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SUMMARY

In plant cells, changes in fluidity of the plasma mem-
branemay serve as the primary sensor of cold stress;
however, the precise mechanism and how the
cell transduces and fine-tunes cold signals remain
elusive. Here we show that the cold-activated
plasma membrane protein cold-responsive protein
kinase 1 (CRPK1) phosphorylates 14-3-3 proteins.
The phosphorylated 14-3-3 proteins shuttle from
the cytosol to the nucleus, where they interact with
and destabilize the key cold-responsive C-repeat-
binding factor (CBF) proteins. Consistent with this,
the crpk1 and 14-3-3kl mutants show enhanced
freezing tolerance, and transgenic plants overex-
pressing 14-3-3l show reduced freezing tolerance.
Further study shows that CRPK1 is essential for the
nuclear translocation of 14-3-3 proteins and for 14-
3-3 function in freezing tolerance. Thus, our study
reveals that the CRPK1-14-3-3 module transduces
the cold signal from the plasma membrane to the
nucleus to modulate CBF stability, which ensures a
faithfully adjusted response to cold stress of plants.

INTRODUCTION

Low temperature adversely affects the survival, growth, and

development of plants. During evolution, plants have acquired

sophisticated mechanisms to respond to low temperatures.

For example, in many temperate plants, cold acclimation in-

creases freezing tolerance after exposure to nonfreezing low

temperatures (Thomashow, 1999). Emerging studies in Arabi-

dopsis have explored the transcriptional network of cold

acclimation pathways. Three C-repeat (CRT)-binding factors

(CBFs), also known as dehydration-responsive element (DRE)-

binding proteins (DREBs), play pivotal roles in cold acclimation

(Jia et al., 2016; Liu et al., 1998; Stockinger et al., 1997; Zhao

et al., 2016). These transcription factors are rapidly induced by

cold stress and bind to CRT/DRE DNA regulatory elements

in the promoters of a subset of cold-regulated (COR) genes;
expression of these COR genes renders plants able to tolerate

freezing stress (Gilmour et al., 2000; Jaglo-Ottosen et al., 1998;

Thomashow, 1999). Because of their key role in cold acclimation,

the transcriptional regulation of CBFs has been extensively

studied (Shi et al., 2015). Inducer of CBF expression 1 (ICE1),

calmodulin-binding transcription activator 3 (CAMTA3), and

brassinazole-resistant 1 (BZR1) positively regulate CBF expres-

sion (Chinnusamy et al., 2003; Doherty et al., 2009; Li et al.,

2017), whereas MYB15 and ethylene-insensitive 3 (EIN3)

negatively regulate CBF expression (Agarwal et al., 2006; Shi

et al., 2012).

Although transcriptional regulation of CBF has been well stud-

ied, little is known about the translational and posttranslational

regulation of CBF proteins. Protein kinase-mediated phosphory-

lation has been found to modulate cold response of plants. A

recent study identified one protein kinase, open stomata 1

(OST1), that positively regulates freezing tolerance. Under cold

stress, OST1 is activated and phosphorylates ICE1, which in-

hibits ICE1 degradation mediated by the E3 ligase high expres-

sion of osmotically responsive gene 1 (HOS1) (Agarwal et al.,

2006), thus positively regulating CBF expression and freezing

tolerance (Ding et al., 2015). Other protein kinases, including

the mitogen-activated protein kinase kinase 2 (MKK2) and

CBL-interacting protein kinase 3 (AtCIPK3), have been impli-

cated in plant cold responses (Kim et al., 2003; Teige et al.,

2004). However, how these protein kinases function in cold

signaling remains unclear.

The 14-3-3 proteins are phosphopeptide-binding proteins and

are highly conserved in all eukaryotic cells. The 14-3-3 proteins

are involved in a wide range of biological processes (Denison

et al., 2011), and they usually interact with phosphorylated pro-

teins to mediate signal transduction by altering their activity, sta-

bility, conformation, subcellular localization, or affinity to other

proteins (Paul et al., 2012). Arabidopsis 14-3-3 proteins regulate

the activities of plasma membrane H+-ATPase (Fuglsang et al.,

2007) and salt overly sensitive 2 (SOS2) kinase (Zhou et al.,

2014), the stability of aminocyclopropane-1-carboxylic acid syn-

thase isoforms (Catalá et al., 2014; Yoon and Kieber, 2013), and

the localization of the transcription factor BZR1/brassinosteroid-

insensitive 1-EMS suppressor 1 (BES1) (Gampala et al., 2007). In

addition, phosphorylation of 14-3-3 proteins is important for their

functions. In animals, phosphorylation of 14-3-3 proteins causes

a decrease in binding to Raf-1 protein kinase (Van Der Hoeven
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NOG1 increases grain production in rice
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During rice domestication and improvement, increasing grain yield to meet human needs was

the primary objective. Rice grain yield is a quantitative trait determined by multiple genes, but

the molecular basis for increased grain yield is still unclear. Here, we show that NUMBER OF

GRAINS 1 (NOG1), which encodes an enoyl-CoA hydratase/isomerase, increases the grain

yield of rice by enhancing grain number per panicle without a negative effect on the number

of panicles per plant or grain weight. NOG1 can significantly increase the grain yield of

commercial high-yield varieties: introduction of NOG1 increases the grain yield by 25.8% in

the NOG1-deficient rice cultivar Zhonghua 17, and overexpression of NOG1 can further

increase the grain yield by 19.5% in the NOG1-containing variety Teqing. Interestingly, NOG1

plays a prominent role in increasing grain number, but does not change heading date or seed-

setting rate. Our findings suggest that NOG1 could be used to increase rice production.
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Light and temperature are major environmental factors that co-
ordinately control plant growth and survival. However, how plants
integrate light and temperature signals to better adapt to environ-
mental stresses is poorly understood. PHYTOCHROME-INTERACTING
FACTOR 3 (PIF3), a key transcription factor repressing photomorpho-
genesis, has been shown to play a pivotal role in mediating plants’
responses to various environmental signals. In this study, we found
that PIF3 functions as a negative regulator of Arabidopsis freezing
tolerance by directly binding to the promoters of C-REPEAT BINDING
FACTOR (CBF) genes to down-regulate their expression. In addition,
two F-box proteins, EIN3-BINDING F-BOX 1 (EBF1) and EBF2, directly
target PIF3 for 26S proteasome-mediated degradation. Consistently,
ebf1 and ebf2 mutants were more sensitive to freezing than were
the wild type, and the pif3 mutation suppressed the freezing-
sensitive phenotype of ebf1. Furthermore, cold treatment promoted
the degradation of EBF1 and EBF2, leading to increased stability of
the PIF3 protein and reduced expression of the CBF genes. Together,
our study uncovers an important role of PIF3 in Arabidopsis freezing
tolerance by negatively regulating the expression of genes in the
CBF pathway.

freezing tolerance | CBFs | PIF3 | EBF1 | EBF2

Plants are equipped with sophisticated mechanisms to cope with
unpredictable environmental conditions. Low temperature is a

major environmental factor that adversely affects plant growth and
development. To survive under cold stress, a suite of biochemical
and physiological changes is triggered in plants, which is termed
cold acclimation (1). The three C-REPEAT BINDING FACTOR/
DROUGHT RESPONSE ELEMENT BINDING FACTOR 1B
(CBF/DREB1) genes, encoding AP2/ERF family transcription
factors, play central roles in plant cold acclimation. The expression
of CBF genes is promptly induced by cold, which is mediated by
several types of transcription factors, including INDUCER OF
CBF EXPRESSION 1 (ICE1), CALMODULIN BINDING
TRANSCRIPTION ACTIVATOR 3 (CAMTA3), CIRCADIAN
CLOCK-ASSOCIATED 1 (CCA1), and LATE ELONGATED
HYPOCOTYL (LHY) (2–6). The cold-induced CBF proteins di-
rectly bind to the CRT/DRE cis-elements in the promoters of
downstream COLD-REGULATED (COR) genes and activate their
expression, thus enhancing plant tolerance to freezing stress (5, 7).
The cbfs triple mutants generated by the CRISPR/Cas9 technique
are defective in cold acclimation, and extremely sensitive to
freezing stress after cold acclimation (8, 9).
Light not only provides the primary energy source for photo-

synthesis but also serves as a key environmental signal for regulating
multiple facets of plant growth and development throughout the
plants’ life cycle. The ability of plants to integrate external signals
(e.g., light and temperature) with internal regulatory pathways is
vital for their survival. Phytochromes, photoreceptors for red (R)
and far-red (FR) wavelengths in plants, have been shown to regu-
late cold acclimation in Arabidopsis (10). Furthermore, light quality
and photoperiod also regulate plant freezing tolerance through
phytochromes (11, 12). Phytochrome B (phyB) and two
PHYTOCHROME-INTERACTING FACTORS (PIFs), that is,

PIF4 and PIF7, repress the CBF pathway under long-day (LD)
conditions (11), whereas a low ratio of red to far-red (R/FR) light
increases COR gene expression (12). Intriguingly, two recent reports
demonstrated that phyB acts as a thermosensor of ambient tem-
perature (13, 14), but the precise role of phytochromes in the cold
stress response awaits further investigation. CONSTITUTIVELY
PHOTOMORPHOGENIC 1 (COP1) and ELONGATED
HYPOCOTYL 5 (HY5), two central regulators of photomor-
phogenesis, have been shown to integrate light and cold signaling
to optimize plant survival under freezing temperatures (15).
Therefore, plants have evolved a delicate system that perceives
interweaved light and temperature signals, allowing plants to
modulate development and stress tolerance appropriately for
better adaptation to cold environments.
The PIF proteins have been shown to play pivotal roles in

repressing photomorphogenesis and in mediating plants’ responses
to various environmental conditions (16, 17). PIF3, a basic helix–
loop–helix (bHLH) family transcription factor, is the foundation
member of the PIF proteins (18). It has been well documented that
light-activated phyA and phyB both interact with PIF3 and induce
its rapid phosphorylation and degradation upon light exposure (19,
20). Recently, PIF3 was shown to be phosphorylated directly by
photoregulatory protein kinases (PPKs), and targeted by LRB
Cullin 3 E3 ligases together with phyB for ubiquitination and
degradation (21, 22). DELLAs promote the degradation of PIF3
and PIF4 in a light-independent manner by recruiting an unknown
E3 ligase (23). BIN2, a protein kinase involved in BR signaling, has
also been shown to mediate phosphorylation and degradation of
PIF3 via the 26S proteasome pathway (24). Thus, it is evident that

Significance

PHYTOCHROME-INTERACTING FACTORS (PIFs) are central inte-
grators of plants’ responses to various environmental signals. In
this study, we show that PIF3 acts as a negative regulator of plant
cold acclimation by directly repressing the expression of CBF
genes, whereas its protein stability is negatively regulated by two
F-box proteins, EBF1 and EBF2, via the 26S proteasome pathway.
Moreover, EBF1 and EBF2 are degraded under cold stress, which
enhances the stability of PIF3 protein. Collectively, our study es-
tablishes an important regulatory paradigm for PIF3 in preventing
runaway expression of the CBF genes at low temperature, which
allows plants to adapt to and withstand harsh environments.
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CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1), a well-known E3
ubiquitin ligase, functions as a central regulator of plant growth and
photomorphogenic development in plants, including hypocotyl
elongation. It has been well-established that, in darkness, COP1
targets many photomorphogenesis-promoting factors for ubiquiti-
nation and degradation in the nucleus. However, increasing evi-
dence has shown that a proportion of COP1 is also localized outside
the nucleus in dark-grown seedlings, but the physiological function
of this localization remains largely unclear. In this study, we
demonstrate that COP1 directly targets and mediates the degrada-
tion ofWAVE-DAMPENED 2-LIKE 3 (WDL3) protein, a member of the
microtubule-associated protein (MAP) WVD2/WDL family involved
in regulating hypocotyl cell elongation of Arabidopsis seedlings. We
show that COP1 interacts with WDL3 in vivo in a dark-dependent
manner at cortical microtubules. Moreover, our data indicate that
COP1 directly ubiquitinates WDL3 in vitro and that WDL3 protein is
degraded in WT seedlings but is abundant in the cop1mutant in the
dark. Consistently, introduction of the wdl3 mutation weakened,
whereas overexpression of WDL3 enhanced, the short-hypocotyl
phenotype of cop1 mutant in darkness. Together, this study reveals
a function of COP1 in regulating the protein turnover of a cytosol-
localized MAP in etiolated hypocotyls, thus providing insights into
COP1-mediated degradation of downstream factors to control
seedling photomorphogenesis.

COP1 | WDL3 | cortical microtubule | hypocotyl elongation | Arabidopsis

The ubiquitin/26S proteasome system (UPS) regulates many
fundamental cellular processes, such as plant cell growth, cell

signaling, protein trafficking, and abiotic stress responses, by
controlling the degradation rates of numerous proteins (1, 2). For
the majority of UPS substrates, the concerted action of E1 Ub-
activating enzymes, E2 Ub-conjugating enzymes, and E3 Ub li-
gases leads to the covalent attachment of a multiubiquitin chain to
proteins destined for degradation (3, 4). The polyubiquitinated
target protein is then degraded by the 26S proteasome, an evo-
lutionarily conserved multicatalytic protease (5). Numerous stud-
ies have shown that E3 ligases determine the specificity of target
proteins and facilitate the diverse functions of the ubiquitination
system in many cellular processes (2, 4).
Arabidopsis seedlings display distinct morphologies when grown

in the light compared with those grown in the dark. Light-grown
seedlings undergo photomorphogenesis (also known as deetiola-
tion), typified by short hypocotyls and open green cotyledons; by
contrast, dark-grown seedlings undergo skotomorphogenesis (also
known as etiolation), characterized by long hypocotyls, closed cot-
yledons, and apical hooks (6). CONSTITUTIVE PHOTOMOR-
PHOGENIC 1 (COP1), a well-known E3 ubiquitin ligase, functions
as a central repressor of seedling photomorphogenesis (7, 8).
COP1 exhibits a light-mediated nucleocytoplasmic repartitioning,
being enriched in the nucleus in darkness and depleted from the
nucleus in the light (9). Numerous studies have demonstrated that
COP1 targets a subset of nuclear-localized photomorphogenesis-

promoting factors for degradation in darkness, including tran-
scription factors such as ELONGATED HYPOCOTYL 5 (HY5)
(10), HY5 HOMOLOG (HYH) (11), LONG AFTER FAR-RED
LIGHT 1 (LAF1) (12), LONG HYPOCOTYL IN FAR-RED 1
(HFR1) (13–15), and B-BOX21 (BBX21) (16), and photorecep-
tors, such as phytochromes (17, 18). COP1 interacts with SUP-
PRESSOR OF PHYA-105 (SPA) proteins to form E3 ligase
complexes (12, 19, 20). In the light, photo-activated photoreceptors
(such as phytochromes and cryptochromes) inactivate the COP1/
SPA complex largely by disrupting the direct interaction of
COP1 and SPA proteins (21–24), thus allowing the accumulation
of photomorphogenesis-promoting transcription factors in the nu-
cleus to initiate photomorphogenesis. In darkness, COP1 protein is
mostly localized in the nucleus; however, some COP1 was also
detectable outside the nucleus (25, 26). In addition, a recent study
showed that the interaction of COP1 with a resistance (R) protein
HRT was observed in the periphery of pavement cells in the dark
(27). Thus, these observations indicate that a proportion of
COP1 may be present outside the nucleus in the dark although the
biological significance of this distribution remains largely unclear.
Microtubule-associated proteins (MAPs) control the organiza-

tion, stability, and dynamics of microtubules functioning in plant
growth and plant cell morphogenesis (28, 29). Hypocotyl cell
elongation is strongly influenced by developmental and environ-
mental cues and is regulated by many factors, including light,

Significance

CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1) is an E3 ubiquitin
ligase acting as a central repressor of seedling photomorphogen-
esis in plants. Many nuclear-localized COP1 substrates have been
identified in the last two decades; however, whether COP1 targets
cytoplasmic factors for ubiquitination and degradation remains
largely unknown. In this study, we show that COP1 interacts with
a microtubule-associated protein, WAVE-DAMPENED 2-LIKE 3
(WDL3), in a dark-dependent manner at cortical microtubules.
Thus, COP1 targets WDL3 for 26S proteasome-mediated degra-
dation to control hypocotyl elongation in etiolated Arabidopsis
seedlings. Collectively, our study uncovers a cytoplasmic substrate
of COP1 that functions as a microtubule-associated protein in
mediating hypocotyl cell elongation.
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Antiporter for K+ Loading into the Xylem in ArabidopsisOPEN
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Potassium and nitrogen are essential macronutrients for plant growth and have a positive impact on crop yield. Previous
studies have indicated that the absorption and translocation of K+ and NO3

2 are correlated with each other in plants; however,
the molecular mechanism that coordinates K+ and NO3

2 transport remains unknown. In this study, using a forward genetic
approach, we isolated a low-K+-sensitive Arabidopsis thaliana mutant, lks2, that showed a leaf chlorosis phenotype under
low-K+ conditions. LKS2 encodes the transporter NRT1.5/NPF7.3, a member of the NRT1/PTR (Nitrate Transporter 1/Peptide
Transporter) family. The lks2/nrt1.5 mutants exhibit a remarkable defect in both K+ and NO3

2 translocation from root to shoot,
especially under low-K+ conditions. This study demonstrates that LKS2 (NRT1.5) functions as a proton-coupled H+/K+

antiporter. Proton gradient can promote NRT1.5-mediated K+ release out of root parenchyma cells and facilitate K+ loading
into the xylem. This study reveals that NRT1.5 plays a crucial role in K+ translocation from root to shoot and is also involved in
the coordination of K+/NO3

2 distribution in plants.

INTRODUCTION

Potassium (K+) is an essential macronutrient for plant growth and
development.K+ alsocontributes to the regulationof cropyield and
quality in agricultural production (ClarksonandHanson, 1980; Zörb
etal., 2014).As themostabundantcation inplants,K+ inplants isan
importantsourceofK+ intakeforanimals.ConsumingK+-richplants
is also beneficial for human health (Whelton and He, 2014). K+

absorption by plant roots and K+ transport inside plants are me-
diated throughK+ channels and transporters (Wang andWu, 2013;
Véry et al., 2014). To date, many K+ channels and transporters in-
volved in K+ absorption have been identified in plant root cells (Véry
et al., 2014). After being absorbed into root hairs andepidermis, K+ is
transported into root stelar tissues and then translocated from roots
toward shoots via xylem vessels so that K+ can be used in plant
shoots.Sofar,only theK+channelSKORhasbeenimplicated inroot-
to-shoot K+ translocation in Arabidopsis thaliana (Gaymard et al.,
1998).Encodinganoutwardly rectifyingchannel,SKOR isexpressed
in stelar tissues and is responsible for the K+ release from root pa-
renchyma cells into the xylem (Gaymard et al., 1998). However, skor
nullmutantsdonotexhibitaparticularK+-deficientphenotype,which
suggests that other unidentified components may also have im-
portant functions in this process.

K+ is alsonecessary for theelectroneutrality of anionsduring ion
absorptionandtransport inplants.Nitrate (NO3

2) isoneof themost

abundant anions in plants, whose absorption and transport are
believed to be accompanied by K+ (White, 2012a). In plants, NO3

2

absorption and transport are mainly conducted by the nitrate
transporters from two families NRT1/PTR (Nitrate Transporter 1/
Peptide Transporter) and NRT2. Both families belong to themajor
facilitator superfamily that represents the largest secondary active
transporters in all species (Pao et al., 1998; Law et al., 2008; Yan,
2015). The NRT1/PTR family is also known as the POT (proton-
dependent oligopeptide transporter) family, which is present in all
living organisms and prevalent in higher plants, referred to as the
NPF (NRT1/PTR family) (Steiner et al., 1995; Daniel et al., 2006;
Léran et al., 2014). In Arabidopsis, the NRT1/PTR family contains
asmany as 53members, which implies that this family has diverse
functions (Tsay et al., 2007). Some members of this family have
been shown to participate in the transport of diverse substrates in
plants, including nitrate, peptides, glucosinolate defense com-
pounds, and plant hormones (Krouk et al., 2010; Nour-Eldin et al.,
2012; Léran et al., 2014; Saito et al., 2015; Tal et al., 2016).
Members of the NRT1/PTR family are thought to transport nu-
merous unidentified substrates and have multiple unknown
functions (Tsay et al., 2007; Léran et al., 2014).
In plants, it has been noticed for a long time that K+/NO3

2 ab-
sorption and transport are somehow coordinated (Blevins et al.,
1978; Triplett et al., 1980; White, 2012a). Here, we report that
NRT1.5/NPF7.3 from the NRT1/PTR family functions as a proton-
coupled H+/K+ antiporter. NRT1.5 directly mediates K+ release
from root parenchyma cells into the xylem. At the same time,
NRT1.5 regulates NO3

2 loading into the xylem. This study reveals
that K+ is a newly identified substrate of NRT1/PTR transporters.
NRT1.5 plays a crucial role in K+ translocation from root to shoot
and is also involved in the coordination of K+/NO3

2 distribution in
plants.
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Activation of mitogen-activated protein kinases (MAPKs) is one of the earliest responses after plants sense an invading
pathogen. Here, we show that MPK3 and MPK6, two Arabidopsis thaliana pathogen-responsive MAPKs, and their upstream
MAPK kinases, MKK4 and MKK5, are essential to both stomatal and apoplastic immunity. Loss of function of MPK3 and
MPK6, or their upstream MKK4 and MKK5, abolishes pathogen/microbe-associated molecular pattern- and pathogen-
induced stomatal closure. Gain-of-function activation of MPK3/MPK6 induces stomatal closure independently of abscisic
acid (ABA) biosynthesis and signaling. In contrast, exogenously applied organic acids such as malate or citrate are able to
reverse the stomatal closure induced by MPK3/MPK6 activation. Gene expression analysis and in situ enzyme activity
staining revealed that malate metabolism increases in guard cells after activation of MPK3/MPK6 or inoculation of pathogen.
In addition, pathogen-induced malate metabolism requires functional MKK4/MKK5 and MPK3/MPK6. We propose that the
pathogen-responsive MPK3/MPK6 cascade and ABA are two essential signaling pathways that control, respectively, the
organic acid metabolism and ion channels, two main branches of osmotic regulation in guard cells that function
interdependently to control stomatal opening/closure.

INTRODUCTION

For successful pathogenesis, the pathogen must gain entry into
the interiorof theplant toacquirenutrients.Somepathogenic fungi
secrete digestive enzymes or use mechanical force to overcome
the impermeable cuticle layer that coversmost parts of the plants,
yet most other pathogens can only gain entry through wounds or
natural openings such as hydathodes or stomatal pores (Grimmer
et al., 2012). As a countermeasure, plants can rapidly close their
stomata upon perception of pathogens to restrict pathogen entry,
a response known as stomatal immunity (Melotto et al., 2006).
Once pathogens overcome the surface barrier and enter the in-
terior spaceof leaves, theperceptionofpathogen invasionbyhost
cells induces rapidstrengtheningof their cellwallsandsecretionof
a set of antimicrobial molecules and/or compounds to the apo-
plastic region to suppress pathogen growth, a process known as
apoplastic immunity (Monaghan and Zipfel, 2012; Doehlemann

andHemetsberger, 2013).Plantshavesurfacepattern recognition
receptors to perceive pathogen/microbe-associated molecular
patterns (PAMPs), which initiates an array of defense signaling
events including activation of mitogen-activated protein kinases
(MAPKs), Ca2+ influx, reactive oxygen species (ROS) burst, NO
production, and activation/inhibition of ion channels (Ausubel,
2005; Chisholm et al., 2006; Jones and Dangl, 2006; Boller and
Felix, 2009; Böhm et al., 2014). These signaling events function
independently or interdependently to form an intricate signaling
network to ensure robust stomatal and apoplastic immunity
(Melotto et al., 2008; McLachlan et al., 2014; Arnaud and Hwang,
2015).
Abscisic acid (ABA) plays an important role in controlling plant

water balance by regulating stomatal opening and closure
(Hetherington and Woodward, 2003; Kim et al., 2010; Ruszala
et al., 2011; Chater et al., 2014). It is also essential to stomatal
defense during plant immunity (Melotto et al., 2006; Zeng and He,
2010; Du et al., 2014; Lim et al., 2014). A recent study concluded
that ABA and PAMP (flg22) signals converged at slow anion
channel-associated 1 (SLAC1) and ABA signaling plays only
a minor role in stomatal defense (Montillet et al., 2013). By using
a noninvasive nanoinfusion technique, another study demon-
strated that ABA- and flg22-induced stomatal closure converge at
the level of OST1 and then activate downstream SLAC1 and
SLAH3 ion channels (Guzel Deger et al., 2015). ROS bursts play
important roles in ABA- and PAMP-induced stomatal closure.
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SUMMARY

Low temperatures affect plant growth, develop-
ment, productivity, and ecological distribution.
Expression of the C-repeat-binding factor (CBF)
transcription factors is induced by cold stress,
which in turn activates downstream cold-responsive
(COR) genes that are required for the acquisition of
freezing tolerance. Inducer of CBF expression
1 (ICE1) is a master regulator of CBFs, and ICE1 sta-
bility is crucial for its function. However, the re-
gulation of ICE1 is not well understood. Here, we
report that mitogen-activated protein kinase 3
(MPK3) and MPK6 interact with and phosphorylate
ICE1, which reduces its stability and transcriptional
activity. Consistently, the mpk3 and mpk6 single
mutants and the mpk3 mpk6 double mutants
show enhanced freezing tolerance, whereas
MPK3/MPK6 activation attenuates freezing toler-
ance. Phosphor-inactive mutations of ICE1 comple-
ment freezing sensitivity in the ice1-2 mutant. These
combined results indicate that MPK3/MPK6 phos-
phorylate and destabilize ICE1, which negatively
regulates CBF expression and freezing tolerance
in plants.

INTRODUCTION

Low temperatures substantially attenuate plant growth, devel-

opment, and geographical distribution, and adversely affect

crop quality and productivity. Temperate plants can acquire

cold tolerance after exposure to low but nonfreezing tempera-

tures (called cold acclimation), which enhances their survival un-

der freezing stress. Cold acclimation is a complex process that

involves many physiological and biochemical pathways (Thoma-

show, 1999). The C-repeat (CRT) binding factor (CBF)/dehydra-

tion-responsive element binding factor 1 transcription factors

belong to the Apetala2/ethylene-responsive factor subfamily,
Deve
and have crucial roles in plant cold acclimation (Liu et al.,

1998; Stockinger et al., 1997). CBF proteins bind to the cold-

and dehydration-responsive DNA regulatory element, also called

the CRT element, on the promoters of cold-responsive (COR)

genes, and activate COR gene expression under cold stress,

thereby conferring plant freezing tolerance (Gilmour et al.,

1998; Jia et al., 2016; Liu et al., 1998; Stockinger et al., 1997;

Zhao et al., 2016).

Several transcription factors regulate CBF expression,

including Inducer of CBF expression 1 (ICE1), phytochrome-in-

teracting factor 4/7 (PIF4/7), MYB15, ethylene insensitive 3,

calmodulin-binding transcription activator 3, brassinazole

resistant 1 (BZR1), and CESTA (Agarwal et al., 2006; Chinnus-

amy et al., 2003; Doherty et al., 2009; Eremina et al., 2016; Lee

and Thomashow, 2012; Li et al., 2017; Shi et al., 2012). ICE1 is

considered as a master regulator of CBF genes (Chinnusamy

et al., 2003). ICE1 encodes a MYC-like basic-helix-loop-helix

transcription factor that binds to canonical MYC cis-elements

(CANNTG) in CBF promoters and activates their expression

(Chinnusamy et al., 2003; Ding et al., 2015). Emerging evi-

dence indicates that ICE1 is regulated posttranslationally by

several factors, including high expression of osmotically

responsive gene 1 (HOS1), SAP and Miz (SIZ1), and open sto-

mata 1 (OST1) (Ding et al., 2015; Dong et al., 2006; Miura et al.,

2007). HOS1 acts as a RING-type ubiquitin E3 ligase that ubiq-

uitinates and mediates the cold-induced degradation of ICE1,

which in turn negatively regulates CBF expression at low tem-

peratures (Dong et al., 2006). SIZ1-mediated ICE1 sumoylation

stabilizes ICE1 and controls CBF expression (Miura et al.,

2007). Our recent study showed that OST1/SnRK2.6, a Ser/Thr

protein kinase, originally identified in ABA signaling, is acti-

vated by cold stress, subsequently interacts with and phos-

phorylates ICE1, which suppresses HOS1-mediated ICE1

degradation and positively regulates CBF expression and

freezing tolerance (Ding et al., 2015). Previous studies showed

that MYB15 and jasmonate ZIM-domain 1/4 also physically

interact with ICE1 to repress CBF expression and negatively

regulate freezing tolerance (Agarwal et al., 2006; Hu et al.,

2013). As posttranslational regulation of ICE1 is essential for

its function, it is important to identify other modulators that

regulate ICE1.
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ABSTRACT

The agriGO platform, which has been serving the
scientific community for >10 years, specifically fo-
cuses on gene ontology (GO) enrichment analy-
ses of plant and agricultural species. We continu-
ously maintain and update the databases and ac-
commodate the various requests of our global users.
Here, we present our updated agriGO that has a
largely expanded number of supporting species (394)
and datatypes (865). In addition, a larger number of
species have been classified into groups covering
crops, vegetables, fish, birds and insects closely re-
lated to the agricultural community. We further im-
proved the computational efficiency, including the
batch analysis and P-value distribution (PVD), and
the user-friendliness of the web pages. More visual-
ization features were added to the platform, including
SEACOMPARE (cross comparison of singular enrich-
ment analysis), direct acyclic graph (DAG) and Scat-
ter Plots, which can be merged by choosing any sig-
nificant GO term. The updated platform agriGO v2.0
is now publicly accessible at http://systemsbiology.
cau.edu.cn/agriGOv2/.

INTRODUCTION

An enrichment analysis is an efficient and fast method to de-
termine the functions associated with large gene lists and to
increase the likelihood of interpreting biological processes
(1). Information on biological processes (BP), molecular
functions (MF) and cell components (CC) is organized into
structured vocabulary, known as gene ontology (GO), that
could describe almost all organisms. The majority of emerg-
ing enrichment tools (2–7) employ GO as their annotation
resource. However, these resources generally address human
or model species but are limited when concerning agricul-
tural species. For examples, the Database for Annotation,
Visualization and Integrated Discovery (DAVID) provides

a comprehensive platform of functional annotations and
analyses based on any given gene list mainly focusing on
humans and human diseases. The Gene Ontology enRIch-
ment anaLysis and visuaLizAtion tool (GORILLA) is used
for model species enrichment analyses. Our laboratory de-
veloped two GO-based tools for the agricultural commu-
nity, easyGO (2) and the ensuing agriGO (8), and has con-
tinuously maintained them. With the rapid development of
high-throughput technologies, these web servers cannot in-
clude the enormous amount of sequencing data in the agri-
cultural field (9–14).

Additionally, the GO database is released monthly in sev-
eral versions, while the definitions of terms and the parent–
child relationship between terms changes towing to the in-
tegration of information from different sources (15). Many
sources and methods induce irregular annotation levels and
gene identities (IDs) (15–19). Relatively more comprehen-
sive and accurate versions are being produced based on the
evidence codes and/or comparative genomics to reduce the
substantial number of false positives (20). For example, a
rice gene or gene product’s GO annotation contains ver-
sions 5.0, 6.1 and 7.0 from TIGR (21), Gramene release 50
(22), Phytozome v11 (18) and others. Thus, it is necessary
to increase the GO annotation, as well as the correspond-
ing GO terms under constantly expanding knowledge.

Up to January 2017, Google Scholar showed that agriGO
was referenced 982 times with >80 000 analysis requests
since it went online. At the same time, users have put for-
ward a series of requirements for accurate analytical results
with reliable backgrounds. To satisfy the ever-increasing
number of sequenced species, maintain an up-to-date GO
background (15) and meet user requirements, we have up-
dated agriGO with new features and better support. The
major updates are supporting more species and datatypes,
and adding new visualization tools.

METHODS

AgriGO v2.0 mainly contains analysis tools for process-
ing with the agriGO v2.0-provided background and cus-
tom analyses, including search, singular enrichment anal-
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ABSTRACT

Genome-wide maps of chromatin states have be-
come a powerful representation of genome annota-
tion and regulatory activity. We collected public and
in-house plant epigenomic data sets and applied a
Hidden Markov Model to define chromatin states,
which included 290 553 (36 chromatin states), 831
235 (38 chromatin states) and 3 936 844 (26 chro-
matin states) segments across the whole genome of
Arabidopsis thaliana, Oryza sativa and Zea mays, re-
spectively. We constructed a Plant Chromatin State
Database (PCSD, http://systemsbiology.cau.edu.cn/
chromstates) to integrate detailed information about
chromatin states, including the features and distribu-
tion of states, segments in states and related genes
with segments. The self-organization mapping (SOM)
results for these different chromatin signatures and
UCSC Genome Browser for visualization were also
integrated into the PCSD database. We further pro-
vided differential SOM maps between two epigenetic
marks for chromatin state comparison and custom
tools for new data analysis. The segments and re-
lated genes in SOM maps can be searched and used
for motif and GO analysis, respectively. In addition,
multi-species integration can be used to discover
conserved features at the epigenomic level. In sum-
mary, our PCSD database integrated the identified
chromatin states with epigenetic features and may be
beneficial for communities to discover causal func-
tions hidden in plant chromatin.

INTRODUCTION

Chromatin is a genome-organizing platform, regulating
gene expression, cell division and differentiation, etc. Epi-
genetic regulation, such as DNA methylation, histone mod-
ifications and variants, plays a key role in controlling
chromatin structure. A combination of multiple epigenetic

marks exist at the whole genome level, and specific com-
binations of epigenetic marks are meaningful in biological
function (1). Epigenomic data sets are a rich resource to
identify regulatory elements and functional annotations in
coding and non-coding regions (2). The computational in-
tegration of high-throughput epigenomic profiling, called
chromatin state maps, has become a powerful representa-
tion of genome annotation and regulatory activity (3–5).
Chromatin states with epigenetic features impact gene ac-
tivity in developmental processes and in response to envi-
ronmental cues (6).

Chromatin states are identified by computing multi-
dimensional matrices to interpret a variety of epigenomic
data sets (4). Many algorithms have been developed to iden-
tify chromatin states, such as post hoc combination, princi-
pal component analysis (PCA), clustering, ChromHMM,
chromstaR and Segway (5). Among these algorithms,
ChromHMM, which is based on a Hidden Markov Model
(7), is frequently used and has been successfully applied in
many animals and plants, such as human (8,9), Drosophila
(10) and barley (11). Ernst et al. used the ChromHMM
algorithm to identify and analyse 51 chromatin states, in-
cluding promoter-associated, transcription-associated, ac-
tive intergenic, large-scale repressed and repeat-associated
states, and revealed the genome-wide locations of diverse
classes of epigenetic function (8). In addition to human and
Drosophila, chromatin states have been widely studied in
other animals, such as mouse (12) and worm (13). Com-
pared with studies of chromatin states in animals, especially
human, studies of chromatin states in plants are limited.
There are several studies on chromatin state identification
in Arabidopsis, rice and barley using ChIP-seq or ChIP-
chip data sets with different algorithms (11,14–18). In these
studies, epigenomic data were very limited, either in the type
of epigenetic marks or in the number of epigenomic data
sets, thus resulting in an incomplete definition of chromatin
states. Furthermore, it is difficult to search and compare
these chromatin states in plants.

Recently, public plant epigenomic data sets are emerg-
ing quickly, including DNase-seq, ATAC-seq, meDIP-seq,
ChIP-seq and MNase-seq data. DNase-seq and ATAC-seq

*To whom correspondence should be addressed. Tel: +86 10 62731380; Fax: +86 10 62731380; Email: zhensu@cau.edu.cn
Correspondence may also be addressed to Wenying Xu. Tel: +86 10 62731380; Fax: +86 10 62731380; Email: x wenying@yahoo.com
†These authors contributed equally to this work as first authors.

C© The Author(s) 2017. Published by Oxford University Press on behalf of Nucleic Acids Research.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by-nc/4.0/), which
permits non-commercial re-use, distribution, and reproduction in any medium, provided the original work is properly cited. For commercial re-use, please contact
journals.permissions@oup.com

Downloaded from https://academic.oup.com/nar/article-abstract/doi/10.1093/nar/gkx919/4429024/PCSD-a-plant-chromatin-state-database
by China Agricultural University user
on 10 October 2017

附录

http://systemsbiology.cau.edu.cn/chromstates


Regulation of potassium transport and signaling
in plants
Yi Wang and Wei-Hua Wu

Available online at www.sciencedirect.com

ScienceDirect
附录
As an essential macronutrient, potassium (K+) plays crucial

roles in diverse physiological processes during plant growth

and development. The K+ concentration in soils is relatively low

and fluctuating. Plants are able to perceive external K+ changes

and generate chemical and physical signals in plant cells. The

signals can be transducted across the plasma membrane and

into the cytosol, and eventually regulates the downstream

targets, particularly K+ channels and transporters. As a result,

K+ homeostasis in plant cells is modulated, which facilitates

plant adaptation to K+ deficient conditions. This minireview

focuses on the latest research progress in the diverse functions

of K+ channels and transporters as well as their regulatory

mechanisms in plant response to low-K+ stress.
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Introduction
Potassium (K+) is one of the essential macronutrients for

plant growth and development. In living plant cells, K+ is

involved in many physiological processes, such as osmo-

regulation, enzyme activation, electrical neutralization,

and membrane potential maintenance [1]. As an impor-

tant inorganic osmolyte, K+ regulates turgor pressure of

plant cells, which controls stomata movement and pollen

tube growth [2,3]. K+ also regulates photosynthesis and

subsequent carbohydrate translocation and metabolism,

and consequently determines crop yield and quality [4].

In addition, sufficient K+ supply can enhance the toler-

ance of crop plants to various biotic and abiotic (e.g. salt

and drought) stresses [5]. However, K+ deficiency in most

arable fields has restricted the sustainable development of

agriculture production [6]. Facing this challenge, the
www.sciencedirect.com 
genetic improvement of crop K+ utilization efficiency

(KUE) is urgently expected, which requires a thorough

investigation on the molecular mechanisms of plant

responses to K+ deficiency.

The K+ uptake by plant root cells as well as K+ transport

inside plants are conducted by a large number of K+

channels and transporters [7,8]. Thus, investigation on

identification and functional characterization of K+ chan-

nels and transporters as well as their regulatory mecha-

nisms has been the focus in this area for the last decade.

Functional identification of potassium
transporters
In recent years, many novel K+ transporters have been

functionally identified. They regulate K+ transport and

ion homeostasis in plant cells and exhibit diverse physio-

logical functions in K+ uptake, photosynthesis, organ

development, reproduction, and stress tolerance.

The K+ transporters from the HAK/KUP/KT family are

crucial for K+ transport and plant development [8]. A recent

report showed that AtKUP7 is involved in K+ uptake in

Arabidopsis root [9] (Figure 1). AtKUP7 may be an alterna-

tivesystem involved inK+uptake besides AtAKT1channel

and AtHAK5 transporter that are two major K+ uptake

components in Arabidopsis root [10]. The affinity of

AtKUP7 for K+ transport (about 50–200 mM) is lower than

that of AtHAK5 (about 10–20 mM). In addition, AtKUP7

may also mediate K+ transport into the xylem and subse-

quently K+ translocation to shoot [9] (Figure 1).

In rice, three HAK/KUP/KT K+ transporters, OsHAK1/5/21,
were characterized. These transporters all participate in K+

acquisition in rice root, but they operate at different external

K+ conditions [11–13]. OsHAK5 functions in rice K+ uptake

at lowK+supply level (below0.3 mM),andisalso involved in

the K+ transport from root to shoot in the K+-deficient rice

plants [11]. Comparatively,  OsHAK1 regulates the K+-medi-

ated rice growth within a wide range of K+ concentrations

(0.05–1 mM) [12]. OsHAK21 shows a low-affinity K+ trans-

port activity when characterized in yeast, but mediates high-

affinity K+uptake in Arabidopsis [13]. In addition, OsHAK1/5/
21 all contribute to rice tolerance to salt stress by maintaining

K+/Na+ homeostasis [11–13].

Previous studies have indicated that many CHX (cation/H+

exchanger) members act as K+ transporters (K+/H+

exchanger), and play roles in pH homeostasis [14]. In

Arabidopsis, AtCHX14 functions as a PM-located K+-efflux
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Reactive oxygen species (ROS) are widely produced in

different cellular compartments under both biotic and abiotic

stress conditions. ROS play a central role in plant signaling and

regulate diverse cellular processes. Recent advances are

shedding new light on sophisticated mechanisms controlling

ROS biogenesis and signaling in plant immunity. In this review,

we summarize our current understanding of the regulation of

apoplastic ROS production in response to microbial molecular

patterns and draw comparison with abscisic acid (ABA)-

induced apoplastic ROS. We also discuss how ROS act as

signal molecules to regulate cellular activities using stomatal

movement as an example.
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Plants possess a two-tiered surveillance system against

pathogenic microbes. This system is composed of numer-

ous cell surface-localized immune receptors and intracel-

lular immune receptors that sense microbial molecules

directly or indirectly to trigger immune responses. It has

long been established that plants respond to pathogen

attack with a transient burst of reactive oxygen species

(ROS) and that ROS play a central role in plant immune

responses [1,2].

Production of ROS is not merely a result of biotic and

abiotic stresses. Instead, ROS play an essential role in

plant signaling that not only controls adaptation to

stresses but also regulates plant growth and development.

ROS include singlet oxygen (1O2), superoxide anion

(O2
��), hydrogen peroxide (H2O2) and hydroxyl radicals

(�OH). Among them, H2O2 is most stable and has a longer

half-life (about 1 ms in cell) and often acts as an intercel-

lular and intracellular signal to trigger downstream

responses [3,4]. ROS can be produced in various subcel-

lular compartments such as plasma membrane, cell wall,

mitochondria, chloroplasts, and peroxisomes/glyoxy-

somes under both normal and stress conditions [5].

The apoplastic ROS are mainly produced by plasma

membrane localized NADPH oxidases (respiratory burst

oxidase homologs, RBOHs), cell wall peroxidases and

amine oxidases [6�], while intracellular ROS are mainly

produced in chloroplasts, and peroxisomes/glyoxysomes

and to a less level in mitochondria in plants. ROS are toxic

to plant cells at high concentrations and thus must be

maintained at appropriate levels by a delicate balance

between ROS-producing and -scavenging enzymes [7,8].

Major ROS scavenging enzymes include ascorbate

peroxidase (APX1), catalase (CAT1 and 2), thylakoid

aperoxidase (tAPX), mitochondrial oxidase (AOX) and

Cu-Zn-superoxide dismutase 2 (CSD2) [7]. In addition,

low molecular antioxidants such as ascorbate, glutathione

and tocopherol form redox buffers that determine the

lifetime and specificity of ROS signal [9]. Finally, nitric

oxide (NO) acts as a reactive nitrogen species and con-

tributes to ROS and redox regulation [10].

Considerable advances have been made in the last decade

concerning the regulation of ROS production during

pattern-triggered immunity. Recent studies are providing

new insights in mechanisms by which ROS regulate

immune responses. This review discusses current under-

standing and challenge in ROS signaling, with a focus on

apoplastic ROS, during plant interactions with pathogens.

Regulation of apoplastic ROS by immune
receptors
A major site of ROS production during plant–pathogen

interactions is the apoplast. Plant plasma membrane is

occupied with numerous immune receptors [11], which

are receptor kinases (RKs) and receptor-like proteins

(RLPs). Activation of these receptors by microbial pat-

terns activates rapid cellular responses including

increased ion channel activities and a transient increase

of cytosolic calcium, activation of calcium-dependent

protein kinases (CPKs), extracellular alkalinization, a

transient ROS burst, and activation of MAP kinase

(MAPK) cascades. Some of the best-studied immune
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Summary

� In plants, potassium (K+) homeostasis is tightly regulated and established against a concen-

tration gradient to the environment. Despite the identification of Ca2+-regulated kinases as

modulators of K+ channels, the immediate signaling and adaptation mechanisms of plants to

low-K+ conditions are only partially understood.
� To assess the occurrence and role of Ca2+ signals in Arabidopsis thaliana roots, we employed

ratiometric analyses of Ca2+ dynamics in plants expressing the Ca2+ reporter YC3.6 in combina-

tion with patch-clamp analyses of root cells and two-electrode voltage clamp (TEVC) analyses

in Xenopus laevis oocytes.
� K+ deficiency triggers two successive and distinct Ca2+ signals in roots exhibiting spatial and

temporal specificity. A transient primary Ca2+ signature arose within 1 min in the postmeris-

tematic stelar tissue of the elongation zone, while a secondary Ca2+ response occurred after

several hours as sustained Ca2+ elevation in defined tissues of the elongation and root hair dif-

ferentiation zones. Patch-clamp and TEVC analyses revealed Ca2+ dependence of the activa-

tion of the K+ channel AKT1 by the CBL1–CIPK23 Ca2+ sensor-kinase complex.
� Together, these findings identify a critical role of cell group-specific Ca2+ signaling in low K+

responses and indicate an essential and direct role of Ca2+ signals for AKT1 K+ channel activa-

tion in roots.

Introduction

The ability to sense and respond to fluctuations of environmental
nutrient concentrations is essential for all organisms. Although not
metabolized, the mineral element potassium (K+) is indispensable
for many physiological processes and highly abundant in plants
constituting up to 10% of their DW (Leigh & Jones, 1984). While
the cytoplasmic K+ concentration in plants is relatively stable at c.
100 mM, the K+ concentration in the soil is low and fluctuates
between concentrations of 0.01 and 1 mM (Wang & Wu, 2013).
This underscores the need for K+-sensing mechanisms and for
tightly regulated and efficient K+ uptake and transport systems that
function against this concentration gradient (Wang &Wu, 2013).

The earliest detected event in plant responses to K+ deficiency
has so far been the hyperpolarization of the plasma membrane
potential of plant root cells. This response occurs within a few
minutes of a decrease in external K+ concentration (Maathuis &
Sanders, 1993; Nieves-Cordones et al., 2008). Moreover, for later
time points ranging from 6 to 30 h, crucial roles of reactive oxy-
gen species (ROS) generation and ethylene signaling have been

reported during low-K+ (LK) responses. In this regard, a contri-
bution of the ROS-generating NADPH oxidase RBOHC to the
implementation of proper downstream transcriptional responses
and the regulation of root growth has been observed (Shin &
Schachtman, 2004). Similarly, loss of function of the ethylene
signal component EIN2 impaired long-term LK adaptation (Shin
& Schachtman, 2004; Jung et al., 2009).

Research over recent decades has identified and characterized
many distinct K+ transporters and channels that bring about
establishment and regulation of K+ homeostasis (Hedrich, 2012).
Under K+-limiting conditions in the soil, the transporter HAK5
and the inward rectifying shaker-type channel AKT1 have been
found to realize > 80% of the root K+ uptake in Arabidopsis
thaliana (Spalding et al., 1999; Gierth et al., 2005).
In addition to transcriptional regulation that has, for example,

been observed as an LK adaptive response of HAK5, K+ channels
appear to be subjected to extensive posttranslational modification
for fast regulatory adjustments (Tsay et al., 2011). Recent studies
uncovered a regulatory circuit in which the Ca2+ sensors CBL1
and CBL9 activate their interacting kinase CIPK23 and also that
CBL1/9-CIPK23 complexes phosphorylate and thereby activate
the K+ channel AKT1 (Li et al., 2006; Xu et al., 2006). In this*These authors contributed equally to this work.
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Summary

� Toll/interleukin receptor (TIR)-nucleotide binding site (NB)-type (TN) proteins are encoded

by a family of 21 genes in the Arabidopsis genome. Previous studies have shown that a muta-

tion in the TN gene CHS1 activates the activation of defense responses at low temperatures.

However, the underlying molecular mechanism remains unknown.
� To genetically dissect chs1-mediated signaling, we isolated genetic suppressors of chs1-2

(soc). Several independent soc mutants carried mutations in the same TIR-NB-leucine-rich

repeat (LRR) (TNL)-encoding gene SOC3, which is adjacent to CHS1 on chromosome 1.
� Expression of SOC3 was upregulated in the chs1-2 mutant. Mutations in six soc3 alleles

and downregulation of SOC3 by an artificial microRNA construct fully rescued the chilling

sensitivity and defense defects of chs1-2. Biochemical studies showed that CHS1 interacted

with the NB and LRR domains of SOC3; however, mutated chs1 interacted with the TIR, NB

and LRR domains of SOC3 in vitro and in vivo.
� This study reveals that the TN protein CHS1 interacts with the TNL protein SOC3 to modu-

late temperature-dependent autoimmunity.

Introduction

Plants rely on their sophisticated immune system to fight
pathogens. Previous studies have identified at least two layers of
defense in the plant immune system, namely pathogen-associated
molecular pattern (PAMP)-triggered immunity (PTI) and effec-
tor-triggered immunity (ETI) (Jones & Dangl, 2006). PTI is the
first level of defense and is governed by transmembrane pattern
recognition receptors (PRRs) that recognize microbial-associated
molecular patterns (MAMPs) or PAMPs (Tsuda & Katagiri,
2010). Successful pathogens have evolved effectors that are trans-
ferred into the plant cell to suppress PTI. The second layer of
defense, ETI, is mediated by resistance (R) proteins that recog-
nize pathogen effectors (Cui et al., 2015). Once the defense
response is triggered, pathogen infection is suppressed (Qi et al.,
2011; Sohn et al., 2012). The response is often accompanied by
the hypersensitive response (HR), which involves the accumula-
tion of salicylic acid (SA), the induction of PATHOGENESIS-
RELATED (PR) genes, the production of reactive oxygen species
(ROS) and programmed cell death (PCD) (Hammond-Kosack
& Jones, 1996; Jones & Dangl, 2006).

In Arabidopsis, the largest class of R proteins contains
nucleotide-binding (NB) and leucine-rich repeat (LRR) domains.

This class can be divided into two subclasses, which encode either
a coiled-coil (CC) domain or a Toll/Interleukin-1 receptor (TIR)
domain at the N-terminus. Recent studies revealed that in some
cases, NB-LRR proteins execute their functions in the forms of
pairs with another NB-LRR proteins (Eitas & Dangl, 2010).
These NB-LRR pairs include Arabidopsis RESISTANCE TO
PERONOSPORA PAEASITICA 2A (RPP2A)-RPP2B (Sinapi-
dou et al., 2004), and RESISTANT TO RALSTONIA
SOLANACEARUM 1 (RRS1)-RESISTANCE TO PSEUDOM
ONAS4 (RPS4) (Narusaka et al., 2009; Williams et al., 2014),
wheat LEAF RUST RESISTANCE GENE10 (LR10)-RES
ISTANCE GENE ANALOGUE 2 (RGA2) (Loutre et al., 2009),
rice RGA4 and RGA5 (Cesari et al., 2013), and tobacco N and
N REQUIREMENT GENE 1 (NRG1) (Peart et al., 2005).

In addition to NB-LRR class R genes, some Arabidopsis R-like
genes, called TIR-NB (TN)-type genes, often locate adjacent to
the TIR-NB-LRR (TNL) genes in the Arabidopsis genome (Mey-
ers et al., 2002). Overexpression of several TN genes leads to con-
stitutively activated immune responses (Nandety et al., 2013).
Loss-of-function of TN2/LCD4 (Lesion Cell Death) partially res-
cues the cell death phenotype of bon1 bon3 double mutants (Li
et al., 2009), suggesting that TN2 is required for the copine pro-
tein BON-mediated defense response. A recent study demon-
strated that TN2 interacts directly with one subunit of the
exocyst complex, EXO70B1, and might monitor EXO70B1*These authors contributed equally to this work.

1330 New Phytologist (2017) 213: 1330–1345 � 2016 The Authors

New Phytologist� 2016 New Phytologist Trustwww.newphytologist.com

Research 附录



Ethylene and nitric oxide interact to regulate the magnesium
deficiency-induced root hair development in Arabidopsis

Miao Liu1, Xing Xing Liu1, Xiao Lin He1, Li Juan Liu1, Hao Wu1, Cai Xian Tang2, Yong Song Zhang1 and

Chong Wei Jin1,3

1Ministry of Education Key Laboratory of Environmental Remediation and Ecosystem Health, College of Environmental and Resource Sciences, Zhejiang University, Hangzhou 310058,

China; 2Department of Animal, Plant and Soil Sciences, Centre for AgriBioscience, La Trobe University, Melbourne Campus, Bundoora, Vic. 3086, Australia; 3State Key Laboratory of Plant

Physiology and Biochemistry, Zhejiang University, Hangzhou 310058, China

Author for correspondence:
ChongWei Jin

Tel: +86 571 88982478
Email: jincw@zju.edu.cn

Received: 16 June 2016

Accepted: 7 September 2016

New Phytologist (2017) 213: 1242–1256
doi: 10.1111/nph.14259

Key words: ethylene synthesis, interaction,
magnesium (Mg) deficiency, nitric oxide
(NO) synthesis, root hair.

Summary

� Nitric oxide (NO) and ethylene respond to biotic and abiotic stresses through either similar

or independent processes. This study examines the mechanism underlying the effects of NO

and ethylene on promoting root hair development in Arabidopsis under magnesium (Mg)

deficiency.
� The interaction between NO and ethylene in the regulation of Mg deficiency-induced root

hair development was investigated using NO- and ethylene-related mutants and pharmaco-

logical methods.
� Mg deficiency triggered a burst of NO and ethylene, accompanied by a stimulated develop-

ment of root hairs. Interestingly, ethylene facilitated NO generation by activation of both

nitrate reductase and nitric oxide synthase-like (NOS-L) in the roots of Mg-deficient plants. In

turn, NO enhanced ethylene synthesis through stimulating the activities of

1-aminocyclopropane-1-carboxylate (ACC) oxidase and ACC synthase (ACS). These two pro-

cesses constituted an NO-ethylene feedback loop. Blocking either of these two processes

inhibited the stimulation of root hair development under Mg deficiency.
� In conclusion, we suggest that Mg deficiency increases the production of NO and ethylene

in roots, each influencing the accumulation and role of the other, and thus these two signals

interactively regulate Mg deficiency-induced root hair morphogenesis.

Introduction

Magnesium (Mg) is involved in many fundamental biochemical
processes, including photosynthetic carbon fixation (Lilley et al.,
1974), chlorophyll synthesis (Knoop et al., 2005), protein syn-
thesis (Zheng et al., 1993) and enzyme activation (Marschner,
1995). Therefore, Mg deficiency would cause a reduction in yield
and nutritional quality of crops (Hermans et al., 2010a). Low
availability of Mg is often a critical constraint for crop produc-
tion, because the soluble Mg2+ in acid or sandy soils easily leaches
from these soils and its absorption is also intensively antagonized
by that of other cations such as potassium and aluminium during
uptake by plant roots (Marschner & Rengel, 2012). Understand-
ing the mechanisms of how plants respond to Mg deficiency in
roots is critically important for the breeding of crops with high
Mg-uptake efficiency. However, information on these mecha-
nisms is limited. In a recent study, we suggested that the length
and density of root hairs were markedly increased by Mg defi-
ciency (Niu et al., 2014). Stimulation of root hair development
increases surface area and favours the exploration of greater soil
volumes (Schweiger et al., 1995; Leitner et al., 2010; Zygalakis
et al., 2011). Several studies have provided evidence that

increased root hair development facilitates the uptake of water
and nutrients, particularly in nutrient-deficient soils, such as
those with iron (Fe), phosphorus, manganese and zinc deficiency
(Chen et al., 2005; Rengel & Marschner, 2005; Genc et al.,
2007; Santi & Schmidt, 2009; Brown et al., 2013). Increased
root hair development probably favours the Mg uptake from the
Mg-limited soil environments. Therefore, it becomes imperative
to determine and elucidate the mechanism underlying the induc-
tion of root hair development during low-Mg stress.

In nutrient-adequate conditions, ethylene is an indispensable
signal for controlling the development of root hairs; it not only
promotes root hair outgrowth but also causes cells that are nor-
mally hairless to form root hairs, thus playing a vital role in hair
initiation and elongation (Tanimoto et al., 1995; Dolan, 2001).
This regulatory mechanism is supported by considerable evi-
dence. For instance, the constitutive ethylene-responsive ctr1
and ethylene-overproducing eto mutants exhibit more and
longer root hairs than wild-type plants (Dolan et al., 1994;
Masucci & Schiefelbein, 1996; Cao et al., 1999; Garc�ıa et al.,
2011). In addition, pharmacological studies have also shown
that both the initiation and the elongation of root hairs were
markedly increased after treatment with ethylene precursor

1242 New Phytologist (2017) 213: 1242–1256 � 2016 The Authors

New Phytologist� 2016 New Phytologist Trustwww.newphytologist.com

Research 附录



OsHAC4 is critical for arsenate tolerance and regulates arsenic
accumulation in rice

Jiming Xu1*, Shulin Shi2*, Lei Wang1, Zhong Tang2, Tingting Lv1, Xinlu Zhu1, Xiaomeng Ding1, Yifeng Wang1,

Fang-Jie Zhao2,3 and Zhongchang Wu1

1State Key Laboratory of Plant Physiology and Biochemistry, College of Life Sciences, Zhejiang University, Hangzhou 310058, China; 2State Key Laboratory of Crop Genetics and Germplasm

Enhancement, College of Resources and Environmental Sciences, Nanjing Agricultural University, Nanjing 210095, China; 3Rothamsted Research, Harpenden Hertfordshire, AL5 2JQ, UK

Authors for correspondence:
Zhongchang Wu

Tel: +86 571 88981395
Email: wzchang@zju.edu.cn

Fang-Jie Zhao
Tel: +86 25 8439 6509

Email: Fangjie.Zhao@njau.edu.cn

Received: 23 January 2017
Accepted: 12 March 2017

New Phytologist (2017) 215: 1090–1101
doi: 10.1111/nph.14572

Key words: arsenate, arsenate reductase,
arsenic (As), arsenic accumulation, arsenite,
detoxification, rice (Oryza sativa).

Summary

� Soil contamination with arsenic (As) can cause phytotoxicity and elevated As accumulation

in rice grain. Here, we used a forward genetics approach to investigate the mechanism of

arsenate (As(V)) tolerance and accumulation in rice.
� A rice mutant hypersensitive to As(V), but not to As(III), was isolated. Genomic resequenc-

ing and complementation tests were used to identify the causal gene. The function of the

gene, its expression pattern and subcellular localization were characterized.
� OsHAC4 is the causal gene for the As(V)-hypersensitive phenotype. The gene encodes a

rhodanase-like protein that shows As(V) reductase activity when expressed in Escherichia

coli. OsHAC4 was highly expressed in roots and was induced by As(V). In OsHAC4pro-GUS

transgenic plants, the gene was expressed exclusively in the root epidermis and exodermis.

OsHAC4-eGFP was localized in the cytoplasm and the nucleus. Mutation in OsHAC4 resulted

in decreased As(V) reduction in roots, decreased As(III) efflux to the external medium and

markedly increased As accumulation in rice shoots. Overexpression of OsHAC4 increased As

(V) tolerance and decreased As accumulation in rice plants.
� OsHAC4 is an As(V) reductase that is critical for As(V) detoxification and for the control of

As accumulation in rice. As(V) reduction, followed by As(III) efflux, is an important mecha-

nism of As(V) detoxification.

Introduction

Arsenic (As) contamination is widespread in paddy soils in south
and southeast Asia as a result of mining and irrigation with As-
contaminated groundwater (Brammer, 2009; Williams et al.,
2009; Zhao et al., 2015). The build-up of As in paddy soils can
lead to phytotoxicity and substantial yield losses in rice, threaten-
ing agricultural sustainability in the affected areas (Panaullah
et al., 2009). Moreover, As contamination in paddy soils can
increase As accumulation in rice grain, thus posing a risk to food
safety and human health (Meharg & Rahman, 2003; Zhu et al.,
2008). It is known that rice is a major dietary source of inorganic
As, a class one carcinogen, for populations consuming rice as the
staple food (Kile et al., 2007; Meharg et al., 2009; Li et al.,
2011). Therefore, it is important to understand the mechanisms
of As tolerance and accumulation in rice in order to develop
strategies to minimize the risk of As contamination in soil.

Plants take up different chemical species of As inadvertently
via transporters for essential or beneficial elements as a result of
imperfect substrate selectivity. For example, arsenate (As(V)), the
predominant As species in aerobic soil, is taken up by plant roots

via phosphate transporters (Shin et al., 2004; Catarecha et al.,
2007), such as OsPT1 and OsPT8 in rice (Wu et al., 2011;
Kamiya et al., 2013; Wang et al., 2016). By contrast, arsenite (As
(III)), the predominant As species in anaerobic soil, is transported
across the plasma membranes via some aquaporin channels
(Bienert et al., 2008; Isayenkov & Maathuis, 2008; Kamiya et al.,
2009; Zhao et al., 2009; Xu et al., 2015). In the case of rice, the
silicon transporters Lsi1 (OsNIP2;1) and Lsi2 are the main
uptake pathways for As(III) (Ma et al., 2008). Lsi1 is an aqua-
porin channel responsible for the entry of As(III) into the root
cells, whereas Lsi2 is an efflux transporter mediating the efflux of
As(III) towards the stele for xylem loading (Ma et al., 2008).
Methylated As species can also be taken up via Lsi1 in rice roots
(Li et al., 2009).

Arsenic is toxic to plants, although the mode of toxicity differs
among different As species (Zhao et al., 2009; Finnegan & Chen,
2012). As(V) interferes with phosphate (Pi) metabolism by par-
ticipating in phosphorylation reactions, forming arsenate esters
that are much less stable than phosphate esters (Byers et al., 1979;
Finnegan & Chen, 2012). The unstable arsenate esters hydrolyse
quickly, leading to the uncoupling of phosphorylation and dis-
ruption of glucose and energy metabolism (Byers et al., 1979). By
contrast, As(III) binds to reduced cysteine residues in proteins,*These authors contributed equally to this work.
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Summary

Excess soluble salts in soil (saline soils) areharmful tomost plants. Salt imposesosmotic, ionic, and

secondary stresses on plants. Over the past two decades, many determinants of salt tolerance

and their regulatory mechanisms have been identified and characterized using molecular

genetics and genomics approaches. This review describes recent progress in deciphering the

mechanisms controlling ion homeostasis, cell activity responses, and epigenetic regulation in

plants under salt stress. Finally,wehighlight research areas that require further research to reveal

new determinants of salt tolerance in plants.

I. Introduction

Saline soil is a severely adverse environmental factor that affects seed
germination, crop growth, and productivity. More than 800
million hectares of land (c. 6% of the world’s total land area) is
affected by excess salt concentrations (Munns&Tester, 2008), and
this problem continues to worsen. Irrigated cultivated farm land
also is threatened by secondary salt, which accumulates in irrigated
soils as water evaporates. In certain areas, it may be economically
viable to leach these secondary salts into groundwater.

Most plant/crop species are glycophytes, which are not salt-
tolerant and are adversely affected by high salt. Salt stress is
commonly caused by high concentrations of sodium (Na+) and
chloride ions in soil (Ismail et al., 2014). There are three salt-
induced stress pathways: osmotic stress, ionic stress, and secondary
stress. Osmotic stress results from the effect of high salt

concentrations in the soil and/or water. Excess soluble salts in the
soil reduce the water potential (i.e. reduce water availability to the
plant) at the root surface, thereby reducing plant uptake of water
(Hasegawa et al., 2000), which leads to water deficit in plants. Ionic
stress results from the toxic effect of salt ions inside plant cells. Salts
taken up by roots undergo long-distance transport in the transpi-
ration stream to shoots, and eventually accumulate in leaves
(Munns & Tester, 2008). High concentrations of Na+ in the
cytoplasm disrupt the uptake of other ions into plant cells, which
has adverse effects on many metabolic pathways. For example,
potassium (K+) is important for the catalytic activities of many
enzymes (Fu & Luan, 1998; Lazof & Bernstein, 1999). Osmotic
and ionic stresses can cause secondary stresses in plants, including
the accumulation of toxic compounds and disruption of nutrient
balances. Reactive oxygen species (ROS) such as hydroxyl radicals,
hydrogenperoxide, and superoxide anions accumulate in plant cells
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Summary

� Cytosolic calcium signaling is critical for regulating downstream responses in plants encoun-

tering unfavorable environmental conditions.
� In a genetic screen for Arabidopsis thaliana mutants defective in stress-induced cytosolic

free Ca2+ ([Ca2+]cyt) elevations, we identified the R2R3-MYB transcription factor MYB30 as a

regulator of [Ca2+]cyt in response to H2O2 and heat stresses.
� Plants lacking MYB30 protein exhibited greater elevation of [Ca2+]cyt in response to oxidative

and heat stimuli. Real-time reverse transcription�polymerase chain reaction (RT-PCR) results

indicated that the expression of a number of ANNEXIN (ANN) genes, which encode Ca2+-

regulated membrane-binding proteins modulating cytosolic calcium signatures, were upregu-

lated inmyb30mutants. Further analysis showed that MYB30 bound to the promoters of ANN1

and ANN4 and repressed their expression. myb30 mutants were sensitive to methyl viologen

(MV) and heat stresses. The H2O2- and heat-induced abnormal [Ca2+]cyt in myb30 was depen-

dent on the function of ANN proteins. Moreover, the MV and heat sensitivity of myb30 was

suppressed in mutants lacking ANN function or by application of LaCl3, a calcium channel

blocker.
� These results indicate that MYB30 regulates oxidative and heat stress responses through

calcium signaling, which is at least partially mediated by ANN1 and ANN4.

Introduction

The calcium ion (Ca2+) is an important intracellular secondary
messenger in plants (Poovaiah & Reddy, 1993) and plays impor-
tant roles in the response to both environmental and internal sig-
nals. Various abiotic and biotic stimuli, including cold (Knight
et al., 1991), heat (Gong et al., 1998), osmotic stress (Kiegle
et al., 2000), salt and drought (Knight et al., 1998), light (Shack-
lock et al., 1992), plant hormones (Schroeder et al., 2001), fungal
elicitors and nodulation factors (Knight et al., 1991), trigger ele-
vations of the cytosolic free Ca2+ concentration ([Ca2+]cyt). Such
increasing cytosolic free Ca2+ is released from internal Ca2+ stores
and/or the extracellular matrix (Kudla et al., 2010), and vary in
duration, magnitude, frequency, and spatial distribution depend-
ing on the stimuli (Reddy et al., 2011). [Ca2+]cyt signals are
decoded by intracellular Ca2+ sensors such as calmodulins
(CaMs) (Zielinski, 1998; Luan et al., 2002; McCormack et al.,
2005), calcium-dependent protein kinases (CDPKs) (Harmon
et al., 2000; Romeis et al., 2001) and salt overly sensitive 3
(SOS3)-like calcium-binding proteins (SCaBPs)/calcineurin B-
like proteins (CBLs) (Weinl & Kudla, 2009), and lead to the

modulation of downstream phosphorylation and transcriptional
events (Knight et al., 1991; Trewavas, 1999; White & Broadley,
2003; DeFalco et al., 2010).

Reactive oxygen species (ROS) are highly reactive molecules
including H2O2, HClO and free radicals (Valko et al., 2007).
Enhanced concentrations of ROS are generated endogenously in
response to a number of biotic and abiotic stresses, such as
pathogenic elicitors, salt, ABA, heat, cold, drought or high light
intensity (Lamb & Dixon, 1997; Pei et al., 2000; Zhu, 2001;
Volkov et al., 2006; Leshem et al., 2007). ROS are potent regula-
tors of plasma membrane Ca2+ channels. In Arabidopsis, ROS
treatment activates the Ca2+-permeable channels (Pei et al., 2000)
and triggers Ca2+ influx (Rentel & Knight, 2004). Multiple pro-
teins with transmembrane transport activity for calcium ions have
been identified in plants, such as cyclic nucleotide-gated channels
(CNGCs), Mid1-complementing activities (MCAs), and
ANNEXINs (ANNs) (Hua, 2003; Ali et al., 2007; Nakagawa
et al., 2007; Laohavisit et al., 2012). ANN genes, encoding Ca2+-
dependent phospholipid-binding proteins, comprise a multigene
family in both plants and animals and participate in diverse cellular
processes (Gerke & Moss, 2002; Rescher & Gerke, 2004; Mor-
timer et al., 2008; Divya et al., 2010; Jami et al., 2012). Plant
ANNs are reported to be involved in abiotic stress responses such*These authors contributed equally to this work.
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Summary

� Soil salinity is one of several major abiotic stresses that constrain maize productivity world-

wide. An improved understanding of salt-tolerance mechanisms will thus enhance the breed-

ing of salt-tolerant maize and boost productivity. Previous studies have indicated that the

maintenance of leaf Na+ concentration is essential for maize salt tolerance, and the difference

in leaf Na+ exclusion has previously been associated with variation in salt tolerance between

maize varieties.
� Here, we report the identification and functional characterization of a maize salt-tolerance

quantitative trait locus (QTL), Zea mays Na+ Content1 (ZmNC1), which encodes an HKT-type

transporter (designated as ZmHKT1).
� We show that a natural ZmHKT1 loss-of-function allele containing a retrotransposon inser-

tion confers increased accumulation of Na+ in leaves, and salt hypersensitivity. We next show

that ZmHKT1 encodes a plasma membrane-localized Na+-selective transporter, and is prefer-

entially expressed in root stele (including the parenchyma cells surrounding the xylem vessels).

We also show that loss of ZmHKT1 function increases xylem sap Na+ concentration and

causes increased root-to-shoot Na+ delivery, indicating that ZmHKT1 promotes leaf Na+

exclusion and salt tolerance by withdrawing Na+ from the xylem sap.
� We conclude that ZmHKT1 is a major salt-tolerance QTL and identifies an important new

gene target in breeding for improved maize salt tolerance.

Introduction

Maize is an important crop worldwide, and provides more than
one-half of global calorie consumption (Schnable, 2015). How-
ever, the adequacy of future maize supply is under threat for sev-
eral reasons. First, world maize production needs to double by
2050 to satisfy the requirements of an expanding population
(Ray et al., 2013). Second, global maize production is increas-
ingly being challenged by diverse environmental stresses
(Deinlein et al., 2014; Zuo et al., 2015). Soil salinity stress is one
of the most commonly encountered stresses in maize cultivation
(Hanks et al., 1978) and, unfortunately, maize is a glycophyte
plant that is hypersensitive to salinity stress (Farooq et al., 2015).
Thus, salinity stress is a major threat to the long-term sustainabil-
ity of maize production. In consequence, there is an urgent need
to advance beyond our current understanding of how maize
responds to salinity stress, and thus to enhance our capabilities
for the development of salt-tolerant maize cultivars.

Salinity causes a two-phase (osmotic and ion toxic) physiologi-
cal challenge to plant growth (Munns, 1993; Munns & Tester,

2008). In the first (osmotic) phase, plant growth is reduced as a
result of a decrease in environmental water potential (Fortmeier
& Schubert, 1995; Munns & Tester, 2008). In the second phase,
in planta sodium ions (Na+) accumulate to toxic levels, thereby
competing with potassium ions (K+) and causing the dysregula-
tion of various biological processes, including the activation of
enzymes and stomatal conductance (Fricke et al., 2004). Accord-
ingly, the maintenance of a low Na+ concentration and a normal
Na+ : K+ ratio in the cell cytoplasm is essential for sustained plant
salt tolerance (Zhu, 2003; Pardo et al., 2006; Munns & Tester,
2008; Zhang et al., 2016). Although the molecular mechanisms
underlying the osmotic aspects of salt tolerance remain largely
unknown, several factors regulating shoot Na+ homeostasis and
salt tolerance have been identified in recent years. These factors
primarily reduce root–shoot Na+ delivery, thus promoting the
exclusion of Na+ from the shoot and enhancing salt tolerance.
For example, the plasma membrane Na+ : H+ antiporter Salt
Overly Sensitive 1 (SOS1) transports Na+ accumulated in the
root back into the soil solution, thus reducing the xylem sap Na+

load (Shi et al., 2000; Zhu, 2016). In addition, the xylem sap
Na+ load is further reduced in response to reactive oxygen species
(ROS) generated by a root stele-specific salt-inducible respiratory*These authors contributed equally to this work.
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Summary

� Drought is a key limiting factor for cotton (Gossypium spp.) production, as more than half

of the global cotton supply is grown in regions with high water shortage. However, the under-

lying mechanism of the response of cotton to drought stress remains elusive.
� By combining genome-wide transcriptome profiling and a loss-of-function screen using

virus-induced gene silencing, we identified Gossypium hirsutum GhWRKY59 as an important

transcription factor that regulates the drought stress response in cotton.
� Biochemical and genetic analyses revealed a drought stress-activated mitogen-activated

protein (MAP) kinase cascade consisting of GhMAP3K15–Mitogen-activated Protein Kinase

Kinase 4 (GhMKK4)–Mitogen-activated Protein Kinase 6 (GhMPK6) that directly phosphory-

lates GhWRKY59 at residue serine 221. Interestingly, GhWRKY59 is required for dehydra-

tion-induced expression of GhMAPK3K15, constituting a positive feedback loop of

GhWRKY59-regulated MAP kinase activation in response to drought stress. Moreover,

GhWRKY59 directly binds to the W-boxes of DEHYDRATION-RESPONSIVE ELEMENT-

BINDING PROTEIN 2 (GhDREB2), which encodes a dehydration-inducible transcription factor

regulating the plant hormone abscisic acid (ABA)-independent drought response.
� Our study identified a complete MAP kinase cascade that phosphorylates and activates a

key WRKY transcription factor, and elucidated a regulatory module, consisting of

GhMAP3K15-GhMKK4-GhMPK6-GhWRKY59-GhDREB2, that is involved in controlling the

cotton drought response.

Introduction

Cotton (Gossypium spp.) is an important crop world-wide, and
provides a unique model for studying genome evolution and
polyploidization. The cotton genus consists of c. 45 diploid
(2n = 2x = 26) and five tetraploid (2n = 4x = 52) species (Chen
et al., 2007). The upland cotton Gossypium hirsutum, which
accounts for > 90% of the annual cotton production world-wide,
is a natural allotetraploid that probably arose from interspecific
hybridization between an A genome-like ancestral African species
related to Gossypium herbaceum (A1) or Gossypium arboreum
(A2), and a D genome-like American species related to
Gossypium raimondii (D5) (Page et al., 2013). The genome
sequences of diploid cotton G. raimondii and G. arboreum and

tetraploid cotton Gossypium barbadense and G. hirsutum have
been released and have transformed cotton research, which has
entered a post-genome era (Paterson et al., 2012; Wang et al.,
2012; Li et al., 2014b, 2015; Yuan et al., 2015; Zhang et al.,
2015). Some functional genomics approaches, such as the
Agrobacterium tumefaciens-mediated virus-induced gene silencing
(VIGS) assay, have been developed for transient silencing of
endogenous genes in cotton (Gao et al., 2011). Together, these
advances have made the functional analysis of cotton genes possi-
ble on a genome-wide scale.

Cotton production is limited by various abiotic stresses, in par-
ticular drought stress, which contributes to substantial loss of cot-
ton yield world-wide (Pettigrew, 2004). Moreover, 57% of
global cotton is grown in regions with high water stress (World
Resources Institute; http://www.wri.org/). Thus, improving
water use efficiency and developing drought -tolerant cotton*These authors contributed equally to this work.
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ABSTRACT

Cold stress is a major environmental factor that adversely affects plant growth and development. The

C-repeat binding factor/DRE binding factor 1 (CBF/DREB1) transcriptional regulatory cascade has been

shown to play important roles in plant response to cold. Here we demonstrate that two key components

of brassinosteroid (BR) signaling modulate freezing tolerance of Arabidopsis plants. The loss-of-function

mutant of the GSK3-like kinases involved in BR signaling, bin2-3 bil1 bil2, showed increased freezing

tolerance, whereas overexpression of BIN2 resulted in hypersensitivity to freezing stress under both

non-acclimated and acclimated conditions. By contrast, gain-of-function mutants of the transcription

factors BZR1 and BES1 displayed enhanced freezing tolerance, and consistently cold treatment could

induce the accumulation of dephosphorylated BZR1. Biochemical and genetic analyses showed that

BZR1 acts upstream of CBF1 and CBF2 to directly regulate their expression. Moreover, we found that

BZR1 also regulated other COR genes uncoupled with CBFs, such as WKRY6, PYL6, SOC1, JMT, and

SAG21, tomodulate plant response to cold stress. Consistently,wrky6mutants showeddecreased freezing

tolerance. Taken together, our results indicate that BZR1 positively modulates plant freezing tolerance

through CBF-dependent and CBF-independent pathways.

Key words: BIN2, BZR1, freezing tolerance, CBF, Arabidopsis
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INTRODUCTION

Cold stress is a major environmental factor that limits plant

growth, development, and geographic distribution. Plants have

evolved complicated mechanisms involving altered physiological

and biochemical processes to adapt to cold stress. Cold

acclimation is a process whereby plants exposed to low but

non-freezing temperatures can increase their tolerance to

freezing stress (Thomashow, 1999). Extensive studies have

shown that three C-repeat binding factor/DRE binding factor 1

(CBF/DREB1) transcription factors that belong to the AP2/ERF

(Apetala2/Ethylene-responsive factor) superfamily play critical

roles in cold acclimation in Arabidopsis (Stockinger et al., 1997;

Liu et al., 1998; Thomashow, 1999; Chinnusamy et al., 2007;

Shi et al., 2015). Under cold stress, CBF proteins bind to CRT/

DRE cis elements in the promoters of cold-regulated (COR) genes

and activate their transcription (Stockinger et al., 1997).

Overexpression of CBFs leads to constitutively enhanced

freezing tolerance (Stockinger et al., 1997; Liu et al., 1998;

Thomashow, 1999). It has been shown that CBF genes are
regulated by several transcription factors, including inducer of

CBF expression 1/2 (ICE1/2), phytohormone-interacting factor

4/7 (PIF4/7), MYB15, and calmodulin-binding transcription acti-

vator 1-3 (CAMTA1-3) (Chinnusamy et al., 2003; Agarwal et al.,

2006; Doherty et al., 2009; Fursova et al., 2009; Lee and

Thomashow, 2012). ICE1/2 andCAMTA1-3 bind to the promoters

of CBF genes and activate their expression (Chinnusamy et al.,

2003; Doherty et al., 2009; Fursova et al., 2009). By contrast,

MYB15 and PIF4/7 bind to CBF promoters and repress their

expression during cold stress and long-day periods, respectively

(Agarwal et al., 2006; Lee and Thomashow, 2012). Therefore,

CBF genes are tightly controlled under different environmental

conditions.

Emerging evidence has shown that some critical components of

phytohormone signaling modulate cold responses of plants in a
Molecular Plant 10, 545–559, April 2017 ª The Author 2017. 545
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Phosphate overaccumulator2 (PHO2) encodes a ubiquitin-conjugating E2 enzyme that is a major negative regulator of the inorganic
phosphate (Pi)-starvation response-signaling pathway. A yeast two-hybrid (Y2H) screen in rice (Oryza sativa; Os) using OsPHO2
as bait revealed an interaction between OsPHO2 and two h-type thioredoxins, OsTrxh1 and OsTrxh4. These interactions were
confirmed in vivo using bimolecular fluorescence complementation (BiFC) of OsPHO2 and OsTrxh1/h4 in rice protoplasts and
by in vitro pull-down assays with 6His-tagged OsTrxh1/h4 and GST-tagged OsPHO2. Y2H assays revealed that amino acid
Cys-445 of OsPHO2 and an N-terminal Cys in the “WCGPC” motif of Trxhs were required for the interaction. Split-ubiquitin
Y2H analyses and BiFC assays in rice protoplasts confirmed the interaction of OsPHO2 with PHOSPHATE TRANSPORTER
TRAFFIC FACILITATOR1 (OsPHF1), and PHOSPHATE1;2 (OsPHO1;2) in the endoplasmic reticulum and Golgi membrane
system, where OsPHO2 mediates the degradation of OsPHF1 in both tobacco (Nicotiana benthamiana) leaves and rice seedlings.
Characterization of rice pho2 complemented lines, transformedwith an endogenous genomicOsPHO2 orOsPHO2C445S (a constitutively
reduced form) fragment, indicated that OsPHO2C445S restored Pi concentration in rice to statistically significant lower levels
compared to native OsPHO2. Moreover, the suppression of OsTrxh1 (knockdown and knockout) resulted in slightly higher Pi
concentration than that of wild-type Nipponbare in leaves. These results demonstrate that OsPHO2 is under redox control by
thioredoxins, which fine-tune its activity and link Pi homeostasis with redox balance in rice.

Phosphorus (P) is an essential macronutrient for
growth and development of plants. Although abundant
P may exist in soils, inorganic phosphate (Pi), the major
available form of P for plants, is often limiting for plant
growth (Raghothama, 2000; Vance et al., 2003). Thus, to

maintain cellular Pi homeostasis, plants have evolved a
broad array of sophisticated strategies to cope with
Pi-limiting conditions in soil, from transcriptional and
posttranscriptional to metabolic and morphological
levels to coordinate Pi sensing, signaling, uptake, allo-
cation, and recycling coupled with the regulation of
growth and development (Raghothama, 1999; Ticconi
andAbel, 2004;Misson et al., 2005; Chiou and Lin, 2011).

To date one clue of our understanding of Pi starva-
tion signaling is via the PHOSPHATE STARVATION
RESPONSE/microRNA399 (miR399)/Phosphate over-
accumulator2 (PHO2) regulatory system. As orthologs
have been identified in various plant species and the
inverse relationship of their expression patterns in Pi
starvation response, this regulatory pathway is thought
to be of biological importance and conserved in several
plants, including both Arabidopsis (Arabidopsis thaliana;
At) and rice (Oryza sativa; Os; Bari et al., 2006; Valdés-
López et al., 2008; Zhou et al., 2008; Hu et al., 2011; Kuo
and Chiou, 2011; Wang et al., 2013). Arabidopsis pho2
mutants accumulate excessive Pi in shoot tissue and
display Pi toxicity symptoms (Delhaize and Randall,
1995; Dong et al., 1998). PHO2 encodes a ubiquitin-
conjugating (UBC) E2 enzyme UBC24 and functions as
a repressor to prevent Pi overaccumulation by controlling
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Methylation of Lys residues in the tail of the H3 histone is a key regulator of chromatin state and gene expression, conferred by a
large family of enzymes containing an evolutionarily conserved SET domain. One of the main types of SET domain proteins are
those controlling H3K4 di- and trimethylation. The genome of Arabidopsis (Arabidopsis thaliana) encodes 12 such proteins,
including five ARABIDOPSIS TRITHORAX (ATX) proteins and seven ATX-Related proteins. Here, we examined three until-
now-unexplored ATX proteins, ATX3, ATX4, and ATX5. We found that they exhibit similar domain structures and expression
patterns and are redundantly required for vegetative and reproductive development. Concurrent disruption of the ATX3, ATX4,
and ATX5 genes caused marked reduction in H3K4me2 and H3K4me3 levels genome-wide and resulted in thousands of genes
expressed ectopically. Furthermore, atx3/atx4/atx5 triple mutants resulted in exaggerated phenotypes when combined with the
atx2 mutant but not with atx1. Together, we conclude that ATX3, ATX4, and ATX5 are redundantly required for H3K4 di- and
trimethylation at thousands of sites located across the genome, and genomic features associated with targeted regions are
different from the ATXR3/SDG2-controlled sites in Arabidopsis.

Changes in chromatin state involve several types of
modification of an array of histone residues to allow
fine-tuning of genes with diverse transcriptional pro-
files. A major regulator of chromatin state and con-
troller of gene expression is methylation of Lys residues

in the tail of the H3 histone (Thorstensen et al., 2011).
This modification is conferred by a large family of en-
zymes, histone Lys methyltransferases. Most of them
contain an evolutionarily conserved SET (suppressor of
variegation, enhancer of zeste and trithorax) domain,
which is responsible for the methyl transferase activity
(Tschiersch et al., 1994; Lei et al., 2012). The Arabidopsis
(Arabidopsis thaliana) genome encodes a group of 49 such
proteins, known as the SET DOMAIN GROUP (SDG;
www.chromdb.org; Baumbusch et al., 2001; Ng et al.,
2007; Berr et al., 2010).

SDG proteins are classified into five distinct classes,
based on their activity and domain architecture (Springer
et al., 2003; Zhao and Shen, 2004; Pontvianne et al., 2010).
One of themain classes is class III, which contains proteins
acting on Lys 4 (H3K4; Jackson et al., 2002; Alvarez-
Venegas et al., 2003; Lindroth et al., 2008; Xu et al., 2008;
Jacob et al., 2009). There are five class III SDG proteins
in Arabidopsis, named ATX1–5, which are all homologs
of Trithorax proteins found throughout eukaryotes
(Veerappan et al., 2008; Schuettengruber et al., 2011).
Only two of them have been characterized so far. ATX1
was found to be involved in H3K4 trimethylation and

1 This work was supported by grants from the US National Science
Foundation (IOS-1025881) and National Natural Science Foundation
of China (31471172 and 31470279).

2 These authors contributed equally to the article.
3 Address correspondence to yh352@cau.edu.cn or wp45@cornell.

edu.
The author responsible for distribution of materials integral to the

findings presented in this article in accordance with the policy de-
scribed in the Instructions for Authors (www.plantphysiol.org) is:
Yan He (yh352@cau.edu.cn).

Y.H., W.P.P. and X.-Y.Z. conceived the project; Y.H. and W.P.P.
supervised the project; L.-Q.C., Y.H., Z.-H.C., M.X., and L.W. con-
ducted experiments, and J.-H.L. performed bioinformatics and statis-
tical analyses; manuscript was prepared by Y.H. and W.P.P. with
input from J.-H.L. and L.-Q.C.; all authors read and approved the
final manuscript.

[CC-BY]Article free via Creative Commons CC-BY 4.0 license.
www.plantphysiol.org/cgi/doi/10.1104/pp.16.01944

Plant Physiology�, July 2017, Vol. 174, pp. 1795–1806, www.plantphysiol.org � 2017 The author(s). All Rights Reserved. 1795
 www.plantphysiol.orgon September 13, 2017 - Published by Downloaded from 

Copyright © 2017 American Society of Plant Biologists. All rights reserved.

附录

http://orcid.org/0000-0002-8179-6172
http://orcid.org/0000-0002-8179-6172
http://orcid.org/0000-0002-8179-6172
http://orcid.org/0000-0002-8179-6172
http://orcid.org/0000-0002-8179-6172
http://orcid.org/0000-0002-8179-6172
http://orcid.org/0000-0002-8179-6172
http://orcid.org/0000-0003-3640-8502
http://orcid.org/0000-0003-3640-8502
http://orcid.org/0000-0003-3640-8502
http://orcid.org/0000-0003-3640-8502
http://orcid.org/0000-0003-3640-8502
http://orcid.org/0000-0003-3640-8502
http://orcid.org/0000-0003-3640-8502
http://orcid.org/0000-0002-8179-6172
http://orcid.org/0000-0003-3640-8502
http://www.chromdb.org
http://crossmark.crossref.org/dialog/?doi=10.1104/pp.16.01944&domain=pdf&date_stamp=2017-06-20
mailto:yh352@cau.edu.cn
mailto:wp45@cornell.edu
mailto:wp45@cornell.edu
http://www.plantphysiol.org
mailto:yh352@cau.edu.cn
http://www.plantphysiol.org/cgi/doi/10.1104/pp.16.01944
http://www.plantphysiol.org


Abscisic Acid Modulates Seed Germination via ABA
INSENSITIVE5-Mediated PHOSPHATE11

Yun Huang, Mi-Mi Sun, Qing Ye, Xiao-Qing Wu, Wei-Hua Wu, and Yi-Fang Chen*

State Key Laboratory of Plant Physiology and Biochemistry, College of Biological Sciences, China Agricultural
University, Beijing 100193, China

ORCID IDs: 0000-0002-0642-5523 (W.-H.W.); 0000-0002-8603-3668 (Y.-F.C.).

The phytohormone abscisic acid (ABA) controls many developmental and physiological processes. Here, we report that
PHOSPHATE1 (PHO1) participates in ABA-mediated seed germination and early seedling development. The transcription of
PHO1was obviously enhanced during seed germination and early seedling development and repressed by exogenous ABA. The
pho1 mutants (pho1-2, pho1-4, and pho1-5) showed ABA-hypersensitive phenotypes, whereas the PHO1-overexpressing lines
were ABA-insensitive during seed germination and early seedling development. The expression of PHO1 was repressed in the
ABI5-overexpressing line and elevated in the abi5 mutant, and ABI5 can bind to the PHO1 promoter in vitro and in vivo,
indicating that ABI5 directly down-regulated PHO1 expression. Disruption of PHO1 abolished the ABA-insensitive germination
phenotypes of abi5 mutant, demonstrating that PHO1 was epistatic to ABI5. Together, these data demonstrate that PHO1 is
involved in ABA-mediated seed germination and early seedling development and transcriptionally regulated by ABI5.

Abscisic acid (ABA) is a key phytohormone that mod-
ulates plant growth and development as well as abiotic
and biotic stress responses (Verslues andZhu, 2007). ABA
accumulates in the developing embryo and regulates
seed development, seed maturation, and seed dormancy
(Verslues and Zhu, 2007). ABA functions through com-
plex signaling networks, some components ofwhich have
been identified. The core components include ABA re-
ceptors PYR/PYL/RCAR, protein phosphatases PP2Cs,
protein kinases SnRK2s, and various transcription factors
(Hauser et al., 2011; Rushton et al., 2012).

The ABI5, a bZIP transcription factor, is a key regulator
in the ABA signaling pathway (Finkelstein and Lynch,
2000; Yu et al., 2015). The expression of ABI5 is positively
modulated by transcription factors ABI3 (Lopez-Molina
et al., 2002) and HY5 (Chen et al., 2008); and down-
regulated by WRKY40 (Shang et al., 2010), and RAV1
(Feng et al., 2014). ABI5 is also modulated at the post-
translational level. The kinases SnRK2.2 (Fujii et al., 2007;
Piskurewicz et al., 2008), SnRK2.3 (Fujii et al., 2007;

Piskurewicz et al., 2008), BIN2 (Hu and Yu, 2014), and
PKS5 (Zhou et al., 2015) phosphorylate ABI5 to control
ABI5 activity. In contrast, the phosphatases FyPP1 and
FyPP3 dephosphorylate and destabilize ABI5 (Dai et al.,
2013). Protein sumoylation and ubiquitination also mod-
ulate ABI5 protein activity. The SUMO E3 ligase, SIZ1,
sumoylates ABI5 and represses ABI5 function (Miura
et al., 2009); and the E3 ligases, KEG (Liu and Stone, 2010)
and CUL4 (Lee et al., 2010), regulate ABI5 degradation.

As a transcription factor, ABI5 functions mainly
through regulating the expressions of its target genes.
ABI5 can up-regulate expressions of two Arabidopsis
(Arabidopsis thaliana) LEA (late embryogenesis abundant)
genes, AtEm1 and AtEm6 (Carles et al., 2002), which en-
code ABA-inducible proteins that accumulate during
seed maturation (Gaubier et al., 1993). ABI5 mediates the
expressions of high-temperature-inducible genes, includ-
ing SOMNUS (SOM) in response to high-temperature
stress (Lim et al., 2013). In addition, ABI5 modulates
early seed development by down-regulating the expres-
sion of SHORT HYPOCOTYLUNDER BLUE1 (SHB1;
Cheng et al., 2014).

PHOSPHATE1 (PHO1) plays important roles in
phosphate (Pi) homeostasis in Arabidopsis (Chiou and
Lin, 2011). PHO1 contains two distinct domains: SPX
and EXS (Wang et al., 2004). The SPX domain provides
a basic binding surface for inositol polyphosphates
(InsPs; Wild et al., 2016), and the EXS domain is es-
sential for Pi export activity of PHO1 (Wege et al., 2016).
PHO1 is mainly expressed in roots and functions in
Pi transfer from roots to shoots (Poirier et al., 1991;
Hamburger et al., 2002). In leaves, PHO1 mediates the
stomatal response to ABA (Zimmerli et al., 2012).

In this study, we found that three pho1 mutants dis-
played ABA-hypersensitive germination phenotypes,
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Establishment and maintenance of the polar site are important for root hair tip growth. We previously reported that Arabidopsis
(Arabidopsis thaliana) MICROTUBULE-ASSOCIATED PROTEIN18 (MAP18) functions in controlling the direction of pollen tube
growth and root hair elongation. Additionally, the Rop GTPase ROP2 was reported as a positive regulator of both root hair
initiation and tip growth in Arabidopsis. Both loss of function of ROP2 and knockdown ofMAP18 lead to a decrease in root hair
length, whereas overexpression of either MAP18 or ROP2 causes multiple tips or a branching hair phenotype. However, it is
unclear whether MAP18 and ROP2 coordinately regulate root hair growth. In this study, we demonstrate that MAP18 and ROP2
interact genetically and functionally. MAP18 interacts physically with ROP2 in vitro and in vivo and preferentially binds to the
inactive form of the ROP2 protein. MAP18 promotes ROP2 activity during root hair tip growth. Further investigation revealed
that MAP18 competes with RhoGTPase GDP DISSOCIATION INHIBITOR1/SUPERCENTIPEDE1 for binding to ROP2, in turn
affecting the localization of active ROP2 in the plasma membrane of the root hair tip. These results reveal a novel function of
MAP18 in the regulation of ROP2 activation during root hair growth.

Root hairs function in water and nutrient uptake,
interaction with microbes, and anchoring plants in the
soil (Dolan et al., 1994; Ketelaar and Emons, 2001, 2009;
Libault et al., 2010). Root hairs initiate at defined sites in
trichoblasts and root hair-forming cells in the root epi-
dermis, and their growth takes place exclusively at the
tip. Tip growth characteristics of root hairs are similar
to those of pollen tubes, fungal hyphae, moss proto-
nema, and neurites. Under laboratory conditions, root
hairs are dispensable for plant growth, enabling the
isolation and characterization of root hair mutants. The
availability of genetic analysis together with the rela-
tively simple methodology required to image root hair
development and intracellular components make root
hairs an attractive model system for studying tip
growth (Foreman and Dolan, 2001; Carol and Dolan,

2002; Cole and Fowler, 2006; Lee and Yang, 2008).
Unidirectional root hair growth depends upon tip-
focused calcium and reactive oxygen species gradi-
ents, intracellular pH gradient, cytoskeleton dynamics,
and vesicle trafficking to deliver new membrane and
cell wall materials to the growing tip (Ketelaar and
Emons, 2001, 2009; Carol and Dolan, 2002; Carol et al.,
2005; Ove�cka et al., 2005; Diet et al., 2006; Jones
et al., 2007; Takeda et al., 2008; Bloch et al., 2011; Pei
et al., 2012; Yoo et al., 2012). Accumulating evidence has
implicated Rho-related GTPases from plants (ROPs) in
regulating signaling networks in the orchestration of
ion gradients, cytoskeleton dynamics, and vesicle traf-
ficking during root hair growth and development
(Kost, 2008; Lee and Yang, 2008; Yalovsky et al., 2008).

Arabidopsis (Arabidopsis thaliana) ROPs include a
protein family of 11 members that have been divided
into either four subgroups named types I, II, III, and IV
by phylogenetic analysis (Yang, 2002) or into two sub-
groups called type I and type II based on the amino acid
sequences of their C-terminal hypervariable domains
(Winge et al., 2000). Previous studies have shown that
several ROPs can affect root hair growth (Molendijk
et al., 2001; Jones et al., 2002; Bloch et al., 2005; Sorek
et al., 2010). ROP2, ROP4, and ROP6 were shown to
accumulate at the root hair initiation site (Molendijk
et al., 2001; Jones et al., 2002; Payne and Grierson, 2009).
Overexpression of constitutively active (CA) mutant
forms of ROP2, ROP4, ROP6, and ROP11 induced iso-
tropic growth, resulting in balloon-shaped root hairs
(Molendijk et al., 2001; Jones et al., 2002; Bloch et al.,
2005). Overexpression of ROP2 induced the formation
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The expression of genes with aberrant structure is prevented at both the transcriptional and posttranscriptional regulation levels.
Aberrant gene silencing at the posttranscriptional level is well studied; however, it is not well understood how aberrant genes
are silenced at the transcriptional level. In this study, through genetic screening a transgenic report line that harbors an aberrant
gene (35S-LUC, lacking 39-untranslated region [39-UTR]) and lacks luciferase (LUC) activity, we identify that the small ubiquitin-
like modifier (SUMO) protease OTS1 gene is required for maintaining the silence of the reporter 35S-LUC and an endogenous
mutator-like element MULE-F19G14 at the transcriptional level, which requires DNA-dependent RNA polymerase (Pol) V and
DDR complex, but not Pol IV. The increased transcripts in ots1 mutants are terminated by the 39-UTRs of downstream genes. In
addition to ots1 mutations, mutations in several known or putative SUMO proteases and two SUMO E3 ligases, SIZ1 and
MMS21, have similar effects on this silencing regulation. Taken together, our results reveal that the enzymes involved in the
SUMOylation process restrain aberrant gene transcription by using a downstream gene 39-UTR, and this regulation requires a
functional Pol V-dependent pathway in Arabidopsis (Arabidopsis thaliana).

Gene transcription is strictly controlled to partition ge-
nome and prevent transcriptional interference at neigh-
boring genes in eukaryotes. Previous reports have shown
that 39-untranslated region (39-UTR) participates in nu-
merous regulatory processes, including premRNA cleav-
age, polyadenylation, stability, and localization of mRNA
and translation efficiency, indicating that 39-UTR plays
a vital role in accurate regulation of gene expression
(Proudfoot et al., 2002; Barrett et al., 2012). RDR6-mediated
RNA silencing mechanism can be induced when some
aberrant or missing 39-UTR genes generate improperly
terminated and unpolyadenylated readthrough mRNAs
in Arabidopsis (Arabidopsis thaliana; Herr et al., 2006; Luo
and Chen, 2007). In addition to RDR6-mediated RNA si-
lencing pathway, organisms have developed several other

mRNA quality control mechanisms during the long evo-
lutionary period, such as nonsense-mediated mRNA de-
cay, nonstop mRNA decay, and no-go mRNA decay
(Isken and Maquat, 2007). These surveillance pathways
contribute to the integrity of gene expression in a post-
transcriptional regulation level; however, little is known
how the expression of aberrant genes is controlled at a
transcriptional regulation level.

SUMOylation is one class of dynamic and reversi-
ble posttranslational modifications (PTMs). The small
ubiquitin-likemodifier (SUMO) proteins are amember
of highly conserved ubiquitin-like polypeptides that are
covalently conjugated to targets, which affects the func-
tion of substrates in distinct ways, for example, by alter-
ing their cellular location, activity, stability, or interaction
with other proteins (Melchior, 2000; Johnson, 2004; Hay,
2005; Geiss-Friedlander and Melchior, 2007; Wang and
Dasso, 2009; van der Veen and Ploegh, 2012). In Arabi-
dopsis, there are potentially eight genes encoding SUMO
paralogs, of which only four (SUM1, SUM2, SUM3, and
SUM5)have been shown to act as functional PTMs (Kurepa
et al., 2003; Budhiraja et al., 2009; Park et al., 2011b). The
SUMO conjugation process shows a very similar manner
with ubiquitination pathway and requires its own suit of
analogous E1, E2, and E3 enzymes that catalyze activation,
conjugation, and ligation, respectively. Moreover, SUMO
modification canbe recycledbya class ofCysproteases that
also involves generating mature SUMO (Mukhopadhyay
and Dasso, 2007). In Arabidopsis, two SUMO E3 ligases,
SIZ1 andMMS21, are identified,which have been reported
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ABSTRACT

The reorganization of microtubules induced by salt stress is
required for Arabidopsis survival under high salinity condi-
tions. RIC1 is an effector of Rho-related GTPase from plants
(ROPs) and a known microtubule-associated protein. In this
study, we demonstrated that RIC1 expression decreased with
long-term NaCl treatment, and ric1-1 seedlings exhibited a
higher survival rate under salt stress. We found that RIC1
reduced the frequency of microtubule transition from
shortening to growing status and knockout of RIC1 improved
the reassembly of depolymerized microtubules caused by
either oryzalin treatment or salt stress. Further investigation
showed that constitutively active ROP2 promoted the reassem-
bly of microtubules and the survival of seedlings under salt
stress. A rop2-1 ric1-1 double mutant rescued the salt-
sensitive phenotype of rop2-1, indicating that ROP2 functions
in salt tolerance through RIC1. Although ROP2 did not
regulate RIC1 expression upon salt stress, a quick but mild
increase of ROP2 activity was induced, led to reduction of
RIC1 on microtubules. Collectively, our study reveals an
ROP2-RIC1 pathway that fine-tunes microtubule dynamics in
response to salt stress in Arabidopsis. This finding not only
reveals a new regulatory mechanism for microtubule
reorganization under salt stress but also the importance of
ROP signalling for salinity tolerance.

Key-words: Arabidopsis; microtubules reorganization;
Salt stress.

INTRODUCTION

Salt stress is a serious threat to crop yield and future food
production. A better understanding of the mechanisms of salt
tolerance in plants is critical for improving the performance
of crop plants in saline soils. To adapt to salt stress, plants have
to maintain ionic and osmotic homeostasis, manage detoxifica-
tion and control growth (Munns & Tester 2008; Deinlein et al.
2014; Golldack et al. 2014).
Microtubules play essential roles in cell division, cell

expansion and morphogenesis during plant growth and
development (Ehrhardt & Shaw 2006; Hashimoto & Kato

2006; Sampathkumar et al. 2014). It has also been known that
cortical microtubules can change their organization and orien-
tation in response to various environmental signals, such as
light, gravity, low temperature, mechanical forces and salt
stress (Landrein & Hamant 2013; Nick 2013; Zhang & Zhang
2015). For example, in tobacco BY-2 cells, cortical microtu-
bules rearrange from a structured parallel transverse pattern
to a random organized network after 15min treatment with
150mM NaCl (Dhonukshe et al. 2003). Long-term salt stress
also compromises cortical microtubule organization in
Arabidopsis and suppresses right-handed helical growth
derived from altered microtubule arrays in spiral1 (spr1)
mutants (Shoji et al. 2006). Furthermore, prolonged exposure
to salt stress induces biphasic reorganization of the cortical
microtubules (rapid microtubule depolymerization followed
by reassembly of new microtubule networks) (Wang et al.
2007). Recent studies have demonstrated that the change of
microtubule dynamics is a vital component of salt stress
tolerance. Reduction of α-tubulin and β-tubulin (subunits that
make up microtubules) levels in mutants pfd3 and pfd5
(prefoldin subunits 3 and 5) led to plants that are hypersensitive
to high salt concentrations (Rodriguez-Milla & Salinas 2009).
In addition, disturbance in biphasic reorganization of the
cortical microtubules under salt stress results in a reduction of
seedling survival, indicating an essential role of this microtu-
bule biphasic reorganization for salt tolerance (Wang et al.
2007). Therefore, elucidation of the underlying mechanism
for microtubule reorganization in response to salinity
conditions is important for understanding how plants withstand
salt stress. Recently, Wang et al. demonstrated that accelerated
degradation of SPIRAL1 (SPR1) is required for the fast
microtubule disassembly phase of the biphasic response to salt
stress and for salt stress tolerance (Wang et al. 2011). In
addition, Zhang et al. reported that the interaction between
phospholipase D (PLD)-derived phosphatidic acid (PA) and
MAP65-1, a microtubule-associated protein (MAP), promotes
salt tolerance in Arabidopsis by stabilizing microtubules
(Zhang et al. 2012). However, it remains as an open question
that whether other MAPs are involved in salt stress-induced
biphasic reorganization of microtubules. In addition, little is
known about how salinity signals are transmitted to microtu-
bules and their associated proteins.

Rho-related GTPase from plants, the sole family of
signalling small GTPases in plants (Yang 2002), participates
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ABSTRACT

Histone H2Bmonoubiquitination (H2Bub1) is recognized as a
regulatory mechanism that controls a range of cellular
processes. We previously showed that H2Bub1 was involved
in responses to biotic stress in Arabidopsis. However, the
molecular regulatory mechanisms of H2Bub1 in controlling
responses to abiotic stress remain limited. Here, we report
that HISTONE MONOUBIQUITINATION1 (HUB1) and
HUB2 played important regulatory roles in response to salt
stress. Phenotypic analysis revealed that H2Bub1 mutants
confer decreased tolerance to salt stress. Further analysis
showed that H2Bub1 regulated the depolymerization of
microtubules (MTs), the expression ofPROTEINTYROSINE
PHOSPHATASE1 (PTP1) and MAP KINASE
PHOSPHATASE (MKP) genes – DsPTP1, MKP1, IBR5,
PHS1, and was required for the activation of mitogen-
activated protein kinase3 (MAP kinase3, MPK3) and MPK6
in response to salt stress. Moreover, both tyrosine
phosphorylation and the activation of MPK3 and MPK6
affected MT stability in salt stress response. Thus, the results
indicate that H2Bub1 regulates salt stress-induced MT
depolymerization, and the PTP–MPK3/6 signalling module is
responsible for integrating signalling pathways that regulate
MTstability, which is critical for plant salt stress tolerance.

Key-words: H2Bub1; MAPK; tyrosine phosphorylation.

INTRODUCTION

Histone H2B monoubiquitination (H2Bub1) is a key
histone modification that has significant effects on gene
transcription, mainly associated with transcriptional
activation and transcription elongation (Pavri et al. 2006;
Weake & Workman 2008). In Arabidopsis, histone H2B
is monoubiquitinated by two RING E3 ligases
(HISTONE MONOUBIQUITINATION1 [HUB1] and
HUB2) and three E2 conjugases (UBIQUITIN CARRIER
PROTEIN [UBC1], UBC2 and UBC3) (Cao et al. 2008).
hub1 and hub2 mutants show the loss of H2Bub1 (Liu et al.
2007; Cao et al. 2008; Bourbousse et al. 2012; Himanen et al.

2012; Zou et al. 2014). Multiple developmental processes and
responses to biotic stress have been suggested to be closely
related to H2Bub1 in plants, such as seed dormancy and leaf
and root growth (Fleury et al. 2007; Liu et al. 2007), control of
flowering time and plant development (Cao et al. 2008; Gu
et al. 2009; Schmitz et al. 2009; Xu et al. 2009; Cao et al. 2015),
photomorphogenesis and the circadian clock (Bourbousse
et al. 2012; Himanen et al. 2012), and defence or immune
responses and cuticle composition (Dhawan et al. 2009;
Menard et al. 2014; Zou et al. 2014). Moreover, we previously
demonstrated that H2Bub1 was involved in modulating
microtubule (MT) disassembly during biotic stress (Hu et al.
2014). However, knowledge concerning molecular regulatory
mechanisms of H2Bub1 in the responses to abiotic stress in
plants remains limited.

Plant MTs, in addition to their role in cellular architecture,
play important roles in numerous cellular processes
(Wasteneys 2004). The polymerization–depolymerization
dynamics of MTs are essential for their functionality in cellular
processes. Microtubule dynamics are modulated not only
by various developmental cues, but also in response to
environmental signals and stress conditions (Wang et al. 2007;
Hamant et al. 2008; Fujita et al. 2013). Microtubules have
emerged as important components for signalling processing of
stress signals. Due to their non-linear dynamic assembly and
disassembly, MTs can act as amplifiers of signals and also
decode temporal patterns such as stress signatures (Nick
2013). The assembly and disassembly dynamics of MTs are
assisted by the coordinated action of MT-associated proteins
(MAPs) and regulatory proteins that modulate either the
affinity of MAPs to MT surface (Cassimeris & Spittle 2001)
or the dynamic organization of large MT populations
(Sedbrook 2004; Sedbrook & Kaloriti 2008). The function of
some of theseMAPs is regulated by reversible phosphorylation
(Sasabe & Machida 2006; Smertenko et al. 2006).

Protein phosphorylation predominantly occurs on serine
(Ser) and threonine (Thr) residues, whereas phosphorylation
on tyrosine (Tyr) residues is clearly less abundant.
Nevertheless, Tyr phosphorylation has been recognized as a
key regulatory event in the signalling pathways that underlie
a broad spectrum of fundamental physiological processes in
animal cells. Until recently, very few studies have tried to
elucidate the involvement of Tyr phosphorylation in plant cells,
because of the lack of a typical protein Tyr kinase (PTK) gene
in plants and also that few protein Tyr phosphatase (PTP)Correspondence: Y. Li. E-mail: liyingzhang@cau.edu.cn
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ABSTRACT

Previous physiological and pharmacological studies have
suggested that the activity of phosphoinositide-specific
phospholipase C (PI-PLC) plays an important role in regulat-
ing plant salt stress responses by altering the intracellular
Ca2+ concentration. However, the individual members of plant
PLCs involved in this process need to be identified. Here, the
function of AtPLC4 in the salt stress response of Arabidopsis
seedlings was analysed. plc4 mutant seedlings showed
hyposensitivity to salt stress compared with Col-0 wild-type
seedlings, and the salt hyposensitive phenotype could be
complemented by the expression of native promoter-
controlled AtPLC4. Transgenic seedlings with AtPLC4
overexpression (AtPLC4 OE) exhibited a salt-hypersensitive
phenotype, while transgenic seedlings with its inactive mutant
expression (AtPLC4m OE) did not exhibit this phenotype.
Using aequorin as a Ca2+ indicator in plc4mutant andAtPLC4
OE seedlings, AtPLC4 was shown to positively regulate the
salt-induced Ca2+ increase. The salt-hypersensitive phenotype
of AtPLC4 OE seedlings was partially rescued by EGTA. An
analysis of salt-responsive genes revealed that the transcription
of RD29B, MYB15 and ZAT10 was inversely regulated in
plc4 mutant and AtPLC4 OE seedlings. Our findings suggest
that AtPLC4 negatively regulates the salt tolerance of
Arabidopsis seedlings, and Ca2+ may be involved in regulating
this process.

Key-words: Arabidopsis; AtPLC4 calcium; phosphoinositide-
specific phospholipase C; salt stress.

INTRODUCTION

High soil salinity is one of the major abiotic stresses and
severely reduces plant growth and crop productivity worldwide
(Vinocur & Altman 2005; Munns & Gilliham 2015). An
over-abundance of salt induces ionic and osmotic stresses,
which lead to secondary stresses, such as oxidative stress and
nutrient homeostasis disruption, and thereby affect plant
growth and development (Hasegawa & Li 2000; Chinnusamy
et al. 2006; Yang et al. 2009). To effectively manage salt stress,
plants have evolved a variety of strategies to sense ionic Na+,

transduce the stress signal, maintain Na+/K+ homeostasis and
regulate the expression of responsive genes (Chinnusamy
et al. 2006). The salt overly sensitive (SOS) pathway and Na+/
H+ exchanger (NHX) play an important role in regulating
Na+/K+ homeostasis and preventing Na+ over-accumulation
when plants are grown under high-salt conditions (Zhu et al.
1998; Zhu 2002; Bassil et al. 2011; Julkowska&Testerink 2015).

The role of Ca2+ in maintaining plant growth under salinity
has been extensively documented. Ca2+ not only prevents
Na+ from entering cells but also acts as a signaling molecule
during salt stress (Knight et al. 1997; Sanders et al. 1999). Upon
salt treatment, cytosolic-free Ca2+ increases rapidly (Choi et al.
2014), and the increased Ca2+ can activate Ca2+/calmodulin
(CaM)-dependent kinases and modulate the production of
Reactive oxygen species (ROS) and the release of Abscisic acid
(ABA), which significantly affect plant performance under salt
stress conditions (Julkowska & Testerink 2015). Inositol 1,4,5-
tris phosphate (IP3) mediates the regulation of Ca2+ under salin-
ity (DeWald et al. 2001; Takahashi et al. 2001; Xiong et al. 2001).

Phospholipid signaling plays critical roles in regulating plant
growth and development and hormone and stress responses
(Wang 2004; Xue et al. 2007). Salt stress stimulates the rapid
accumulation of phosphatidylinositol 4,5-bisphosphate (PIP2),
IP3, diacylglycerol (DAG), phosphatidic acid (PA), diacylglyc-
erol pyrophosphate (DGPP), and phosphatidylcholine (PC) in
plant cells (Pical et al. 1999; DeWald et al. 2001; Darwish et al.
2009; Yu et al. 2010; Kocourkova et al. 2011). Phospholipase
D and its product PA play important roles in plant response
to dehydration, drought and salinity (Hong et al. 2010).
Phosphoinositide-specific phospholipase C (PI-PLC) is a class
of enzymes that hydrolyze PIP2 into two secondary messen-
gers, IP3 and DAG, and participate in various signal transduc-
tion pathways in eukaryotic cells (Mueller-Roeber & Pical
2002; Thole & Nielsen 2008; Pokotylo et al. 2014). The applica-
tion of a PI-PLC activity-specific inhibitor (e.g. U-73122) to
salt-treated seedlings inhibits salt-induced IP3 accumulation
and thereby reduces the biosynthesis of proline, an osmolyte
that is important for salt, cold and drought tolerance in plants
(Hare et al. 1998; Nanjo et al. 1999; Parre et al. 2007). Because
IP3 is the product of PI-PLC, these findings suggest the
involvement of PI-PLC activity in salt stress response regula-
tion in plant cells.

In plants, IP3 induces the release of Ca2+ from intracellular
stores (Alexandra et al. 1990), while DAG is rapidly
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ABSTRACT

Plants are often confronted to nutrient limiting conditions, such
as inorganic phosphate (Pi) deficiency, resulting in a reduction
in growth and yield. PHO2, encoding a ubiquitin-conjugating
E2 enzyme, is a central component of the Pi-starvation
response signalling pathway. A yeast-two-hybrid screen using
Oryza sativa (rice) PHO2 as bait, revealed an interaction
between OsPHO2 and OsGIGANTEA, a key regulator of
flowering time, which was confirmed using bimolecular
fluorescence complementation (BiFC). Characterization of rice
Osgi andOspho2mutants revealed that they displayed several
similar phenotypic features supporting a physiological role for
this interaction. Reduced growth, leaf tip necrosis, delayed
flowering and over-accumulation of Pi in leaves compared to
wild type were shared features of Osgi and Ospho2 plants. Pi
analysis of individual leaves demonstrated that Osgi, similar
to Ospho2 mutants, were impaired in Pi remobilization from
old to young leaves, albeit to a lesser extent. Transcriptome
analyses revealed more than 55% of the genes differentially
expressed in Osgi plants overlapped with the set of
differentially expressed genes in Ospho2 plants. The
interaction between OsPHO2 and OsGI links high-level
regulators of Pi homeostasis and development in rice.

Key-words: phospate signaling pathway; UBC24; flowering
regulation; protein-protein interaction.

INTRODUCTION

Phosphorus (P) is an essential macronutrient for plants growth.
Although abundant P concentration may exist in soils, little is
present in the form of inorganic phosphate (Pi), the main
source of P acquired by plants (Raghothama 2000; Vance
et al. 2003). Thus, to maintain Pi homeostasis, plants have
evolved a broad array of sophisticated strategies to cope with

Pi limiting conditions in soil, including morphological
alteration, metabolic adaptations and re-organization of the
transcriptome, the phosphate starvation induced (PSI) genes
to optimize uptake and use of this limiting resource (Abel
et al. 2002; Misson et al. 2005; Rouached et al. 2010; Ticconi &
Abel 2004).

Several key components of Pi homeostasis have been
identified and characterized in plants, including Pi transporters,
transcription factors, as well as post-transcriptional regulators
(Chiou & Lin 2011; Rouached et al. 2010; Secco et al. 2012;
Secco et al. 2015; Wang et al. 2014). Phosphate Starvation
Response1 (PHR1), a MYB transcription factor first identified
in Arabidopsis thaliana, has been shown to play a central
regulatory role in controlling the global molecular response
upon Pi starvation (Rubio et al. 2001). Among the set of genes
that are specifically and highly induced in response to Pi
starvation, miR399 has been shown to negatively regulate
PHO2, a ubiquitin-conjugating E2 enzyme (UBC24) (Aung
et al. 2006; Bari et al. 2006; Fujii et al. 2005). This key regulatory
system constituted of PHR/miR399/PHO2 is conserved in
several plants including both Arabidopsis and rice (Hu et al.
2011; Zhou et al. 2008). In rice, the homolog of AtPHR1 is
referred to as OsPHR2, which is also proposed to be an
essential player in controlling plant responses under Pi limiting
conditions (Bari et al. 2006; Liu et al. 2010; Zhou et al. 2008).

Loss of PHO2 activity mimics Pi starvation response, up-
regulating several PSI genes, stimulating phosphatase and
RNase activities, as well as altering the lipid composition,
resulting in increased uptake and translocation of Pi from the
root to shoot (Aung et al. 2006; Bari et al. 2006; Hu et al.
2011; Wang et al. 2009). In addition, pho2 mutants in rice and
Arabidopsis showed altered Pi mobilization in leaves, resulting
in Pi over-accumulation in the older leaves (Aung et al. 2006;
Bari et al. 2006; Hu et al. 2011; Lin et al. 2008). In Arabidopsis,
AtPHO2 has recently been shown tomodulate the degradation
of Pi transporters AtPHT1;1/4, andAtPHO1, which is involved
in Pi loading to the xylem, through direct physical interaction
(Huang et al. 2013; T.Y. Liu et al. 2012b; Park et al. 2014).
Besides its critical function in regulating Pi homeostasis,
PHO2 has been shown to participate in multi-function
pathways in plants, such as nitrogen assimilation, iron uptake
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Abstract

Photomorphogenesis is an important process in which seedlings emerge from soil and begin autotrophic growth. 
Mechanisms of photomorphogenesis include light signal perception, signal transduction, and the modulation of ex-
pression of light-responsive genes, ultimately leading to cellular and developmental changes. Phytochrome-interacting 
factors (PIFs) play negative regulatory roles in photomorphogenesis. Light-induced activation of phytochromes trig-
gers rapid phosphorylation and degradation of PIFs, but the kinases responsible for the phosphorylation of PIFs are 
largely unknown. Here, we show that Arabidopsis MPK6 is a kinase involved in phosphorylating PIF3 and regulating 
red light-induced cotyledon opening, a crucial process during seedling photomorphogenesis. MPK6 was activated by 
red light, and the cotyledon opening angle in red light was reduced in mpk6 seedlings. MKK10, a MAPKK whose func-
tion is currently unclear, appears to act as a kinase upstream of MPK6 in regulating cotyledon opening. Activation of 
MPK6 by MKK10 led to the phosphorylation of PIF3 and accelerated its turnover in transgenic seedlings. Accordingly, 
the overexpression of PIF3 suppressed MKK10-induced cotyledon opening. MKK10 and MPK6 function downstream 
of phyB in regulating seedling cotyledon opening in red light. Therefore, the MKK10-MPK6 cascade appears to me-
diate the regulation of red-light-controlled seedling photomorphogenesis via a mechanism that might involve the 
phosphorylation of PIF3.

Keywords:  Arabidopsis thaliana, cotyledon opening, MKK10-MPK6, phytochrome-interacting factor, phosphorylation, 
photomorphogenesis.

Introduction

Light is the primary energy source and an important sig-
nal for plant growth, development, and stress responses. 
The wavelength, intensity, duration, and direction of light 
are sensed by plants through a series of photoreceptors, 

including phytochromes (Li et  al., 2011), cryptochromes 
(Chaves et al., 2011), phototropins (Christie, 2007), LOV/F-
Box/Kelch repeat proteins (Ito et al., 2012), and UV-B recep-
tors (Jenkins, 2014). The signals from these photoreceptors 
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Abstract

To understand the gene expression networks controlling soybean seed set and size, transcriptome analyses were 
performed in three early seed developmental stages, using two genotypes with contrasting seed size. The two-dimen-
sional data set provides a comprehensive and systems-level view on dynamic gene expression networks underpinning 
soybean seed set and subsequent development. Using pairwise comparisons and weighted gene coexpression net-
work analyses, we identified modules of coexpressed genes and hub genes for each module. Of particular importance 
are the discoveries of specific modules for the large seed size variety and for seed developmental stages. A large 
number of candidate regulators for seed size, including those involved in hormonal signaling pathways and transcrip-
tion factors, were transiently and specifically induced in the early developmental stages. The soybean homologs of a 
brassinosteroid signaling receptor kinase, a brassinosteroid-signaling kinase, were identified as hub genes operat-
ing in the seed coat network in the early seed maturation stage. Overexpression of a candidate seed size regulatory 
gene, GmCYP78A5, in transgenic soybean resulted in increased seed size and seed weight. Together, these analyses 
identified a large number of potential key regulators controlling soybean seed set, seed size, and, consequently, yield 
potential, thereby providing new insights into the molecular networks underlying soybean seed development.

Key words: Seed development, seed number, seed size, soybean, transcriptomic analysis.

Introduction

Soybean [Glycine max (L.) Merr.] is the most widely grown 
grain legume in the world. It provides an important source of 
protein and oil (Ainsworth et al., 2012). As for other major 
crops, grain yield is always the most important trait in soybean 
breeding and cultivation. The first whole-genome sequence 
of the variety Williams 82, completed in 2010, provides a 
powerful resource for soybean functional genomic research 
(Schmutz et  al., 2010). Genome-scale technologies, such as 

microarrays and cDNA sequencing, have been employed to 
isolate genes and reveal regulatory networks. These genomic 
approaches can be used to identify and manipulate key 
genetic bottlenecks that limit soybean seed set and size for 
high-yield breeding.

Compared with Arabidopsis and rice, only limited tran-
scriptome data are reported on seed development in soybean 
(Asakura et al., 2012; Jones and Vodkin, 2013; Lu et al., 2016; 
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Abstract

Plasma membrane (PM) H+-ATPase is essential for plant growth and development. Various environmental stimuli 
regulate its activity, a process that involves many protein cofactors. However, whether endogenous small molecules 
play a role in this regulation remains unknown. Here, we describe a bio-guided isolation method to identify endog-
enous small molecules that regulate PM H+-ATPase activity. We obtained crude extracts from Arabidopsis seedlings 
with or without salt treatment and then purified them into fractions based on polarity and molecular mass by repeated 
column chromatography. By evaluating the effect of each fraction on PM H+-ATPase activity, we found that fractions 
containing the endogenous, free unsaturated fatty acids oleic acid (C18:1), linoleic acid (C18:2), and linolenic acid 
(C18:3) extracted from salt-treated seedlings stimulate PM H+-ATPase activity. These results were further confirmed 
by the addition of exogenous C18:1, C18:2, or C18:3 in the activity assay. The ssi2 mutant, with reduced levels of C18:1, 
C18:2, and C18:3, displayed reduced PM H+-ATPase activity. Furthermore, C18:1, C18:2, and C18:3 directly bound to 
the C-terminus of the PM H+-ATPase AHA2. Collectively, our results demonstrate that the binding of free unsaturated 
fatty acids to the C-terminus of PM H+-ATPase is required for its activation under salt stress. The bio-guided isola-
tion model described in this study could enable the identification of new endogenous small molecules that modulate 
essential protein functions, as well as signal transduction, in plants.

Key words: Arabidopsis, bioassay-guided fractionation, plasma membrane H+-ATPase, unsaturated fatty acids.

Introduction

Plasma membrane (PM) H+-ATPase is a P-type H+-ATPase 
found in plants and fungi (Serrano, 1989). It hydrolyses ATP 
and pumps protons from the cytoplasm to the apoplast to 

establish electrochemical gradients across the plasma mem-
brane, which are used to drive secondary transport pro-
cesses including ion, lipid, sugar, and nutrient transport. PM 
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SUMMARY

Inorganic phosphate (Pi) transporters (PTs) play vital roles in Pi uptake and translocation in plants. Under Pi

sufficient conditions, PTs are degraded to prevent excess Pi accumulation. The mechanisms targeting PTs

for degradation are not fully elucidated. In this study, we found that the Oryza sativa (rice) ortholog of Ara-

bidopsis thaliana nitrogen limitation adaptation (NLA), OsNLA1 protein, a RING-type E3 ubiquitin-ligase,

was predominantly localized in the plasma membrane, and could interact with rice phosphate transporters

OsPT2 and OsPT8. Mutation of the 265th cysteine residue in OsNLA1 that was required for ubiquitination

prevented breakdown of OsPT2/PT8, suggesting OsNLA1 targeted OsPT2/PT8 for degradation. Mutation in

OsNLA1 (osnla1) led to a significant increase of Pi concentration in leaves in a nitrate-independent manner.

Overexpression of OsNLA1 or repression of OsPT2/PT8 restored the high leaf Pi concentration in osnla1

mutants to a level similar to that of wild-type plants. In contrast to what has been observed in Arabidopsis,

the transcript abundance of OsNLA1 did not decrease under Pi limited conditions or in OsmiR827 (mi-

croRNA827)- or OsPHR2 (PHOSPHATE STARVATION RESPONSE 2)-overexpressing transgenic lines. More-

over, there was no interaction of OsNLA1 and OsPHO2, an E2 ubiquitin-conjugase, suggesting that OsPHO2

was not the partner of OsNLA1 involved in ubiquitin-mediated PT degradation. Our results show that

OsNLA1 is involved in maintaining phosphate homeostasis in rice by mediating the degradation of OsPT2

and OsPT8, and OsNLA1 differs from the ortholog in Arabidopsis in several aspects.

Keywords: Oryza sativa, phosphate transporter, nitrogen limition adaptation, an ubiquitin ligase with SPX

domain, ubiquitination, PHO2, an ubiquitin-conjugating enzyme.

INTRODUCTION

Phosphorus (P) is an essential and often limiting macronu-

trient for plant growth and development. As plants take up

P exclusively in the form of inorganic phosphate (Pi), high

immobilization rates of Pi in soil, slow diffusion and sub-

stantial fractions of organically bound P result in limited Pi

for plants in soil (Bieleski, 1973). Plants have evolved a

variety of strategies to enable growth in limited Pi soils,

including alteration of root structure to accelerate soil

exploration, metabolic changes to maintain intracellular Pi

homeostasis, and induction and secretion of phosphatases

and organic acids to mobilize Pi from organic matters

(Vance et al., 2003; Tran et al., 2010; Wu et al., 2013; Peret

et al., 2014).

Genes encoding plant phosphate transporter (PT) com-

prise a large family with important roles in various physio-

logical and development processes (Javot et al., 2007; Liu

et al., 2011). Plants exploit both high- and low-affinity Pi

transporters. The former type of Pi transporters are

induced by limited Pi and operate at Pi concentration in

the micromolar range, whereas the latter ones are constitu-

tively expressed and absorb Pi at millimolar concentrations

(Ai et al., 2009; Jia et al., 2011). The Pi transporters are
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SUMMARY

Stomata are the major gates in plant leaf that allow water and gas exchange, which is essential for plant

transpiration and photosynthesis. Stomatal movement is mainly controlled by the ion channels and trans-

porters in guard cells. In Arabidopsis, the inward Shaker K+ channels, such as KAT1 and KAT2, are responsi-

ble for stomatal opening. However, the characterization of inward K+ channels in maize guard cells is

limited. In the present study, we identified two KAT1-like Shaker K+ channels, KZM2 and KZM3, which were

highly expressed in maize guard cells. Subcellular analysis indicated that KZM2 and KZM3 can localize at

the plasma membrane. Electrophysiological characterization in HEK293 cells revealed that both KZM2 and

KZM3 were inward K+ (Kin) channels, but showing distinct channel kinetics. When expressed in Xenopus

oocytes, only KZM3, but not KZM2, can mediate inward K+ currents. However, KZM2 can interact with

KZM3 forming heteromeric Kin channel. In oocytes, KZM2 inhibited KZM3 channel conductance and nega-

tively shifted the voltage dependence of KZM3. The activation of KZM2–KZM3 heteromeric channel became

slower than the KZM3 channel. Patch-clamping results showed that the inward K+ currents of maize guard

cells were significantly increased in the KZM2 RNAi lines. In addition, the RNAi lines exhibited faster stom-

atal opening after light exposure. In conclusion, the presented results demonstrate that KZM2 functions as

a negative regulator to modulate the Kin channels in maize guard cells. KZM2 and KZM3 may form hetero-

meric Kin channel and control stomatal opening in maize.

Keywords: maize, guard cell, K+ channel, KZM2, KZM3.

INTRODUCTION

In plants, stomata serve as the major pathway for water

and gas exchange, which controls both leaf transpiration

and photosynthesis. Stomatal apertures/movement are

tightly regulated during plant response to external environ-

ments, such as water, light and CO2 conditions. This pro-

cess is exerted by a pair of guard cells surrounding the

stomatal pore. It has been known that the turgor change in

guard cells controls stomatal movement, which is modu-

lated by ion channels and transporters (Raschke and Fel-

lows, 1971; Zeiger, 1983; Shimazaki et al., 2007; Ward et al.,

2009; Kim et al., 2010; Hedrich, 2012; Murata et al., 2015).

Many environmental signals (such as drought, high CO2,

high ozone) could induce stomatal closing (Kim et al.,

2010; Murata et al., 2015). During these processes, reactive

oxygen species and Ca2+ signaling are generated in guard

cell cytoplasm, which activates anion channels (SLAC1,

SLAH3, QUAC1, etc.) leading to the efflux of Cl� and

malate (Vahisalu et al., 2008; Meyer et al., 2010; Geiger

et al., 2011; Assmann and Jegla, 2016). Then, anion efflux

causes membrane depolarization and drives K+ efflux

through outward rectifying K+ channels (such as GORK;

Becker et al., 2003; Hosy et al., 2003; Ward et al., 2009;

Hedrich, 2012). During stomatal opening, light activates

the proton pumps at the plasma membrane (PM), leading

to membrane hyperpolarization and external acidification,

which activates inward rectifying K+ (Kin) channels (Zeiger,

1983; Shimazaki et al., 2007; Ward et al., 2009). The K+

influx across the guard cell PM results in stomatal opening

(Schroeder et al., 1987; Blatt, 1992; Fairley-Grenot and Ass-

mann, 1992; Shimazaki et al., 2007).

In Arabidopsis, at least four Shaker K+ channel family

members, KAT1, KAT2, AKT1 and AKT2, representing Kin

channel genes, are expressed in kidney-shaped guard cells

(Kwak et al., 2001; Szyroki et al., 2001; Ivashikina et al.,

2005; Lebaudy et al., 2007, 2008b). Disruption of KAT1 or

KAT2, the dominating Kin channel genes in guard cells,
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SUMMARY

The plant hormone abscisic acid (ABA) plays a crucial role in regulating seed germination and post-germina-

tion growth. ABSCISIC ACID INSENSITIVE4 (ABI4), an APETALA2 (AP2)-type transcription factor, is required

for the ABA-mediated inhibition of seed germination. Cytokinins promote seed germination and seedling

growth by antagonizing ABA signaling. However, the interaction between ABA and cytokinin signaling dur-

ing seed germination remains unclear. Here, we report that ABA signaling downregulates Arabidopsis

response regulators (ARRs), a class of cytokinin-inducible genes, during seed germination and cotyledon

greening. We found that the application of exogenous ABA repressed the expression of type-A ARRs in Ara-

bidopsis seeds and seedlings. Among the type-A ARR family members, the expression of ARR6, ARR7 and

ARR15 was upregulated in ABA-deficient mutants, indicating that the transcriptional inhibition of type-A

ARRs requires the ABA signaling pathway. Single and multiple mutations of these ARRs resulted in

increased ABA sensitivity during germination and cotyledon greening; overexpression of ARR7 or ARR15 led

to an ABA-insensitive phenotype. These observations suggest that type-A ARRs inhibit the ABA response

during seed germination and cotyledon greening. Further analysis showed that ABI4 negatively regulated

the transcription of ARR6, ARR7 and ARR15 by directly binding to their promoters. Genetic analysis showed

that loss-of-function mutations of ARR7 and ARR15 partially rescued the ABA insensitivity of abi4-1. Thus,

this study revealed that ABI4 plays a key role in ABA and cytokinin signaling by inhibiting the transcription

of type-A ARRs to inhibit seed germination and cotyledon greening.

Keywords: ABI4, type-A ARRs, abscisic acid, cytokinin, seed germination, transcriptional regulation,

Arabidopsis.

INTRODUCTION

Arabidopsis seed dormancy and germination are precisely

controlled by multiple hormonal signals (Gazzarrini and

Tsai, 2015). Abscisic acid (ABA) plays a key role in promot-

ing seed dormancy (Karssen et al., 1983; Nambara and

Marion-Poll, 2005). Gibberellin (GA), another primary hor-

mone, relieves seed dormancy by antagonizing ABA sig-

naling (Seo et al., 2006; Bentsink and Koornneef, 2008;

Piskurewicz et al., 2008). Studies have indicated that ABA

interacts with cytokinin signaling to mediate plant growth

and stress responses (Khan 1971; Tran et al., 2007; Wohl-

bach et al., 2008; Werner and Schmulling, 2009; Jeon et

al., 2010; Guan et al., 2014). However, the detailed regula-

tory mechanism by which ABA interferes with cytokinins

to maintain seed dormancy remains unclear.

Several transcription factors in the ABA signaling path-

way have been identified to regulate the expression of a

number of downstream genes (Ezcurra et al., 2000; Finkel-

stein and Lynch, 2000; Fujita et al., 2005; Yoshida et al.,

2010). ABSCISIC ACID INSENSITIVE4 (ABI4), an APETALA2

(AP2)-type transcription factor, acts as a key regulator of

seed germination and post-germination growth in the ABA

signaling pathway (Soderman et al., 2000; Shkolnik-Inbar

and Bar-Zvi, 2010). ABI4 can act as either an activator or

repressor to control the transcription of target genes by

recognizing CE1 cis-elements (CACCG and CCAC motif) in

their promoters (Koussevitzky et al., 2007; Shu et al., 2013;

Wind et al., 2013). For example, ABI4 directly regulates

ABI5, SBE2.2, and its own expression to mediate sugar sig-

naling (Bossi et al., 2009). ABI4 is also involved in the regu-

lation of primary seed dormancy by directly repressing the

expression of CYP707A1 and CYP707A2 to increase ABA

biosynthesis, while activating GA2ox7 expression to
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SUMMARY

In flowering plants, developing embryos reside in maternal sporophytes. It is known that maternal genera-

tion influences the development of next-generation embryos; however, little is known about the signaling

components in the process. Previously, we demonstrated that Arabidopsis mitogen-activated protein

kinase 6 (MPK6) and MPK3 play critical roles in plant reproduction. In addition, we noticed that a large frac-

tion of seeds from mpk6 single-mutant plants showed a wrinkled seed coat or a burst-out embryo pheno-

type. Here, we report that these seed phenotypes can be traced back to defective embryogenesis. The

defective embryos have shorter suspensors and reduced growth along the longitudinal axis. Furthermore,

the cotyledons fail to bend over to progress to the bent-cotyledon stage. As a result of the uneven circum-

ference along the axis, the seed coat wrinkles to develop raisin-like morphology after dehydration. In more

severe cases, the embryo can be pushed out from the micropylar end, resulting in the burst-out embryo

seed phenotype. Genetic analyses demonstrated that the defective embryogenesis of the mpk6 mutant is a

maternal effect. Heterozygous or homozygous mpk6 embryos have defects only in mpk6 homozygous

maternal plants, but not in wild-type or heterozygous maternal plants. The loss of function of MKK4/MKK5

also results in the same phenotypes, suggesting that MKK4/MKK5 might act upstream of MPK6 in this path-

way. The maternal-mediated embryo defects are associated with changes in auxin activity maxima and PIN

localization. In summary, this research demonstrates that the Arabidopsis MKK4/MKK5–MPK6 cascade is an

important player in the maternal control of embryogenesis.

Keywords: Arabidopsis thaliana, embryogenesis, MAPK cascade, maternal control, seed development.

INTRODUCTION

Setting seeds is a critical part of the plant life cycle. In

flowering plants, seed development begins after the dou-

ble fertilization of ovules. The integument layers of ovules,

which are diploid tissue from mother plants, develop into

seed coats. Inside, zygotes undergo cell division and differ-

entiation in a specific pattern to form a mature embryo,

with one or two cotyledons, an embryonic stem and

embryonic root (Goldberg et al., 1994; Meinke, 1995; Ber-

leth and Chatfield, 2002; Jenik et al., 2007; Capron et al.,

2009; Smet et al., 2010; van Dop et al., 2015; ten Hove

et al., 2015). The first cell division of zygotes is asymmet-

ric, which results in a small apical cell with embryonic fate

and a larger basal cell with mostly extra-embryonic fate.

The basal cell undergoes a series of transverse cell divi-

sions and gives rise to a file of cells that form the suspen-

sor, which is believed to be involved in providing nutrients

and plant hormones to the developing embryo. The apical

cell follows a specific pattern of cell division and differenti-

ation. At the heart stage (approximately 4 days after fertil-

ization in Arabidopsis), all principal elements of the plant

body are established, including the shoot meristem, cotyle-

dons, hypocotyl, and the root and root meristem. In the

subsequent torpedo and bent-cotyledon stages of embryo-

genesis, the embryo continues to grow and accumulate

sufficient nutrient reserves, either from its own photosyn-

thesis or from maternal plants, to be used by the

© 2017 The Authors
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Phosphorus  (P) is  an  essential  macronutrient  for  plant growth  and  development.  To  adapt  to  low
inorganic-phosphate  (Pi)  environments,  plants  have  evolved  complex  mechanisms  and  pathways  that
regulate  the  acquisition  and  remobilization  of Pi and  maintain  P  homeostasis.  These mechanisms  are
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starvation-induced  (PSI)  genes.  This  review  summarizes  recent  progress  in  determining  the  molecular

附录
eywords:
rabidopsis
hosphorus
hosphate starvation response (PSR)

regulatory  mechanisms  of phosphate  transporters  and the Pi signaling  network  in the  dicot  Arabidopsis
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. Introduction
thesis, and respiration [1]. Most of the phosphorus acquired by
plants is taken up as inorganic phosphate (P ). Although phospho-
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Phosphorus (P) is a key constituent of DNA, RNA, and proteins,
nd is involved in the regulation of energy metabolism, photosyn-
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rus is abundant in soil, it has low availability due to a high rate of
chemical fixation and slow diffusion properties [2].

The  application of phosphorous fertilizer is one of the main
ms of phosphate transport and signaling in higher plants, Semin

strategies to increase crop yields. However, heavy fertilizer use
causes environmental problems such as eutrophication of water
sources [3], and there are limited natural resources of rock phos-
phorus. Thus, the improvement of crop Pi uptake and use efficiency
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ABSTRACT Grain number is an important factor in determining grain production of rice (Oryza sativa L.). The molecular genetic basis
for grain number is complex. Discovering new genes involved in regulating rice grain number increases our knowledge regarding its
molecular mechanisms and aids breeding programs. Here, we identified GRAINS NUMBER 2 (GN2), a novel gene that is responsible for
rice grain number, from “Yuanjiang” common wild rice (O. rufipogon Griff.). Transgenic plants overexpressing GN2 showed less grain
number, reduced plant height, and later heading date than control plants. Interestingly, GN2 arose through the insertion of a 1094-bp
sequence from LOC_Os02g45150 into the third exon of LOC_Os02g56630, and the inserted sequence recruited its nearby sequence to
generate the chimeric GN2. The gene structure and expression pattern of GN2 were distinct from those of LOC_Os02g45150 and
LOC_Os02g56630. Sequence analysis showed that GN2 may be generated in the natural population of Yuanjiang common wild rice.
In this study, we identified a novel functional chimeric gene and also provided information regarding the molecular mechanisms
regulating rice grain number.

KEYWORDS GN2; grain number; chimeric gene; gene emergence; rice

ASawidely consumed staple food in theworld, rice (Oryza
sativa L.) is an important calorie source for humans.

With the daily increase in the world’s population and the de-
crease in potential available farmlands, effectively increasing
rice grain production has become a growing challenge (Khush
1999; Zhang 2007). Rice grain production is thought to be de-
termined by threemajor factors: panicle per plant, grain weight
and grain number (Xing and Zhang 2010). Compared with the
other two major factors, rice grain number exhibits a wider
phenotypic variation, and is regarded as a main selection and
improvement target (Yamagishi et al. 2002). Consequently, cur-
rently cultivated rice lines display dramatically increased grain
number compared with its wild progenitor, the common wild
rice (O. rufipogon Griff.) (Sun et al. 2001; Kovach et al. 2007).

Rice grain number is a complex agronomic trait impacted
by many factors, including panicle architecture, and the

initiation and outgrowth of branches and spikelets (Xing and
Zhang 2010;Wang and Li 2011). Recently, a few quantitative
trait loci (QTL) and genes regulating rice grain number have
been identified. Among which DEP1, DEP2, LP, SP1, PAP2,
and sped1-D alter panicle architecture (Huang et al. 2009;
Li et al. 2009, 2010, 2011; Zhou et al. 2009; Kobayashi
et al. 2010; Jiang et al. 2014), whereas Gn1a, LAX1, SPA1,
TAW1, DST, and FZP control the initiation and outgrowth of
branches and spikelets (M. Komatsu et al. 2003; K. Komatsu
et al. 2003; Ashikari et al. 2005; Li et al. 2013; Yoshida et al.
2013). In addition, some genes, such as Ghd7, Ghd8, PROG1,
IPA1, FUWA, PAY1, and An1, underlying rice grain number
show pleiotropic effects in many significant agronomic- or
domestication-related traits, including plant height, heading
date, plant architecture, awn habit, and grain size (Jin et al.
2008; Tan et al. 2008; Xue et al. 2008; Jiao et al. 2010; Miura
et al. 2010; Yan et al. 2011; Luo et al. 2013; Chen et al. 2015;
Zhao et al. 2015).

Chimeric genes originate from multiple parental loci, and
they have been reported in a variety of organisms (Long et al.
2003). Chimeric genes have the potential to evolve novel
functions different from those of the parental loci, and pro-
vide the opportunity to study gene function and evolution
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