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The MOBI proteins are highly conserved in yeasts, animals, and plants. Previously, we showed that the Arabidopsis (Arabidopsis
thaliana) MOB1A gene (AtMOB1A/NCP1) plays critical roles in auxin-mediated plant development. Here, we report that
AtMOBI1A and AtMOBIB redundantly and negatively regulate jasmonate (JA) accumulation and function in Arabidopsis
development. The two MOBI genes exhibited similar expression patterns, and the MOB1 proteins displayed similar
subcellular localizations and physically interacted in vivo. Furthermore, the atmobla atmoblb (mobla/1b) double mutant
displayed severe developmental defects, which were much stronger than those of either single mutant. Interestingly, many
JA-related genes were up-regulated in mobla/1b, suggesting that AtMOB1A and AtMOB1B negatively regulate the JA pathways.
mobla/1b plants accumulated more JA and were hypersensitive to exogenous JA treatments. Disruption of MYC2, a key gene in
JA signaling, in the mobla/l1b background partially alleviated the root defects and JA hypersensitivity observed in mobla/1b.
Moreover, the expression levels of the MYC2-repressed genes PLT1 and PLT2 were significantly decreased in the mobla/1b
double mutant. Our results showed that MOB1A/IB genetically interact with SIKI1 and antagonistically modulate JA-related
gene expression. Taken together, our findings indicate that AtMOB1A and AtMOBIB play important roles in regulating

JA accumulation and Arabidopsis development.

The Hippo signaling pathway was first described in
animals. It plays pivotal roles in controlling cell prolif-
eration, apoptosis, organ growth, and tissue homeo-
stasis (Pan, 2010). Dysregulation of the pathway causes
various cancers (Harvey et al., 2013). The core compo-
nents of the pathway, including the Ste20-like kinases
MST1/2, the AGC kinase NDR/LATS, and the kinase
regulators MOB1 and Sav, form a kinase cascade. Sav
interacts with MST1/2 and activates its kinase activity.
MST1/2 phosphorylates NDR/LATS kinase and MOBL1.
Subsequently, MOB1 interacts with NDR/LATS and
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regulates kinase activity of the latter. The activated NDR/
LATS in turn phosphorylates and inactivates the tran-
scriptional coactivator YAP/TAZ (Hansen et al., 2015).

The MOBI proteins are highly conserved from yeast
(Saccharomyces cerevisiae) to plants and animals (Lai et al.,
2005; Cui et al., 2016). The yeast MOBI is an essential
gene required for completion of mitosis and mainte-
nance of ploidy (Luca and Winey, 1998). In Drosophila
(Drosophila melanogaster), disruption of MOB1/Mats re-
sults in increased cell proliferation, defective apoptosis,
and induction of tissue overgrowth (Lai et al., 2005).
In humans (Homo sapiens), among the 7 homologs of
yeast MOB (hMOB1A, hMOB1B, hMOB2A, hMOB2B,
hMOB2C, hMOB3, and hMOB4), hAMOB1A and hMOB1B
share more than 95% sequence identity /similarity. A bi-
ochemical characterization of hMOBs showed that only
hMOBI1A and hMOBIB interact with both LATS1 and
LATS?2 to regulate cell proliferation and apoptosis (Chow
et al., 2010). In mouse (Mus musculus), the mobla/1b
double mutant showed cancer susceptibility and em-
bryonic lethality (Nishio et al., 2012). Mobla/1b double
mutation in mouse liver results in the death of more than
half of mutant mice within 3 weeks of birth. All survivors
eventually develop liver cancers and die by age 60 weeks
(Nishio et al., 2016). In addition, tamoxifen-inducible,
chondrocyte-specific Mobla/b-deficient mice had chon-
drodysplasia (Goto et al., 2018).

The Arabidopsis (Arabidopsis thaliana) genome contains
four MOBI genes: AtIMOB1A, AtMOB1B, AtMOBIC, and
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AtMOBID (Citterio et al., 2006; Vitulo et al., 2007; Cui
et al., 2016). AtMOBIA is required for tissue patterning
of the root tip, and sporophyte and gametophyte devel-
opment (Galla et al., 2011; Pinosa et al., 2013). Recently,
we reported that AtMOBI1A plays critical roles in auxin-
mediated plant development (Cui et al, 2016). The
atmobla mutant genetically interacts with mutants in
auxin biosynthesis, signaling, and transport in many
developmental processes. Interestingly, the defects of
atmobla can be fully rescued by the Drosophila MOB1
gene Mats, suggesting conserved gene functions among
different species (Cui et al., 2016). It was shown that
AtMOBI1A and AtMOB1B interact with SIK1, a Hippo/
STE20 homolog, and regulate cell proliferation and ex-
pansion in Arabidopsis (Xiong et al., 2016). These find-
ings demonstrate that AtMOBIA plays important roles
in plant development. However, the functions of other
Arabidopsis MOB1 genes remain to be elucidated.

Jasmonates (JA) are a group of phytohormones in-
cluding jasmonic acid and its derivatives. They are
important in regulating plant growth and develop-
ment, and plant responses to biotic and abiotic stresses.
Jasmonic acid is synthesized from a-linolenic acid via
the octadecanoid pathway in plastids and peroxisomes.
Following synthesis, jasmonic acid is exported from the
peroxisomes into the cytoplasm, where it is conjugated
with Ile to produce bioactive JA-Ile. In the JA signaling
pathway, JA-Ile promotes the interaction between the
JA receptor COI1 and JAZ proteins. JAZ can be ubig-
uitinated and degraded by the 26S proteasome, leading
to the release of MYC2, the major transcription factor
of JA-mediated gene expression. Consequently, the JA
responsive gene expression and JA responses are acti-
vated (Huang et al., 2017).

Here we show that the mobla/1b double mutant dis-
plays severe developmental defects at the seedling stage.
AtMOBIB expression was similar to that of AtMOBIA,
and the two MOBI proteins interacted with each other
in vivo. Transcriptomic analysis indicated that the ex-
pression levels of many genes in the JA pathways were
increased in the mobla/lb double mutant. JA contents
were also significantly increased in mobla/1b. Consis-
tently, mobla/1b displayed hypersensitivity to exogenous
JA treatments and the expression of MYC2, which
encodes a key transcription factor in JA signaling, was
increased. Moreover, myc2 partially suppressed the
developmental defects of mobla/lb. We found that the
expression levels of MYC2-repressed PLT1 and PLT2 in
the mobla/1b double mutant were significantly decreased.
We conclude that AAMOB1A and AtMOBI1B regulate JA
accumulation, and plant growth and development.

RESULTS

AtMOBI1A and AtMOBI1B Redundantly Control
Plant Development

There are four MOBI genes in Arabidopsis, namely
AtMOB1A, AtMOBI1B, AtMOBIC, and AtMOBI1D
(Citterio et al., 2006; Vitulo et al., 2007; Cui et al.,
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2016). AtMOB1A and AtMOBI1B form a subgroup,
whereas AtMOBI1C and AtMOBI1D form another clade
(Fig. 1A). Previously, we reported that the loss-of-
function MOB1A mutants, mobla-1 and mobla-2, de-
veloped short roots and displayed small floral organs
and reduced fertility compared with wild type (Cui
et al., 2016).

To define functions of the other AtMOBI genes, we
obtained transfer DNA (T-DNA) insertion mutants,
denoted mob1b-1, moblc-1, and mobld-1 (Fig. 1B), from
the Nottingham Arabidopsis Stock Center. Reverse
transcription-PCR (RT-PCR) analysis indicated that
all of the mutations appeared null (Supplemental Fig.
S1A). However, no obvious developmental defects
were observed in the single mutants, suggesting that
the MOBI1 genes may have overlapping functions. We
then generated the double and triple mutant combina-
tions (Fig. 1, C-J). Because MOBIC (At5320430) and
MOBID (At5520440) are located in tandem on Chromo-
some V, it is impossible to generate the double mutant or
the quadruple mutant by genetic crossing. We thus con-
structed the mobla-2 mobl1b-1 moblc-2 mobld-1 quadruple
mutant (mobla-2/b-1/c-2/d-1) using CRISPR/Cas9 gene
editing technology (Gao et al., 2016; Zeng et al., 2018;
Fig. 1K; Supplemental Fig. S1B) in the mobla-2+/~/mob1b-
1/mob1d-1 (mobla-2+/~/b-1/d-1) background.

The seedlings of mobla-2/b-1*/~ displayed smaller
cotyledons, shorter roots, and a longer hypocotyl than
single mutants and wild type (Fig. 1, D and E). The si-
liques of mobla-2/b-17/~ adult plants were very short
and completely sterile (Fig. 1, F and G). On the other
hand, the mobla-2*/~/b-1 mutant resembled mob1b-1.
These results indicated that AfMOB1B became haploid
insufficient in the mobla mutant background. The mobla-
2/b-1 seedlings were very tiny, and their development
was significantly retarded. The 21-d-old double-mutant
plants had much smaller leaves and shorter roots
compared with wild type and the single mutants
(Supplemental Fig. S2). To confirm that the pheno-
types were caused by the mutations in AtMOB1A and
AtMOBI1B, we carried out genetic complementation
experiments. Transformation of mobla-2/b-1 with the
AtMOBIA genomic fragment resulted in plants that
were similar to mob1b-1. We also found that mobla-
2/b-1 plants harboring the AtMOB1B transgene behaved
similarly to mobla. Our results demonstrate that the strong
developmental defects observed in the mobla-2/b-1 mu-
tant are caused by the disruption of both AtMOB1A and
AtMOBIB (Supplemental Fig. S3).

The mobla-1/b-1/c-1 and mobla-2/b-1/d-1 triple mutants
and the mobla-2/b-1/c-2/d-1 quadruple mutant displayed
phenotypes similar to that of mobla-2/b-1 (Fig. 1, H-]).
Moreover, the moblc-2/d-1 double mutant segregated
from the mobl1/a-2/b-1/c-2/d-1 quadruple mutant similar
to the moblc-1 and mobld-1 single mutants and wild-
type plants (Fig. 1L). These results suggest that AIMOBIA
plays a more predominant role than AtMOBIB.
AtMOB1A and AtMOBI1B appear to be more impor-
tant in regulating plant development than AtMOB1C
and AtMOBI1D under our growth conditions. We
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therefore focused on AtMOB1A and AtMOBIB in
this work.

AtMOBI1A and AtMOBI1B Show Similar
Expression Patterns

To investigate the expression patterns of AtMOBI1A
and AtMOB1B, we made constructs containing AtMOBIA
or AtMOB1B genomic DNA sequences fused with the
GUS gene, which were then expressed in wild-type
plants. AtMOBIA-GUS and AtMOBI1B-GUS were
expressed with very similar patterns in cotyledons,
true leaves, trichomes, root hairs, primary and lateral
roots of seedlings, and floral organs (Supplemental Fig.
5S4, A-F and H-M).

We also generated transgenic plants containing
AtMOBIB genomic DNA sequence fused with the
GFP gene. AtMOB1B-GFP was expressed in the roots,
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mobla-2 Figure 1. Analysis of loss-of-function

atmobTmutants. A, A phylogenetic tree
of AtMOBT1 family proteins. B, Schematic
representation of AtMOBT gene structures
and positions of the T-DNA insertion. The
5-bp deletion in moblc-2 mutant was
designated as “Del-agGAG” in AtMOB1C.
C and D, 6-d-old seedlings of Col-0,
mob1a-2, mob1b-1, mobla-2/b-1*/~, and
mob1Ta-2/b-1 mutants. E, Electron micro-
graph of a mobia-2/b-1 double-mutant
seedling. F and G, Adult plants (F) and si-
liques (G) of Col-0, mobla-2, mob1b-1,
and mobla-2/b-1*—- H to K, 6-d-old
seedlings of mob1a-2/b-1 (H), mob1a-2/b-
1/c-1(1), mob1a-2/b-1/d-1 (}), and mob1a-2/b-
1/c-2/d-1 (K). L, 6-d-old seedlings of Col-0,
mob1c-1, mob1d-1, and mob1c-2/d-1. Scale
bars = 5 mm (C and D) and 100 um (E
and H-K).

mobld-1 moble-2/d-1

and the fusion protein was localized to the nucleus,
cytoplasm, and plasma membrane, similar to AtMOB1A-
GFP (Supplemental Fig. S4, G and N). The subcellular
localization of AtMOB1B-GFP was similar to that of
AtMOB1A-GFP (Cui et al., 2016). These results are con-
sistent with our hypothesis that AtMOB1A and AtMOB1B
redundantly regulate plant development.

AtMOBI1A and AtMOBIB Are Necessary for
Cell Proliferation

The seedlings of the mobla-2/b-1 mutant had very
short roots. The lengths of the root elongation zone and
the meristem zone were dramatically decreased in the
mobla-2/b-1 mutant (Fig. 2, A—C). The cell numbers of
the elongation zone and the meristem zone were also
significantly reduced in the double mutant (Fig. 2, D and E).
Moreover, the root cap columella of mobla-2/b-1 was
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much smaller (Fig. 2, F and G). These results suggest that
cell division activities are abnormal in mobla-2/b-1. To
test this hypothesis, we used CYCB1,;1:GUS, which is a
widely used marker for the G2/M phase of the cell cy-
cle (Colén-Carmona et al., 1999). We introduced this
marker into the mobla-2/b-1 double and single mutant
backgrounds by genetic crossing. The expression of
CYCB1;1:GUS was decreased significantly in mobla-2
and slightly in mob1b-1 single mutants, and was
barely detectable in the mobla-2/b-1 double mutant
(Fig. 2, H and I). These results suggest that both
MOBI1A and MOBI1B are important for cell prolifer-
ation in Arabidopsis roots.

AtMOBI1A Physically Interacts with AtMOB1B

We tested whether AtMOB1A and AtMOBIB physi-
cally interact with each other. We carried out an coim-
munoprecipitation (Co-IP) assay in Nicotiana benthamiana
leaves, which were cotransformed with yellow fluores-
cent protein (YFP)-tagged AtMOBI1B and FLAG-tagged
AtMOBI1A. The proteins were immuno-precipitated
using anti-GFP beads and detected with FLAG anti-
body. Our results clearly indicated that AtMOB1A and
AtMOB1B physically interact in N. benthamiana leaves
(Fig. 3A).

We also performed immunoprecipitation mass spec-
trometry (IP-MS) experiments using Arabidopsis seed-
lings transformed with 355::AtMOB1A-FLAG. Total
protein was extracted from seedlings and immuno-
precipitated with anti-FLAG antibody beads. The
candidate interacting proteins were then identified by
mass spectrometry. A total of 11 AtMOBI1A/B pep-
tide sequences were detected as AtMOB1A-interacting
proteins. Although nine of these were shared by
AtMOBI1A/B, the other two were AtMOBIB specific
(Supplemental Table S1), indicating that AtMOB1A and
AtMOBIB interacted in the IP-MS assay in Arabidopsis.

To further confirm the interaction, we carried out the
firefly luciferase complementation imaging (LCI) assay
(Chen et al., 2008). The results indicated that AtMOB1A
directly interacts with AtMOBI1B in N. benthamiana
leaves (Fig. 3B). Combined, these experiments show
that AtMOBI1A interacts with AtMOBIB in vivo.

AtMOBI1A and AtMOB1B Negatively Regulate the
JA Pathways

To identify differentially expressed genes (DEGs)
between the mobla-2/b-1 mutant and wild type, we
performed RNA-sequencing (RNA-seq) analysis using
10-d-old seedlings of mobla-2/b-1 and Col-0, with three
biological repeats included of each genotype. A total of
1202 DEGs were identified, including 725 up-regulated
and 477 down-regulated genes (Supplemental Table S2).
Gene Ontology (GO) analysis revealed that many genes
in the JA biosynthetic, metabolic, and signaling path-
ways were significantly enriched (Fig. 4A). In addition,
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genes involved in several JA-related biological processes
were also enriched, including glucosinolate biosynthetic
and metabolic processes, and responses to insects and
wounding (Huang et al.,, 2017, Wasternack and Song,
2017; Fig. 4A; Supplemental Table S3).

We identified 89 JA-related DEGs in mobla-2/b-1,
which include 83 up-regulated and 6 down-regulated
genes (Supplemental Table S54). First, the expression of
many pivotal genes in JA biosynthesis, including the
four 13-LOXs, AOS, AOC, OPR3, and OPCL were dra-
matically up-regulated (Fig. 4B). Second, JARI, ILL6,
IAR3, ST2A, JOX, CYP94B3, and CYP94C1 were also
up-regulated, which encode enzymes that catalyze a
number of key metabolic processes of JA and JA-Ile,
including hydrolysis, sulfation, hydroxylation, and
carboxylation (Fig. 4C). Third, five JAZs and MYC2 in
the JA signaling pathway were markedly up-regulated
(Fig. 4D). Moreover, some genes involved in response
to JA, such as VSP2, TAT3, and JR2, were also up-
regulated (Fig. 4D; Supplemental Table 54).

To validate the RNA-seq results, we carried out RT-
quantitative PCR (qPCR) analysis. The results con-
firmed the increased expression of the up-regulated
DEGs in mobla-2/b-1 compared with that in the sin-
gle mutants and wild type (Fig. 4, E-G). Therefore,
AtMOBI1A and AtMOB1B likely negatively regulate
JA biosynthetic, metabolic, and signaling pathways.

JA Content Is Significantly Increased in the mobla-2/b-1
Double Mutant

The up-regulation of many genes involved in JA
biosynthesis, metabolism, and signaling in the mobla-
2/b-1 double mutant may lead to an alteration of JA
concentrations. To test this hypothesis, we measured
endogenous JA contents using the gas chromatography-
mass spectrometry (GC-MS) method. Indeed, JA content
in the mobla-2/b-1 mutant was dramatically increased
compared with that in the single mutants and wild-type
plants. JA content was similar in the single mutants and
wild type (Fig. 5A). These results suggest that AAMOB1A
and AtMOBI1B negatively regulate JA accumulation.

The mobla-2/b-1 Double Mutant Is Hypersensitive to
Exogenous Me-JA Treatment

It is known that JA can promote leaf senescence (He
etal., 2002; Xiao et al., 2004; Shan et al., 2011). We tested
whether the mob1 single and double mutants respon-
ded to exogenous JA treatments differently than wild
type. The 5-d-old seedlings of wild type, mobla-2, and
moblb-1 single mutants, and the mobla-2/b-1 double
mutant were transferred onto half-strength Murashige
and Skoog plates containing different concentration (0,
10, 25, 50, 100, and 200 uM) of Me-JA and grown for a
further 14 d. The leaves of the double mutant became
senescent and yellow when treated with Me-JA at
100 um and 200 pMm, whereas the wild type and the

Plant Physiol. Vol. 182, 2020
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Figure 2. The mob1ia-2 b-1 mutant displays strong defects in root tips. A, The root tips of 6-d-old seedlings of Col-0, mob1a-2,
mob1b-1, and mob1a-2/b-1 mutants are shown. The meristem zone is marked with two arrowheads. B to E, Measurements of
the lengths of root elongation zone (B) and meristem (C), and cell numbers in elongation zone (D) and meristem (E). F, Root tips of
6-d-old seedlings stained with FM4-64. G, The columella root cap cell of 6-d-old seedlings revealed by Lugol staining. H,
CYCB1;1:GUS expression in the root of 6-d-old seedlings. I, Quantification of cells with CYCB1,;1:GUS signal in (H). Data
represent means * sp. Different letters represent the significance at the P < 0.001 level (one-way ANOVA, LsD test); n > 20. Scale
bars = 200 um (A) and 50 um (F-H).
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AtMOB1A-Flag + -+ - + +
AtMOBIB-YFP - + + + -+

B 9000

4
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cLUC-MOBIB,

4500

Figure 3. Physical interaction between AtMOB1A and AtMOB1B proteins
in vivo. A, Co-IP assay of AIMOB1A and AIMOB1B. AtMOB1B-GFP was
immunoprecipitated by using anti-GFP agarose beads, followed by im-
munoblot with anti-Flag antibody, and AtMOB1A-Flag was detected. B, LCI
assays showing the interaction between MOB1A and MOB1B in N. ben-
thamiana leaf cells. Left shows the combinations of agrobacteria containing
the indicated plasmids used to coinfiltrate into different leaf regions shown
at right. Empty cLUC and nLUC vectors were used as negative controls. The
experiments were carried out with three independent biological repeats.

single mutants remained green (Supplemental Fig. S5).
In addition, RNA-seq results indicated that several
senescence-associated genes displayed altered expres-
sion in the double mutant (Supplemental Table S5),
including up-regulated Senescence-associated gene 21
(SAG21/AT4G02380), Senescence/dehydration-associated
protein-related A/(AT4G15450), and ERD7/Senescence/
dehydration-associated protein-related (AT2G17840), and
down-regulated Rubisco Activase (RCA), and Senescence-
associated family protein (AT1G66330). These results are
consistent with the observed increase in JA content in
the double mutant.

Disruption of MYC2 Partially Rescues the Developmental
Defects and JA Hypersensitivity of mobla-2/b-1

The increased expression of JA-related genes and JA
content in the mobla-2/b-1 double mutant suggested
that AtMOBIA and AtMOBIB negatively regulate JA
accumulation. To test the biological relevance of these
observations, we analyzed the genetic interaction
between myc2-2 and the mobla-2/b-1 double mutant.
MYC2 encodes a key downstream transcription fac-
tor that regulates diverse aspects of JA responses, and
its expression was also found to be up-regulated in mobla-
2/b-1 (Supplemental Table S4; Fig. 4G). We introduced
the myc2-2 mutation into the mobla-2/b-1 background
by genetic crossing. The myc2-2 mobla-2/b-1 triple
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mutant developed longer roots than the mobla-2/b-1
double mutant (Fig. 5, B-D), indicating that the myc2-2
mutation can partially suppress the root defects of
mobla-2/b-1.

Because MYC2 plays critical roles in activating JA-
induced leaf senescence (Qi et al., 2015), we examined
JA-induced senescence in the myc2-2 mobla-2/b-1 triple
mutant. It was clear that the myc2-2 mutation repressed
the JA hypersensitivity of the mobla-2/b-1 double
mutant. Both the morphological defects and decreased
chlorophyll content of mobla-2/b-1 were suppressed
by myc2-2. (Fig. 5, E and F). These results suggest
that the root defects and JA hypersensitivity of the
mobla-2/b-1 double mutant are partially caused by
overaccumulation of JA, and are dependent on MYC2-
mediated JA signaling.

Expression Levels of PLT1 and PLT2 Are Decreased in the
mobla-2/b-1 Double Mutant

PLETHORA (PLT) 1 and PLT2 encode proteins be-
longing to the AP2 class of transcription factors, and are
essential for root stem cell niche patterning (Aida et al.,
2004; Galinha et al., 2007). It is known that MYC2
represses the expression of PLT1 and PLT2, which re-
stricts root meristem activity and inhibits primary root
growth (Chen et al., 2011). To investigate the expres-
sion of PLT1 and PLT2 in mobla-2/b-1, we introduced
markers pPLTI1:cyan fluorescent protein (pPLT1:CFP)
and pPLT2:CFP (Galinha et al., 2007) into the mutant
backgrounds by genetic crossing. The expression levels
of pPLT1:CFP and pPLT2:CFP were significantly de-
creased in the mobla-2/b-1 double mutant compared
with that in the single mutants and wild type (Fig. 6,
A-D). We further introduced the pPLT1:PLT-YFP and
pPLT2:PLT-YFP fusions (Galinha et al., 2007) into the
mutant backgrounds by genetic crossing, and found
that, in agreement, the resulting protein levels were also
significantly decreased in mobla-2/b-1 compared with
that in the single mutants and wild type (Fig. 6, E-H).
To examine the root stem cell identity, we introduced
the quiescent center marker pWOX5::GFP into the mu-
tant backgrounds by genetic crossing. The GFP signals
were detected in the quiescent center cells (Supplemental
Fig. 56), indicating that the root stem cell identity was
still maintained. These results suggest that up-regulated
MYC2 expression represses PLT1/2 expression in the
mobla-2/b-1 double mutant, which at least partially ac-
counts for the root developmental defects.

Genetic Interaction Between mob1a-2/b-1 and sik1 Mutants

It was previously reported that the Hippo/STE20
homolog SIK1 interacts with MOB1 to regulate cell
proliferation and cell expansion in Arabidopsis (Xiong
et al., 2016). sik] mutant plants are smaller than wild
type (Xiong et al., 2016), and the JA levels in the sik1
mutant are decreased compared with wild type (Zhang
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The expression levels of the indicated genes in Col-0 were set to 1. Error bars = SD of three biological repeats. Different letters indicate
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et al., 2018). We generated a sik1 mobla-2/b-1 triple
mutant by genetic crossing, and found that seed-
lings of the resulting triple mutant were smaller than
mobla-2/b-1 double-mutant seedlings (Fig. 7, A-C).

Because JA levels are increased in mobla-2/b-1 but de-
creased in sikl mutant, we examined the expression of
several JA-responsive genes in these mutant backgrounds.
The expression levels of JAZ1, [AZ2, JAZ5, JAZ9, JAZ10,
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Figure 5. AtMOB1A and AtMOB1B A 3007
negatively regulate JA accumulation. e
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Control

and MYC2 were increased in mobla-2/b-1 but significantly
decreased in the sikl mutant. The expression levels of
these genes were increased in the sik1 mobla-2/b-1 triple
mutant compared with in the sikI mutant (Fig. 7D).
These results suggest that changes to JA-responsive
gene expression caused by the mobla-2/b-1 mutations
were partially alleviated by the sikI mutation in the sik1
mobla-2/b-1 triple mutant, consistent with the observed
differences in JA levels in mobla-2/b-1 and sik1.

DISCUSSION

In this paper, we report that AtMOB1A and AtMOB1B
genetically and physically interact to control Arabidopsis
development. The mobla-2/b-1 double mutant was reduced
in size with severe developmental defects, and the
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expression levels of many genes in the JA biosynthetic,
metabolic, signaling, and responses pathways were up-
regulated. Consistent with these observations, mobla-2/
b-1 accumulated much more JA than the single mutants
and wild type, and the double mutant was hypersensi-
tive to JA treatment. Disruption of the key JA signaling
gene MYC2 partially alleviated mobla-2/b-1 root defects
and JA hypersensitivity. mobla-2/b-1 was associated with
decreased expression of PLT1/2, suggesting that altered
expression of these critical root development genes par-
tially accounts for the observed root defects.

AtMOBI1A and AtMOB1B Interact to Regulate Growth
and Development

Previously, it has been shown that AtMOBIA is im-
portant for many plant development processes (Citterio
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The fluorescence strength of Col-0 was set to 1. Data represent means =+ sp (n = 15). Different letters represent statistical sig-

nificance at the P < 0.001 level (one-way ANOVA, LsD test).

et al., 2006; Pinosa et al., 2013; Cui et al., 2016) and that
AtMOBIA plays critical roles in auxin-mediated devel-
opment (Cui et al., 2016). Although the mobla single
mutant plants displayed strong developmental defects
and the mob1b phenotype was similar to wild type, mobla-
2/b-1 showed an enhanced mutant phenotype compared
with mobla-2 and moblb-1, indicating that AtMOBIA
and AtMOB1B have unique and overlapping functions.
Interestingly, such genetic interaction and redundant or
overlapping function of MOB1A /B were also observed
in mouse. The mouse mobla/b double mutant exhibi-
ted embryonic lethality or severe cancer susceptibility
(Nishio et al., 2012). Mob1a/1b double mutation in mouse
liver resulted in death within 3 weeks of birth or liver
cancers and death by age 60 weeks (Nishio et al., 2016).

On the other hand, AtMOB1A and AtMOBIB pro-
teins physically interact in vivo. The interaction between

Plant Physiol. Vol. 182, 2020

hMOBI1A and hMOBIB was also reported in humans
(Wang et al., 2014), suggesting that the interaction be-
tween these two proteins is also conserved. Previously, it
was reported that Arabidopsis Ser/Thr kinase 1 (SIK1) is
a Hippo homolog and that AtMOB1A and AtMOBI1B
interact with SIK1 (Xiong et al., 2016). These genetic and
physical interactions suggest that SIK1, AtMOB1A, and
AtMOBI1B form a large protein complex. Interestingly,
the sik1 mobla-2/b-1 triple mutant displayed stronger
developmental defects compared with the mobla-2/b-
1 double mutant, suggesting that there might be addi-
tional components involved in regulating the affected
developmental processes. There are 10 SIK1-like genes in
the MAP4 Kinase family (Zhang et al., 2018). It is pos-
sible that other members of the MAP4 family play re-
dundant roles with SIK1. Recently, it was shown that
SIK1 associates with, phosphorylates, and stabilizes the
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Figure 7. Genetic interaction between MOBTA/B
and SIK7. A and B, 12-d-old seedlings of Col-0,
sik1-1, mob1a-2/b-1, and mob1a-2/b-1 sik1-1 mu-
tants. C, Close-up of seedlings in (B). Note the tri-
ple mutant was smaller than the double mutant.
Scale bars = 2 mm. D, Relative expression of JA
signaling-related genes in 12-d-old seedlings of
Col-0, mob1a-2/b-1, sik1-1, and mobla-2/b-
1sik1-1. ACTIN2 was used as an internal control.
The expression levels of the indicated genes in
Col-0 were set to 1. Different letters indicate
significant difference at P < 0.001 (n = 3, one-
way ANOVA, Tukey post-test).
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central immune regulator BIK1 (Zhang et al., 2018). On
the other hand, MOBI1s are adaptor/scaffolding pro-
teins. It is not clear whether SIK1 phosphorylates MOB1
and/or MOBI activates SIK1 kinase activity.

Because the phenotypes of the mobla-2/b-1 double
mutant are stronger than those of the mobla-2 and
mob1b-1 single mutants, it is likely that AtMOBI1B and
AtMOBI1A proteins also form homodimer/oligomers.
Also, because the mobla-2 mutant displayed strong
developmental defects, whereas mob1b-1 was largely
normal, it is likely that AtMOBI1A plays the dominant
role. Indeed, a total of 11 AtMOB1A /B peptide sequences
were detected as AtMOB1 A-interacting proteins. Nine of
these were shared by AtMOB1A/B, and the remaining
two were AtMOBIB specific (Supplemental Table S1).
These results indicate AtMOB1A and AtMOBIB inter-
acted in the IP-MS assay in Arabidopsis, and further
suggest that AAMOB1A and AtMOB1B form homodimer/
oligomers.

AtMOB1A and AtMOB1B Modulate JA Accumulation

JAs are important in regulating plant growth and de-
velopment as well as plant responses to biotic and abiotic
stresses. JA inhibits primary root growth and promotes
leaf senescence (Huang et al., 2017). We found that
mobla-2/b-1 mutant plants had a very small growth
habit, with small cotyledons and short roots. It was
reported that JA treatment markedly reduces the ex-
pression of CYCB1;1:GUS and represses cell division
activity in Arabidopsis root meristems (Chen et al,,
2011). We showed that the expression of CYCBI1,1:GUS
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was dramatically decreased in mobla-2/b-1 mutant
plants (Fig. 2), which is consistent with their higher
JA level (Fig. 5). These results suggest that the short
root phenotype of the mobla-2/b-1 double mutant
could be partially caused by JA-induced repression of
root cell division.

The expression levels of many genes involved in JA
biosynthetic, metabolic, and signaling pathways were
increased, and JA content was elevated in mobla-2/b-1.
Moreover, the expression of MYC2 was increased and
the expression of PLT1/2 was decreased in the double-
mutant plants. These observations are consistent with
the findings that JA reduces the expression levels of
PLT1 and PLT2, which is mediated by the direct bind-
ing of MYC2 to the promoters of PLT1 and PLT2 to
repress their expression (Chen et al., 2011). Moreover,
disruption of MYC2 in the mobla-2/b-1 background
partially alleviated the short-root phenotype, suggest-
ing that the root defects were at least partially caused
by increased endogenous JA. The mobla-2/b-1 double
mutant was hypersensitive to exogenous Me-JA treat-
ment in terms of leaf senescence. JA-repressed RCA,
which plays an important role in JA-induced leaf se-
nescence (Shan et al., 2011), was among the few down-
regulated DEGs in mobla-2/b-1 plants. Our RNA-seq
analysis also revealed that expression of some JA re-
sponsive genes was altered in the mobla-2/b-1 double
mutant, such as the up-regulation of VPS2, TAT, and
LOX3, the most prominent marker genes responding to
wounding activated by MYC2 in the JA signaling
pathway (Titarenko et al., 1997; Lorenzo et al., 2004).
More importantly, the JA hypersensitivity of the mobla-
2/b-1 double mutant was markedly alleviated by the
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myc2 mutation in myc2-2 mobla-2/b-1 plants. These re-
sults suggest that the elevated JA content in the mobla-
2/b-1 double mutant caused the JA-related phenotypes.
Intriguingly, disruption of MYC2 only mildly sup-
pressed the extreme short-root phenotype observed in
mobla-2/b-1, suggesting that other factors besides JA
pathways, such as auxin signaling, are also involved in
regulating root growth in the mobla-2/b-1 double mu-
tant. This hypothesis is consistent with our previous re-
port that AtMOBIA plays a role in auxin-mediated
development (Cui et al., 2016). It is likely that AtMOB1B
plays similar roles in modulating auxin signaling.

Interestingly, it was reported that the expression of
JAZ genes (JAZ1, JAZ2, JAZ5, JAZ6, [AZ9, and JAZ12)
and MYC genes (MYC2, MYC3, and MY(C4) was repressed
in the sikI mutant (Xiong et al., 2016), suggesting that SIK1
also plays roles in JA-related development. However, be-
cause the expression of some of the JAZs and MYCs in the
mobla-2/b-1 double mutant was up-regulated, it seems that
AtMOBI1A/B and SIK1 play different roles in modulating
JA pathways. Indeed, JA levels were decreased in the
sik1 mutant compared with wild type (Zhang et al.,
2018), whereas they were increased in mobla-2/b-1
(Fig. 5A). These findings suggest that SIK1 promotes
and MOB1A/B represses JA levels. Consistently, the
expression levels of JAZs and MYC2 were increased
in the sik1 mobla-2/b-1 triple mutant compared with
in the sikImutant (Fig. 7). It is intriguing how com-
ponents in the same protein complex would antag-
onistically modulate JA levels. The sik1 mobla-2/b-1
triple-mutant plants showed compromised regula-
tion of JA-related genes, but displayed more severe
developmental defects than sik1 or the mobla-2/b-1
double mutant. These results suggest that MOB1 and
SIK1 may function similarly in controlling cell pro-
liferation, but may have opposite roles in regulating
JA levels and JA-related gene expression. The exact
molecular mechanisms for such complex regulation
are not currently understood. It was reported that the
sikl mutant exhibited significantly higher levels of
basal salicylic acid and decreased levels of JA (Zhang
et al., 2018). Since SIK1 plays a role in antibacterial
immunity response (Zhang et al., 2018) and MOB1
and SIK1 physically interact, it is possible that MOB1
plays a role in biotic stress responses, perhaps
through JA signaling.

AtMOBIA and AtMOB1B Act as Key Regulators in
Auxin- and JA-Mediated Plant Growth

Previously, we reported that AIMOBI1A plays critical
roles in auxin-mediated plant development. We iso-
lated the mobla/ncpl mutant as an enhancer of pid, and
showed that it had strong genetic interactions with
mutants in auxin biosynthesis, polar transport, and
signaling (Cui et al., 2016). Disruption of AtMOB1A led
to a reduced sensitivity to exogenous auxin. Our previ-
ous results demonstrated that AtMOBIA plays an im-
portant role in Arabidopsis development by promoting
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auxin signaling (Cui et al., 2016). Our results presented in
this paper clearly indicate that AAMOB1A and AtMOB1B
also act as key regulators of JA-mediated plant growth.
It is likely that AtMOBIA and AtMOBI1B physically
interact with each other and are components of a large
protein complex, which includes SIK1 (Xiong et al,
2016). AtMOB1A and AtMOBI1B promote auxin signal-
ing and cell proliferation; however, the two proteins re-
press JA accumulation. Thus, the AtMOBI1-containing
protein complex likely regulates the cross talk between
auxin- and JA-mediated plant growth and development.
A molecular framework for JA-induced inhibition of root
growth through interaction with auxin pathways is well
established, in which MYC2-mediated repression of PLT
expression integrates JA action into the auxin pathway in
regulating root meristem activity and stem cell niche
maintenance (Chen et al., 2011). Auxin upregulates PLT1
and PLT?2 transcripts and positively regulates stem cell
niche maintenance and meristem activity (Aida et al.,
2004), and JA downregulates PLT1 and PLT2 expres-
sion and negatively regulates stem cell niche mainte-
nance and meristem activity (Chen et al., 2011). We
showed that PLT1/2 expression is repressed in the mobla-
2/b-1 double mutant, which could be an integrative
outcome of elevated JA content and reduced auxin sig-
naling. It would be interesting to further explore the
mechanisms by which AtMOB1A/B control JA accu-
mulation and the cross talk with auxin signaling.

MATERIALS AND METHODS
Plant Materials and Growth Condition

All Arabidopsis (Arabidopsis thaliana) materials used in this work were in
the Col-0 ecotype background. Seeds were surface sterilized for 15 min in 70%
(v/v) and then 100% (v/v) ethyl alcohol. The seeds were then sowed on half-
strength Murashige and Skoog medium containing 0.8% (w/v) agar. The plates
were transferred to 4°C for 3 d in darkness for vernalization. Plants were grown
at22°C under a 16-h light/8-h dark cycle. The T-DNA insertion lines, including
mobl a-2 (GK_719G04), mob1 b-1 (SALK_062070), and mob1 d-1 (SALK_053800),
were purchased from the NASC. The mob1 a-2 (GK_719G04) mutant was genotyped
as described previously (Cui et al., 2016). For genotyping mob1 b-1 (SALK_062070),
the primers 5'-GGATGAAGTGTTTGAAGC-3" and 5'-GCTGAGTAATGG
TTGTGA-3' combined with JMLB1 were used. For genotyping mobl d-
1 (SALK_053800), the primers 5'-GGGCAAAGTCCAAATCCT-3' and 5'-
CCGCTTCACGAAATCCTC-3' combined with JMLB1 were used.

DNA Constructs and Plant Transformation

For the expression patterns of ATMOB1B, the plasmid was constructed with
its genomic DNA fragment containing the coding region alongside up- and
down-stream regulatory sequences with the GFP or GUS gene inserted before
the stop code. The AtMOBIB gene was divided into parts A and B. The part A
was amplified using primers 5'-CGGGGTACCGCAGGAATACTATTGGGC
CTG-3" and 5'-ACTGGGCCCGTAAGGTGCAATGATAGATTC-3'. The part B
was amplified using primers 5'-ACTGGGCCCACCAAACAAAACCCAAAT
CCTC-3" and 5'-ACTGTCGACGGCTCCAACACAAAATACCTC-3'. The two
PCR products were double digested with Kpnl and Apa I, or Apal and Sall,
respectively, and cloned into the Kpnl-Sall sites of vector pPZP211 to generate
pPZP211-gAtMOBIB construct. The GUS or GFP gene was inserted immediately
before the stop code using restriction site of Apal. The pPZP211-gAtMOB1B-GUS
or pPZP211-gAtMOBIB-GFP construct was transformed into Agrobacterium
tumefaciens strain GV3101, and then Arabidopsis plants were transformed by
floral dipping. The transgenic seedlings were selected on half-strength Murashige
and Skoog plates with 50 ug/mL kanamycin. The pPZP211-gAtMOB1A
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(Cui et al., 2016) and pPZP211-gAtMOB1B-GFP constructs were used in the
complementation experiments of the mobla-2/b-1 mutants (Supplemental
Fig. S3).

Phenotypic Analysis, Statistical Analysis, and Microscopy

Seedlings and roots were photographed, and their lengths were measured
using National Institutes of Health Image] software (https:/ /imagej.nih.gov/ij/).
Seedlings were mounted in HCG (water-Chloral hydrate-Glycerine) solution
(Chloral hydrate:water:glycerol = 8:3:1) and the root meristem cells analyzed on a
Leica microsystems DM4500B microscope. Statistical significance was evaluated
by Student’s t test analysis or one-way ANOVA analysis followed by LsD test
(SPSS). Histochemical staining for GUS activity in plants was performed as de-
scribed previously (Cui et al., 2016). For the Lugol staining, roots were incubated
in the Lugol solution for 3-5 min, and then washed in water once, and mounted in
HCG solution for microscopy analysis. GFP, YFP, CFP, and FM4-64 fluorescence
was imaged under a confocal laser scanning microscope Olympus FV1000MPE
following the manufacturer’s instructions. The fluorescence intensities were
measured using Image]J for quantification analysis.

Co-IP Assays and Mass Spectrometry

For the Co-IP assay of AtMOBIA and AtMOBIB, pSuper1300:AtMOB1A-
Flag and pEarleyGate 104-35S:YFP-AtMOB1B plasmids were constructed and
introduced into Agrobacterium tumefaciens strain GV3101; then Nicotiana ben-
thamiana leaves were transformed by injection. Leaves were ground in liquid
nitrogen, and proteins were extracted with same volume of extraction buffer
(100 mm HEPES [pH 7.5], 5 mm EDTA, 5 mm EGTA, 10 mm NaF, 5% [v/v]
Glycerol, 10 mm NazVOy, 10 mm dithiothreitol, 1 mm phenylmethylsulfonyl
fluoride, 0.1% [v/v] Triton X-100, protease inhibitor cocktail [Sigma]). Samples
were mixed twice quickly following incubating on ice for 30 min and then
centrifuged at 14,000 g at 4°C for 30 min. The supernatant was incubated with
anti-Flag agarose (Sigma) or Anti-GFP-mAb agarose (MBL) in IP buffer (20 mm
Tris-HC1 [pH 7.5], 150 mm NaCl, 1 mm EDTA, 1 mm EGTA, 1 mm NazVO,, 1 mm
NaF, 10 mm B-glycerophosphate, 0.1% [v/v] Triton X-100, protease inhibitor
cocktail [Sigmal]) at 4°C for 2 h with gentle shaking. The agarose was collected
and washed three times with PBS, boiled in 2XSDS loading buffer for 5 min,
and examined by immunoblot analysis with anti-GFP (CWBIO) or anti-Flag
(Abmart) antibodies.

For Mass Spectrometry, pSuper1300:AtMOB1A-Flag vector was introduced
into Agrobacterium. Arabidopsis plants were transformed by the floral dipping
method. T4 generation transgenic plants were used for extracting total protein
and IP using the method described above. The AtMOB1A interacting proteins
were examined by Mass Spectrometry.

LCI Assay

The LCI assay was performed as previously described (Chen et al., 2008).
A. tumefaciens bacteria strain GV3101 containing pCAMBIA1300-AtMOB1A-
nLUC, pCAMBIA1300-cLUC-AtMOB1B, pCAMBIA1300-nLUC, and pCAMBIA1300-
cLUC were injected into N. benthamiana leaves. The empty cLUC and nLUC vectors
were used as negative controls. The plants were incubated in darkness overnight,
and the leaves were harvested after 2 to 3 d. Leaves were incubated in p-Luciferin,
Potassium Salt (Goldbio) solution in darkness for 3 min, and the luciferase signals
were analyzed with a Tanon 5200 Chemiluminescent Imaging System (Tanon). The
imaging exposure time was 3 min. Eight leaves were analyzed for each experiment,
with three biological replicates in total.

RNA Extraction, RT-qPCR, and RNA-Seq

The samples were collected from 10-d-old whole seedlings of Col-0, mobla-2,
mob1b-1, and mobla-2 b-1. Total RNA was extracted using a Biozol kit (Biomiga)
according to the manufacturer’s instructions. The first-strand complementary
DNA synthesis was performed using M-MLV Reverse Transcriptase (Prom-
ega). The qPCR analysis was performed using a light cycle 96 (Roche) and SYBR
Green I (Takara). ACTIN2 (AT3G18780) was used as an internal control. All
experiments were performed with three independent biological replicates.
Statistical significance was evaluated by one-way ANOVA analysis (multiple
comparison by Tukey post-test). The primers used for RT-qPCR analysis are
listed in Supplemental Table S6.
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For RNA-seq, mRNA enrichment, complementary DNA library construc-
tion, and single-end sequencing were performed by BGI (www.genomics.org.
cn). Filtered Clean-reads were mapped to the reference genome (TAIR10)
available at The Arabidopsis Information Resource (http://www.arabidopsis.
org). The gene expression quantitation was calculated using the RSEM tool (Li
and Dewey, 2011). The DEGs were selected according the threshold value fold
change =2 (log, ratio =1.0) and deviation probability = 0.7 through comparing
the gene expression quantitation of mutants and wild-type. GO enrichment
analysis was carried out using AmiGO 2 program (http://amigo.geneontology.
org/amigo).

Measurement of Endogenous JA by GC-MS

Fourteen-day-old whole plants of every genotype were collected in triplicate
replicates. The samples were homogenized quickly in liquid N»; then powdered
samples were weighed dry-frozen. Samples were extracted with 80% (v/v)
methanol containing 0.2 ng [2Hg|JA as an internal standard and incubated
overnight at 4°C. After centrifugation at 5,976 g for 5 min, the supernatant layer
was collected in new glass tubes and dried with nitrogen gas. The samples were
dissolved in 2.5% (v/v) ethyl acetate, and the supernatant were dried with
nitrogen gas. Following the addition of 23% (v/v) methanol and incubation for
2 h at —20°C, samples were centrifuged at 10,625 g for 7 min and the supernatant
was dried with nitrogen gas. Samples were dissolved in 30 uL bis(trimethylsilyl)
trifluoroacetamide with 3 uL pyridine and incubated for 30 min at 80°C, then
analyzed using GC-MS (7890A-7000B, Agilent). The amount of JA present in plant
samples was calculated based on the internal standards and weight of the tissues
and retention time.

Measurement of Chlorophyll Content

Measurement of chlorophyll content was performed as previously described
(Qi et al., 2015). The leaves were detached and weighted. For chlorophyll ex-
traction, the leaves were incubated in 80% (v/v) acetone in the dark. Absor-
bances were measured at 645 and 663 nm using a spectrophotometer (Beckman
Coulter DU-800). Chlorophyll contents were calculated and expressed as a ratio
of the chlorophyll content of Col-0 treated with mock.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers JAZ1 (AT1G19180), JAZ2 (AT1G74950),
JAZ3 (AT3G17860), JAZ4 (AT1G48500), JAZ5 (AT1G17380), JAZ6 (AT1G72450),
JAZ7 (AT2G34600), JAZ8 (AT1G30135), JAZ9 (AT1G70700), JAZ10 (AT5G13220),
JAZ11 (AT3G43440), and JAZ12 (AT5G20900).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Analysis of T-DNA insertion lines of AtMOB1
genes and generation of CRISPR line of AtMOB1C.

Supplemental Figure S2. Representative images of 21-d-old plants of Col-
0, mobla-2, mob1b-1, and mobla-2/b-1 mutants.

Supplemental Figure S3. Complementation of mobla-2/b-1 with a genomic
DNA fragment of AtMOBIA or AtMOBI1B.

Supplemental Figure S4. Expression patterns of AtMOB1A and AtMOB1B
and subcellular localization of the proteins.

Supplemental Figure S5. JA treatment of seedlings at different
concentrations.

Supplemental Figure S6. pWOX5:GFP expression in the root of 6-d-old
seedlings.

Supplemental Table S1. MOBIB was identified by IP-MS assays in
MOBI1A-Flag transgenic plants.

Supplemental Table S2. List of differentially expressed genes (DEGs).

Supplemental Table S3. Enriched GO categories in biological process of
the DEGs.

Supplemental Table S4. DEGs involved in JA related pathway.
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Supplemental Table S5. DEGs involved in leaf senescence.

Supplemental Table S6. Primers used for RT-qPCR reactions.
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