiple
testing.

Mathematical Modeling of CBP60g Expression Kinetics

The data used for modeling were a subset of the data presented in Figure 5.
The data points at 72 and 96 h after 0.1 mM flg22 treatment were excluded be-
cause the expression levels of CBP60g had passed the decaying phase and
remained close to the basal levels; thus, they could not be captured by our
model, which does not include a basal level. Two outliers in Col-0 at 10 h after
low-concentration flg22 treatment also were removed from the data set because
they were abnormally low and we suspected technical errors. There were
217 observations in total used in model fitting.

To estimate s during the maximum likelihood estimation procedure, we
assumed that the CBP60g expression values followed a log-normal distribu-
tion at all nonzero time points with homogenous SD of the associated normal
distributions, regardless of the genotype and treatment concentration. We
applied a bootstrap approach to estimate SD values. For every nonzero time
point in one case, we resampled the observations with replacement 200 times
and the data in each bootstrapped set were fitted with log-normal distribu-
tion. After sorting the s values estimated from the bootstrapped data sets, we
formed a 95% point-wise confidence band from the percentiles at each time
point: we found the 2.5%3 200 = fifth largest and smallest values at each time
point. We inferred 48 95% confidence intervals (8 time points 3 2 concen-
trations 3 3 genotypes) and estimated the SD value that can be applied to the
whole time course. We selected the value that intersects most confidence
intervals and set it to 0.4 (Supplemental Fig. S12). Further analysis showed
that the regression results were not sensitive to the values of s in the sense
that the equivalence pattern of the parameter sets does not change as s

changes.
We constructed the likelihood function based on the foregoing assumptions

and found the parameter values that maximize the function using the fmincon
function in Matlab. The likelihood of the parameter set w is defined as the
probability density function of the observation y givenw. Since the observations
are assumed independent, we computed the likelihood function by multipli-
cation of the probability density of all the observations given a parameter set w,
which is pending to be estimated.
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LðwjyÞ ¼ fðyjwÞ ¼ fðy1; y2;.; ynjwÞ
¼ fðy1jwÞfðy2jwÞfðy3jwÞ.fðynjwÞð1# i# nÞ

with LðwjyÞ, likelihood of the parameter w given the observed data y; fðyjwÞ,
probability density function of observation y given w; fðyijwÞ, probability
density of observation yi given w. The probability density of the observation yi
given parameter set w, fðyijwÞ, is equal to the likelihood of observation yi for
the log-normal distribution with parameters m and s. s is estimated as men-
tioned, and the differential equation predicts the value of m at the time point
corresponding to the observation. We computed the likelihood LðwjyÞ in this
way and found the parameter set w that maximizes the likelihood function.

The modeling process was performed in Matlab.9.0.0.341360 (R2016a).

Statistical Analysis

Data analyses for 3-dpi Pma growth, SA measurement, and RT-qPCR ex-
periments were performed using the lmer function in the lme4 package in the R
environment (version 3.4.1; Venables and Ripley, 2010). Analyses for deter-
mining additive effects between mutants and comparing PTI effects were
performed using the lme function in the nlme package in the R environment.
When applicable, experiment factor and pot factor were included as random
effects in the analyses. For analyses involvingmultiple-comparison procedures,
the associated P values were adjusted to q values based on a false discovery rate
approach established previously (Benjamini and Hochberg, 1995).

Accession Numbers

Accession numbers are as follows: CBP60a (At5g62570), CBP60g
(At5g26920), SARD1 (At1g73805), CML46 (At5g39670), CML47 (At3g47480),
and SID2/ICS1 (At1g74710). RNA-seq data have been deposited into the Na-
tional Center for Biotechnology Information’s Gene Expression Omnibus under
accession number GSE100187.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Characterization of T-DNA alleles of cml46 and
cml47.

Supplemental Figure S2. Complementation of cml46 and cml47.

Supplemental Figure S3. Phenotypic comparisons of wild-type, cbp60a,
cml46 cml47, and cbp60a cml46 cml47 plants.

Supplemental Figure S4. Expression of marker genes of plant immunity in
different genotypes.

Supplemental Figure S5. Expression of CBP60g in untreated plants.

Supplemental Figure S6. Kinetics of CBP60g in wild-type and cbp60a
cml46 cml47 plants following mock or flg22 treatments.

Supplemental Figure S7. Regression of the CBP60g expression kinetics
data with best BIC-selected models.

Supplemental Figure S8. Mutations in cbp60a and cml46 cml47 alter kinet-
ics of flg22-induced FRK1 and VSR6 expression but not WRKY29.

Supplemental Figure S9. PTI induced by flg22 in Col-0 and fls2 plants.

Supplemental Figure S10. Synergy between cbp60a and cml46 cml47 for
shutting down flg22-PTI.

Supplemental Figure S11.Measurement of free SA at 72 h after treatments.

Supplemental Figure S12. Illustrative graph for the 95% confidence inter-
vals of the data SD for each genotype-treatment combination at each time
point.

Supplemental Table S1. q values of the CBP60g transcript level compari-
sons made in Figure 5.

Supplemental Table S2. Regression analysis result for CBP60g based on
maximum likelihood estimation.

Supplemental Table S3. Four parameter sets for m and k.

Supplemental Table S4. Five equivalence patterns within the parameter set.

Supplemental Table S5. Top 10 BIC-selected model structures.

Supplemental Table S6. Regression analysis result for FRK1 based on
maximum likelihood estimation.

Supplemental Table S7. Regression analysis result for VSR6 based on
maximum likelihood estimation.

Supplemental Table S8. Regression analysis result for WRKY29 based on
maximum likelihood estimation.

Supplemental Table S9. PCR primers used in this study.

Supplemental Data Set S1. RNA-seq data analysis for a set of 3,614 genes
showing significant difference between the mutant and the wild type in
any genotype-treatment combination.
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