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LIR1 (LIGHT-INDUCED RICE1) encodes a 13-kD, chloroplast-targeted protein containing two nearly identical motifs of
unknown function. LIR1 is present in the genomes of vascular plants, mosses, liverworts, and algae, but not in cyanobacteria.
Using coimmunoprecipitation assays, pull-down assays, and yeast two-hybrid analyses, we showed that LIR1 interacts with
LEAF-TYPE FERREDOXIN-NADP+ OXIDOREDUCTASE (LFNR), an essential chloroplast enzyme functioning in the last step of
photosynthetic linear electron transfer. LIR1 and LFNR formed high molecular weight thylakoid protein complexes with the
TIC62 and TROL proteins, previously shown to anchor LFNR to the membrane. We further showed that LIR1 increases the
affinity of LFNRs for TIC62 and that the rapid light-triggered degradation of the LIR1 coincides with the release of the LFNR
from the thylakoid membrane. Loss of LIR1 resulted in a marked decrease in the accumulation of LFNR-containing thylakoid
protein complexes without a concomitant decrease in total LFNR content. In rice (Oryza sativa), photosynthetic capacity of
lir1 plants was slightly impaired, whereas no such effect was observed in Arabidopsis thaliana knockout mutants. The
consequences of LIR1 deficiency in different species are discussed.

INTRODUCTION

The orthologs of LIGHT-INDUCED RICE1 (LIR1), which encodes
a 13-kD protein with two almost identical repeated motifs of 16
amino acids (Supplemental Figure 1; Reimmann and Dudler,
1993; Ciannamea et al., 2007), have been identified in various
angiosperm and gymnosperm species (Reimmann and Dudler,
1993; Abied and Holland, 1994; Teramoto et al., 1994; Quigley
et al., 1996; Ciannamea et al., 2007). Both LIR1 motifs contain
two highly conserved cysteine residues (Reimmann and Dudler,
1993; Ciannamea et al., 2007) and show a high degree of con-
servation among plant species, suggesting an important but yet
uncharacterized functional role for themotifs. LIR1 is expressed in
a circadian manner, with transcript levels increasing during the
light period, reaching a maximum at the end of the day and di-
minishing in the dark (Reimmann andDudler, 1993; Hayama et al.,

2002;Bläsinget al., 2005;Ciannameaet al., 2007).Moreover,LIR1
expression is induced by low temperature (Ciannamea et al.,
2007) and repressed by cytokinins (Teramoto et al., 1994) and
soluble sugars (Bläsing et al., 2005). Based on the diurnal rhythmof
LIR1 expression and aminor delay in flowering time ofArabidopsis
thaliana plants heterologously expressing ryegrass (Lolium
perenne)LIR1, theLIR1protein hasbeenspeculated toparticipate
in the photoperiodic regulation of flowering (Hayama et al., 2002;
Ciannameaet al., 2007).However, due to a lackof lir1mutants, the
physiological role of LIR1has remainedelusive. In addition, lack of
knowledge concerning its accumulation and localization hinders
conclusions about the functional properties of the LIR1 protein.
LEAF-TYPE FERREDOXIN-NADP+ OXIDOREDUCTASE (LFNR)

catalyzes electron transfer from ferredoxin (FD) to NADP+ during
photosynthesis and generates the reducing power (as NADPH)
required for carbon fixation (Ceccarelli et al., 2004). NADPH is also
required for numerous other reactions in the chloroplast such as
fatty acid synthesis and reactive oxygen species scavenging. In
addition to LFNR, numerous chloroplast enzymes, such as nitrite
reductase, ferredoxin-thioredoxin reductase, and sulfite re-
ductase, compete for electronsderived fromphotosystem I via FD
(Hanke and Mulo, 2013). Thus, LFNR plays an important role in
regulating FD-dependent electron partitioning in the chloroplast,
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Antimicrobial compounds have critical roles in plant immunity; for example, Arabidopsis thaliana and other crucifers deploy
phytoalexins and glucosinolate derivatives in defense against pathogens. The pathogen-responsive MITOGEN-ACTIVATED
PROTEIN KINASE3 (MPK3) and MPK6 have essential functions in the induction of camalexin, the major phytoalexin in
Arabidopsis. In search of cyanide, a coproduct of ethylene and camalexin biosynthesis, we found that MPK3 and MPK6 also
affect the accumulation of extracellular thiocyanate ion derived from the indole glucosinolate (IGS) pathway. Botrytis cinerea
infection activates MPK3/MPK6, which promote indole-3-yl-methylglucosinolate (I3G) biosynthesis and its conversion to
4-methoxyindole-3-yl-methylglucosinolate (4MI3G). Gain- and loss-of-function analyses demonstrated that MPK3/MPK6
regulate the expression of MYB51 and MYB122, two key regulators of IGS biosynthesis, as well as CYP81F2 and IGMT1/
IGMT2, which encode enzymes in the conversion of I3G to 4MI3G, through ETHYLENE RESPONSE FACTOR6 (ERF6),
a substrate of MPK3/MPK6. Under the action of PENETRATION2 (PEN2), an atypical myrosinase, and PEN3, an ATP binding
cassette transporter, 4MI3G is converted to extracellular unstable antimicrobial compounds, possibly isothiocyanates that
can react with nucleophiles and release the stable thiocyanate ion. Recent studies demonstrated the importance of PEN2/
PEN3-dependent IGS derivatives in plant immunity. Here, we report that MPK3/MPK6 and their substrate ERF6 promote the
biosynthesis of IGSs and the conversion of I3G to 4MI3G, a target of PEN2/PEN3-dependent chemical defenses in plant
immunity.

INTRODUCTION

Glucosinolates (GSs), a group of thioglucosides, including
tryptophan-derived indole glucosinolates (IGSs) and methionine-
derived aliphatic glucosinolates (AGSs), are important secondary
metabolites in Brassicaceous species. Together with myrosinases,
they form a potent plant chemical defense system against insect
herbivores (Agerbirk et al., 2009; Kissen et al., 2009; Burow et al.,
2010; Sønderby et al., 2010a). Myrosinases are stored separately
from glucosinolates but get mixed with glucosinolates upon tissue
damage or insect feeding. Hydrolysis of the thioglucosidic bond of
glucosinolates by myrosinases releases unstable aglucones, which
can rapidly decompose to various bioactive compounds, including
isothiocyanates, simple nitriles, organic thiocyanates, or epithioni-
triles depending on the presence of specifier proteins, thiocyanate-

forming proteins, and certain environmental factors, such as Fe(II)
ions, and pH (Wittstock and Burow, 2010; Bednarek, 2012). In
Arabidopsis thaliana, the Col-0 ecotype produces predominantly
isothiocyanates because of the absence of epithiospecifier protein
activity (Lambrix et al., 2001; BurowandWittstock, 2009). Among all
types of the GS hydrolysis products, isothiocyanates have been
demonstrated tohave thehighestchemical reactivityandare toxic to
a wide range of organisms including microorganisms, nematodes,
and insects (Bednarek, 2012; Fan and Doerner, 2012).
Besides their role in plant insect defense, GSs and their de-

rivatives have been shown to be essential for defense against
pathogens in plant innate immunity (Bednarek et al., 2009; Clay
et al., 2009; Fan et al., 2011; Stotz et al., 2011). It was reported that
sulforaphane (4-methylsulfinylbutyl isothiocyanate), a natural
product derived from AGS, inhibits the growth of nonadapted
Pseudomonas syringae bacteria in Arabidopsis (Fan et al., 2011).
Besides AGSs and their derivatives, IGSs and their derivative are
also critical to plant defense (Bednarek et al., 2009; Clay et al.,
2009). PENETRATION2 (PEN2)-dependent breakdown products
of a specific IGS, 4-methoxyindol-3-ylmethylglucosinolate (4MI3G),
have been implicated in resistance against a variety of fungal and
oomycetic pathogens (Schlaeppi et al., 2010; Schlaeppi andMauch,
2010; Stotz et al., 2011; Buxdorf et al., 2013). Pathogen infection of
Arabidopsis leads toaccumulationof 4MI3G,which isdependent on
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Cultivated rice (Oryza sativa) was domesticated from wild rice (Oryza rufipogon), which typically displays fewer grains
per panicle and longer grains than cultivated rice. In addition, wild rice has long awns, whereas cultivated rice has short
awns or lacks them altogether. These changes represent critical events in rice domestication. Here, we identified
a major gene, GRAIN NUMBER, GRAIN LENGTH AND AWN DEVELOPMENT1 (GAD1), that regulates those critical
changes during rice domestication. GAD1 is located on chromosome 8 and is predicted to encode a small secretary
signal peptide belonging to the EPIDERMAL PATTERNING FACTOR-LIKE family. A frame-shift insertion in gad1
destroyed the conserved cysteine residues of the peptide, resulting in a loss of function, and causing the increased
number of grains per panicle, shorter grains, and awnless phenotype characteristic of cultivated rice. Our findings
provide a useful paradigm for revealing functions of peptide signal molecules in plant development and helps elucidate
the molecular basis of rice domestication.

INTRODUCTION

Cell-to-cell communication helps coordinate developmental
and environmental responses. Secreted peptides mediate cell-
to-cell signaling during development and pattern formation in
multicellular organisms. Plants contain several signal peptides,
such as systemin, which functions in the wounding response
(Pearce et al., 1991); phytosulfokine, which induces the pro-
liferation of single mesophyll cells (Matsubayashi and Sakagami,
1996); S-locus cysteine-rich protein/S-locus protein 11, which
determines self-incompatibility (Schopfer et al., 1999); LUREs,
which direct pollen tube elongation (Okuda et al., 2009); and
CLAVATA3, which mediates the signaling of cell fate decisions in
the Arabidopsis thaliana shoot meristem (Fletcher et al., 1999).
EPIDERMAL PATTERING FACTORs (EPFs), such as EPF1,
EPF2, and EPF-LIKE9 (EPFL9)/Stomagen, act as key regulators
of stomatal development in Arabidopsis (Engineer et al., 2014;
Hara et al., 2007, 2009; Hunt and Gray, 2009; Sugano et al.,
2010).

Cultivated rice (Oryza sativa), a staple food for more than half of
the global population (Khush, 1997), was domesticated from the
wild rice (Oryza rufipogon) ;8000 years ago (Fuller et al., 2010;
Zong et al., 2007). Both morphological traits and physiological

characteristics changed remarkably during domestication.
Thorough understanding of rice domestication processes and
molecular mechanisms active in cultivated rice will be beneficial
for rice improvement. During the past 10 years, the rice evolu-
tionary mechanisms and several domestication-related genes,
including Sh4/SHA1 (Konishi et al., 2006; Li et al., 2006; Lin et al.,
2007), PROG1 (Jin et al., 2008; Tan et al., 2008), Bh4 (Zhu et al.,
2011), Rc (Sweeney et al., 2006), OsLG1 (Ishii et al., 2013; Zhu
et al., 2013), An-1 (Luo et al., 2013), and LABA1/An-2 (Gu et al.,
2015; Hua et al., 2015), were characterized.
Wild rice typically produces a few, long grains per panicle,

with long awns (Figure 1A) that are crucial for seed dispersal
and deterring granivore predation. However, most current rice
cultivars generate many grains per panicle and shorter grains
and show no or only short awns (Figure 1B). These charac-
teristics facilitate rice storage andprocessing (Huaet al., 2015),
and the differences between wild and cultivated rice represent
critical events in rice domestication. However, the molecular
mechanisms responsible for these changes are still largely
unknown.
Here, we found that an EPFL peptide, encoded by GRAIN

NUMBER, GRAIN LENGTHANDAWNDEVELOPMENT1 (GAD1),
regulates grain number, grain length, and awn development, all of
which were altered during rice domestication. A frame-shift in-
sertion in gad1 destroyed the conserved cysteine residues of the
EPFLpeptide, causing the increasednumberofgrainsperpanicle,
the shorter grains, and the awnless phenotype found in cultivated
rice. Our results thus establish the function of a peptide signal
molecule in plant development andhelp uncover thegenetic basis
of rice domestication.
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Potassium (K+) plays crucial roles in plant growth and development. In natural environments, K+ availability in soils is relatively
low and fluctuating. Transcriptional regulation of K+ transporter genes is one of the most important mechanisms in the plant’s
response to K+ deficiency. In this study, we demonstrated that the transcription factor ARF2 (Auxin Response Factor 2)
modulates the expression of the K+ transporter gene HAK5 (High Affinity K+ transporter 5) in Arabidopsis thaliana. The arf2
mutant plants showed a tolerant phenotype similar to the HAK5-overexpressing lines on low-K+ medium, whose primary root
lengths were longer than those of wild-type plants. High-affinity K+ uptake was significantly increased in these plants. ARF2-
overexpressing lines and the hak5 mutant were both sensitive to low-K+ stress. Disruption of HAK5 in the arf2 mutant
abolished the low-K+-tolerant phenotype of arf2. As a transcriptional repressor, ARF2 directly bound to the HAK5 promoter
and repressed HAK5 expression under K+ sufficient conditions. ARF2 can be phosphorylated after low-K+ treatment, which
abolished its DNA binding activity to the HAK5 promoter and relieved the inhibition on HAK5 transcription. Therefore, HAK5
transcript could be induced, and HAK5-mediated high-affinity K+ uptake was enhanced under K+ deficient conditions. The
presented results demonstrate that ARF2 plays important roles in the response to external K+ supply in Arabidopsis and
regulates HAK5 transcription accordingly.

INTRODUCTION

Potassium (K+) is an essential macronutrient for plant growth and
development. It participates in many physiological processes
in living plant cells, e.g., electrical neutralization, enzyme acti-
vation, stomata movement, membrane potential maintenance,
and osmotic regulation (Clarkson and Hanson, 1980). It also
promotes photosynthesis, starch synthesis, and transport of
assimilation products, which determines crop yield and quality in
agricultural production (Pettigrew, 2008; Zörb et al., 2014). As
a major nutrient ion, K+ constitutes 2 to 10% of the plant’s dry
weight, whose concentration in the cytoplasm is relatively stable
at ;100 mM (Leigh and Wyn Jones, 1984; Walker et al., 1996).
However,K+concentration in soils is relatively lowandfluctuating,
varying frommicro- tomillimolar (Schroederet al., 1994;Maathuis,
2009). Thus, plants must possess multiple K+ transport systems
with different K+ affinities and transport activities to absorb ad-
equate amountsofK+ from thesoil. Anearly investigation revealed
that dual mechanisms of K+ absorption exist in plants (Epstein
etal., 1963).Mechanism1 is responsible forhigh-affinityK+uptake
under low K+ concentrations (below 0.2 mM), while mechanism
2 contributes to low-affinity K+ uptake at higher K+ concentrations

(over 0.5 mM). Plants can sense the fluctuation of external K+

concentrations and switch between these two mechanisms to
absorb K+ more efficiently (Maathuis and Sanders, 1997; Ashley
et al., 2006; Wang and Wu, 2013; Chérel et al., 2014).
Over the past decade, an increased number of plant K+

transporters and K+ channels have been identified, which have
different K+ affinities and operate in different K+ uptake mech-
anisms (Véry and Sentenac, 2003; Véry et al., 2014). In general,
K+ channels mediate low-affinity K+ uptake, and K+ transporters
conduct high-affinity K+ uptake. Plants employ K+ channels or
K+ transporters in response to external K+ concentrations and
regulate K+ absorption in root cells (Maathuis and Sanders,
1997). In Arabidopsis, the K+ channel AKT1 from the Shaker
family hasbeen identifiedasoneof themost importantK+uptake
components in roots (Hirsch et al., 1998). AKT1 is involved
in not only low-affinity ([K+]ext > 1 mM) but also high-affinity
([K+]ext < 100mM)K+ uptake (Hirsch et al., 1998; Spalding et al.,
1999; Xu et al., 2006). Another important component, High
Affinity K+ transporter 5 (HAK5), belonging to KUP/HAK/KT
family, has been characterized as a high-affinity K+ trans-
porter (Ahn et al., 2004; Gierth et al., 2005). AKT1 and HAK5
constitute the main K+ absorption systems in Arabidopsis
roots (Gierth et al., 2005; Pyo et al., 2010).
Transcriptional regulation is an important mechanism in the

plant’s response to low-K+ stress (Ashley et al., 2006; Wang
and Wu, 2013; Chérel et al., 2014). In Arabidopsis thaliana, the
HAK5 transcript is remarkably inducedbyK+deficiency in order
to enhance high-affinity K+ uptake (Shin and Schachtman,
2004; Gierth et al., 2005).HAK5 is considered as amarker gene
in the response to K+ deficiency in Arabidopsis. A previous
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The opening and closing of stomata are crucial for plant photosynthesis and transpiration. Actin filaments undergo dynamic
reorganization during stomatal closure, but the underlying mechanism for this cytoskeletal reorganization remains largely
unclear. In this study, we identified and characterized Arabidopsis thaliana casein kinase 1-like protein 2 (CKL2), which
responds to abscisic acid (ABA) treatment and participates in ABA- and drought-induced stomatal closure. Although CKL2
does not bind to actin filaments directly and has no effect on actin assembly in vitro, it colocalizes with and stabilizes actin
filaments in guard cells. Further investigation revealed that CKL2 physically interacts with and phosphorylates actin
depolymerizing factor 4 (ADF4) and inhibits its activity in actin filament disassembly. During ABA-induced stomatal closure,
deletion of CKL2 in Arabidopsis alters actin reorganization in stomata and renders stomatal closure less sensitive to ABA,
whereas deletion of ADF4 impairs the disassembly of actin filaments and causes stomatal closure to be more sensitive to
ABA. Deletion of ADF4 in the ckl2 mutant partially recues its ABA-insensitive stomatal closure phenotype. Moreover,
Arabidopsis ADFs from subclass I are targets of CKL2 in vitro. Thus, our results suggest that CKL2 regulates actin filament
reorganization and stomatal closure mainly through phosphorylation of ADF.

INTRODUCTION

Stomata regulate theuptakeofCO2 forphotosynthesis,water loss
through transpiration, and defense responses during pathogen
attack (Kim et al., 2010; Du et al., 2014). To cope with changes in
environmental conditions, such as light, temperature, humidity,
CO2, and salt in soil, plants must tightly regulate the opening and
closing of stomata (Roelfsema andHedrich, 2005; Vavasseur and
Raghavendra, 2005; Israelsson et al., 2006). Many cellular signals
(e.g., abscisic acid [ABA], H2O2, Ca

2+, CO2, and NO) regulate
stomata by influencing the activities of H+, K+, Ca2+, and anion
transporters and channels (Pei et al., 2000; Schroeder et al., 2001;
Hosy et al., 2003; Desikan et al., 2004; Hirayama and Shinozaki,
2007; Wang and Song, 2008; Gayatri et al., 2013; Kollist et al.,
2014). Actin filament reorganization occurs during stomatal clo-
sure. The actin cytoskeleton in the guard cells changes fromwell-
organized cortical filaments in the guard cells of open stomata, to
randomly distributed filaments, and then finally reorganizes into
highlybundled longcables in the longitudinaldirection in theguard
cells of closed stomata (Hwang and Lee, 2001; Zhao et al., 2011).
This regulatory process involves actin binding proteins such as
SCAB1 and the Arp2/3 complex (Zhao et al., 2011; Jiang et al.,

2012; Li et al., 2014). SCAB1 stabilizes actin filaments, and loss of
SCAB1 in plants causes defects in stomatal closure (Zhao et al.,
2011). TheArp2/3complexmediatesstomatal closure in response
to external stimuli and regulates actin reorganization in guard cells
(Jiang et al., 2012; Li et al., 2014). However, how such actin fil-
ament reorganization in guard cells is regulated remains an open
question.
Actin filaments are highly dynamic, undergoing rapid reorgani-

zation and turnover regulated by actin binding proteins such as
ADF/cofilin, villin, profilin, fimbrin, and capping protein (Wasteneys
and Galway, 2003; Hussey et al., 2006; Staiger and Blanchoin,
2006; Higaki et al., 2007; Thomas et al., 2009; Li et al., 2010; Su
et al., 2012;Quet al., 2013;Wanget al., 2015). ADF/cofilin proteins
function as key regulators of actin filament dynamics and re-
organization through binding to both globular and filamentous
actin. ADF/cofilin proteins promote actin filament severing and
depolymerization and inhibit nucleotide exchange on actin
monomers (Hotulainen et al., 2005; Andrianantoandro and Pollard,
2006; Henty et al., 2011). The Arabidopsis thaliana genome enc-
odes 11 ADF proteins, which play important roles in various bio-
logical processes. ADF4 is involved in innate immune signaling
(Tian et al., 2009;Henty-Ridilla et al., 2014); ADF7promotes pollen
tube growth (Zheng et al., 2013); and ADF2 is required for cell
growth, development, and root-knot nematode infection (Clément
et al., 2009). In addition, the 14-3-3 l protein interacts with
phosphorylated ADF1 to regulate actin dynamics during hypo-
cotyl elongation (Zhao et al., 2015). Overexpression of ADF1
causes disruption of F-actin cables in guard cells and results in

1 Address correspondence to guoyan@cau.edu.cn or zhaoyx@sdnu.edu.cn.
The author responsible for distribution of materials integral to the findings
presented in this article in accordance with the policy described in the
Instructions for Authors (www.plantcell.org) is: Yan Guo (guoyan@cau.
edu.cn).
www.plantcell.org/cgi/doi/10.1105/tpc.16.00078
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ABSTRACT

Plant genera with both diploid and polyploid species
are a common evolutionary occurrence. Polyploids,
especially allopolyploids such as cotton and wheat,
are a great model system for heterosis research.
Here, we have integrated genome sequences and
transcriptome data of Gossypium species to con-
struct co-expression networks and identified func-
tional modules from different cotton species, in-
cluding 1155 and 1884 modules in G. arboreum
and G. hirsutum, respectively. We overlayed the
gene expression results onto the co-expression
network. We further provided network comparison
analysis for orthologous genes across the diploid
and allotetraploid Gossypium. We also constructed
miRNA-target networks and predicted PPI networks
for both cotton species. Furthermore, we inte-
grated in-house ChIP-seq data of histone modifi-
cation (H3K4me3) together with cis-element anal-
ysis and gene sets enrichment analysis tools for
studying possible gene regulatory mechanism in
Gossypium species. Finally, we have constructed an
online ccNET database (http://structuralbiology.cau.
edu.cn/gossypium) for comparative gene functional
analyses at a multi-dimensional network and epige-
nomic level across diploid and polyploid Gossypium
species. The ccNET database will be beneficial for
community to yield novel insights into gene/module
functions during cotton development and stress re-
sponse, and might be useful for studying conserva-

tion and diversity in other polyploid plants, such as
T. aestivum and Brassica napus.

INTRODUCTION

Plant genera with both diploid and polyploid species are a
common evolutionary occurrence. Polyploidy, especially al-
lopolyploidy, having a greater evolutionary divergence, is a
great model system for heterosis research in crop plant do-
mestication, agricultural improvement and evolution (1,2).
Because of the large and complex genome assembly, the
functional analyses of polyploid species have been great
challenges. At present, transcriptomics supports heterosis
research at the gene expression profiling level, such as the
comparison of homolog expression changes between al-
lopolyploid and diploid species in Triticum-Aegilops (3),
and making global or modularized comparison between
species. With large amounts of transcriptome data being
released, network-based co-expression analyses have been
used for gene function predictions on whole genome levels
(4). For example, several co-expression network databases
and web servers provide comparative analyses and evolu-
tionary investigations to help identify context-associated
hubs to prioritize the candidate genes related to vital bio-
logical processes (5,6).

As an important crop with economic value, cotton is as-
sociated with the agriculture and textile industries. Cotton-
Gen, a very good reference database for cotton genomics
and breeding studies, has gathered assemblies and annota-
tions of several species, including the diploid cotton Gossyp-
ium raimondii (D genome) (7,8), the diploid cotton Gossyp-
ium arboreum (A genome) (9) and their allotetraploid cot-
ton Gossypium hirsutum (AD genome) (10,11). However,
more refined gene functional annotations, for aspects such

*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 Fuguang Li. Tel: +86 372 2562256; Fax: +86 372 2562256; Email: aylifug@163.com

C© The Author(s) 2016. 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
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Summary

� Arsenic (As) contamination in a paddy environment can cause phytotoxicity and elevated

As accumulation in rice (Oryza sativa). The mechanism of As detoxification in rice is still poorly

understood.
� We isolated an arsenate (As(V))-sensitive mutant of rice. Genomic resequencing and com-

plementation identified OsCLT1, encoding a CRT-like transporter, as the causal gene for the

mutant phenotype.
� OsCLT1 is localized to the envelope membrane of plastids. The glutathione and c-
glutamylcysteine contents in roots of Osclt1 and RNA interference lines were decreased

markedly compared with the wild-type (WT). The concentrations of phytochelatin PC2 in

Osclt1 roots were only 32% and 12% of that in WT after As(V) and As(III) treatments,

respectively. OsCLT1 mutation resulted in lower As accumulation in roots but higher As accu-

mulation in shoots when exposed to As(V). Under As(III) treatment, Osclt1 accumulated a

lower As concentration in roots but similar As concentration in shoots to WT. Further analysis

showed that the reduction of As(V) to As(III) was decreased in Osclt1. Osclt1 was also hyper-

sensitive to cadmium (Cd).
� These results indicate that OsCLT1 plays an important role in glutathione homeostasis,

probably by mediating the export of c-glutamylcysteine and glutathione from plastids to the

cytoplasm, which in turn affects As and Cd detoxification in rice.

Introduction

Inorganic arsenic (As), a highly toxic metalloid, is classified as a
class 1 nonthreshold carcinogen (Smith et al., 2002). Long-term
exposure to As in the food supply and drinking water can increase
the risk of diseases such as gastroenteritis, diabetes and cancers
(Abernathy et al., 2003). Arsenic contamination, caused by either
geogenic or anthropogenic activities, occurs in many areas world-
wide. Millions of people suffer from As toxicity, particularly in
South and Southeast Asian countries, such as Bangladesh and
China, where As-contaminated groundwater is used for drinking
and for irrigation of crops (Brammer & Ravenscroft, 2009;
Rodr�ıguez-Lado et al., 2013). Thus, reducing As content in
drinking water and foods is an urgent task for protecting human
health.

Rice (Oryza sativa), a dietary staple food for half of the world’s
population, is a major dietary source of inorganic As (Zhao et al.,
2010). It accumulates more As in shoots and grains than other
cereal crops (Williams et al., 2007; Batista et al., 2014). Inorganic
As in soil is present as arsenate, As(V), or arsenite, As(III),
depending on the redox status of the soil. As(V) is a chemical
analog of phosphate and is taken up by plant roots via phosphate

transporters, whilst As(III) is taken up mainly by silicon trans-
porters in rice roots (Ma et al., 2008; Zhao et al., 2010). After
entering root cells, As(V) is rapidly reduced to As(III), which is
extruded to the external medium, loaded into xylem for long-
distance translocation to the above-ground tissues, or complexed
by thiol compounds and sequestered in the vacuoles (Xu et al.,
2007; Song et al., 2010, 2014). Recently, two research groups
have separately identified a new arsenate reductase in Arabidop-
sis, named HAC1 or ATQ1 (Chao et al., 2014; Sanchez-Bermejo
et al., 2014). Loss of function of HAC1 leads to decreased As(V)
reduction in roots resulting in a reduction of As(III) efflux to the
external medium and hyperaccumulation of As in shoots (Chao
et al., 2014).

Besides As(III) efflux, the formation of phytochelatin–As(III)
complexes and subsequent sequestration in the vacuoles consti-
tute an important pathway of As detoxification in plants (Raab
et al., 2004; Song et al., 2010, 2014). The Arabidopsis glu-
tathione (GSH) and phytochelatin (PC) mutants are highly sensi-
tive to inorganic As (Ha et al., 1999; Liu et al., 2010). Similarly,
the Arabidopsis and rice mutants defective in the tonoplast
PC–As(III) transporters ABCC1/2 are also highly sensitive to As
(Song et al., 2010, 2014). Although As(III) is complexed mainly
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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.
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Summary

� In Arabidopsis, the C-repeat binding factors (CBFs) have been extensively studied as key

transcription factors in the cold stress response. However, their exact functions in the cold

response remains unclear due to the lack of a null cbf triple mutant.
� In this study, we used CRISPR/Cas9 technology to mutate CBF1 or CBF1/CBF2 in a cbf3

T-DNA insertion mutant to generate cbf1,3 double and cbf1 cbf2 cbf3 (cbfs) triple mutants.
� The responseof the cbfs triplemutants to chilling stress is impaired. Furthermore,no significant

difference in freezing tolerance was observed between the wild-type and the cbf1,3 and cbfs

mutants without cold acclimation. However, the cbfs mutants were extremely sensitive to

freezing stress after cold acclimation, and freezing sensitivity ranking was cbfs > cbf1,3 > cbf3.

RNA-Seq analysis showed that 134 genes were CBF regulated, of which 112 were regulated

positively and 22 negatively by CBFs.
� Our study reveals the essential functions of CBFs in chilling stress response and cold

acclimation, as well as defines a set of genes as CBF regulon. It also provides materials for the

genetic dissection of components in CBF-dependent cold signaling.

Introduction

Low temperature is one of the important environmental factors that
constrains plant growth, development, and geographical distribu-
tion. To overcome this constraint, plants have evolved sophisti-
cated mechanisms, one of which is cold acclimation (Thomashow,
1999), whereby plants acquire freezing tolerance after being
exposed to nonfreezing temperatures. Cold acclimation is a
complicated process that involves many changes, ranging from
gene expression to physiological and biochemical processes (Hua,
2009; Knight & Knight, 2012; Shi et al., 2015). C-repeat binding
factors (CBFs), also known as dehydration-responsive element
(DRE) binding factor 1 (DREB1), are thought to be key
transcription factors involved in cold acclimation (Stockinger
et al., 1997; Liu et al., 1998).CBF genes are induced rapidly by cold
stress, and in turn activate downstream cold responsive gene (COR)
expression to increase plant freezing tolerance (Stockinger et al.,
1997; Liu et al., 1998; Thomashow, 1999). Several transcriptional
factors, including ICE1 (inducer of CBF expression 1), MYB15,

CAMTA3 (calmodulin-binding transcription activator 3) and
EIN3 (ethylene insensitive 3) are shown to regulate the expression
of CBFs by binding to their promoters (Chinnusamy et al., 2003;
Dong et al., 2006; Doherty et al., 2009; Shi et al., 2012). Besides,
CBF genes are also modulated indirectly by other proteins, such as
LOS4 (low expression of osmotically responsive gene 4) (Gong
et al., 2002), FIERY2 (Li et al., 2013), and CRLK1 (calcium/
calmodulin-regulated receptor-like kinase 1) in Arabidopsis (Yang
et al., 2010), and COLD1 in rice (Ma et al., 2015).

There are three CBF genes in Arabidopsis, known as CBF1/
DREB1B,CBF2/DREB1C andCBF3/DREB1A, which belong to the
APETALA2/ethylene-responsive factor (ERF) superfamily. CBF/
DREB1 proteins bind to C-repeat/DRE cis-elements in COR gene
promoters to regulate their expression (Stockinger et al., 1997;
Gilmour et al., 1998; Liu et al., 1998). Overexpression of CBFs in
Arabidopsis or other species, such as Brassica napus, wheat (Triticum
aestivum), rye (Secale cereale), and tomato, causes the constitutive
expression of downstream COR genes and increases plant freezing
tolerance, indicating the important role of CBFs in cold acclimation
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Abstract
The phytohormone abscisic acid (ABA) plays important roles during seed germination and

early seedling development. Here, we characterized the function of the Arabidopsis
WRKY6 transcription factor in ABA signaling. The transcript ofWRKY6 was repressed dur-

ing seed germination and early seedling development, and induced by exogenous ABA.

Thewrky6-1 andwrky6-2mutants were ABA insensitive, whereasWRKY6-overexpressing
lines showed ABA-hypersensitive phenotypes during seed germination and early seedling

development. The expression of RAV1 was suppressed in theWRKY6-overexpressing
lines and elevated in thewrky6mutants, and the expression of ABI3, ABI4, and ABI5, which
was directly down-regulated by RAV1, was enhanced in theWRKY6-overexpressing lines

and repressed in thewrky6mutants. Electrophoretic mobility shift and chromatin immuno-

precipitation assays showed that WRKY6 could bind to the RAV1 promoter in vitro and in
vivo. Overexpression of RAV1 inWRKY6-overexpressing lines abolished their ABA-hyper-

sensitive phenotypes, and the rav1 wrky6-2 double mutant showed an ABA-hypersensitive

phenotype, similar to rav1mutant. Together, the results demonstrated that the Arabidopsis
WRKY6 transcription factor played important roles in ABA signaling by directly down-regu-

lating RAV1 expression.

Author Summary

The WRKY6 protein is a WRKY transcription factor which plays important roles in plant
pathogen defense, phosphate translocation, and arsenate resistance. This study demon-
strated that the expression ofWRKY6 was obviously repressed during seed germination
and significantly induced by exogenous ABA. In the presence of exogenous ABA, the two
wrky6mutants showed ABA-insensitive phenotypes, whereas theWRKY6-overexpressing
lines were hypersensitive to ABA. The WRKY6 transcription factor repressed RAV1
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The Gene Identification via Phenotype Sequencing (GIPS) software considers a range of experimental and analysis choices in
sequencing-based forward genetics studies within an integrated probabilistic framework, which enables direct gene cloning
from the sequencing of several unrelated mutants of the same phenotype without the need to create segregation populations.
GIPS estimates four measurements to help optimize an analysis procedure as follows: (1) the chance of reporting the true
phenotype-associated gene; (2) the expected number of random genes that may be reported; (3) the significance of each
candidate gene’s association with the phenotype; and (4) the significance of violating the Mendelian assumption if no gene is
reported or if all candidate genes have failed validation. The usage of GIPS is illustrated with the identification of a rice (Oryza
sativa) gene that epistatically suppresses the phenotype of the phosphate2 mutant from sequencing three unrelated ethyl
methanesulfonate mutants. GIPS is available at https://github.com/synergy-zju/gips/wiki with the user manual and an
analysis example.

One of the major challenges in plant research is to
achieve phenotypic control in breeding practices. This
objective requires an understanding of genes and their
phenotypic effects. To address this objective, the reverse
genetics approach is popular because it is relatively
convenient to perform. However, the conventional
forward genetics approach remains effective, especially
in cases where the aim is to identify genes that are

responsible for a predefined target phenotype, such as
economical traits.

The advent of next-generation sequencing enabled
fast and cost-effective genotyping, which has signifi-
cantly accelerated the process of gene identification in
sequencing-based forward genetics studies. In general,
methods for mapping the locations of phenotype-
associated mutations using genetic crosses and genome
sequencing were well summarized by Schneeberger
(2014). Previous sequencing-based forward genetics
studies in plants (Schneeberger et al., 2009; Hong et al.,
2010; Austin et al., 2011; Zhang et al., 2014) were typi-
cally based on bulked segregant analysis, whereby a
mutant is crossed to a wild type to create an F2 (or a
BC1F2) population. The F2 population is subsequently
screened for the mutant phenotype. The mutants
obtained are bulked and analyzedwithwhole-genome
sequencing. Although this approach is much faster
than the traditional map-based cloning approach for
gene identification, it still requires the creation of a
population, which is tedious and time consuming.

Identifying phenotype-associated genes via sequenc-
ing unrelated mutants with the same phenotype was
first reported by Nordström et al. (2013). In past screen-
ings of random mutagenesis libraries, we also obtained
multiple unrelated mutants exhibiting the same phe-
notype, and further investigations indicated that these
same-phenotype mutants harbored allelic mutations in
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In Arabidopsis (Arabidopsis thaliana), the Shaker K+ channel AKT1 conducts K+ uptake in root cells, and its activity is regulated
by CBL1/9-CIPK23 complexes as well as by the AtKC1 channel subunit. CIPK23 and AtKC1 are both involved in the AKT1-
mediated low-K+ (LK) response; however, the relationship between them remains unclear. In this study, we screened
suppressors of low-K+ sensitive [lks1 (cipk23)] and isolated the suppressor of lks1 (sls1) mutant, which suppressed the leaf
chlorosis phenotype of lks1 under LK conditions. Map-based cloning revealed a point mutation in AtKC1 of sls1 that led to
an amino acid substitution (G322D) in the S6 region of AtKC1. The G322D substitution generated a gain-of-function mutation,
AtKC1D, that enhanced K+ uptake capacity and LK tolerance in Arabidopsis. Structural prediction suggested that glycine-322 is
highly conserved in K+ channels and may function as the gating hinge of plant Shaker K+ channels. Electrophysiological analyses
revealed that, compared with wild-type AtKC1, AtKC1D showed enhanced inhibition of AKT1 activity and strongly reduced K+

leakage through AKT1 under LK conditions. In addition, phenotype analysis revealed distinct phenotypes of lks1 and atkc1
mutants in different LK assays, but the lks1 atkc1 double mutant always showed a LK-sensitive phenotype similar to that of
akt1. This study revealed a link between CIPK-mediated activation and AtKC1-mediated modification in AKT1 regulation.
CIPK23 and AtKC1 exhibit distinct effects; however, they act synergistically and balance K+ uptake/leakage to modulate
AKT1-mediated LK responses in Arabidopsis.

As one of the essential macronutrients, potassium (K)
plays crucial roles in plant development and growth by
regulating cell electroneutrality, membrane potential,
osmolality, and enzyme activity (Clarkson andHanson,
1980; Leigh and Wyn Jones, 1984). K is present in
plant cells in the cation (K+) form, the concentration of
which is approximately 100 mM in the cytoplasm and
even higher in vacuoles. However, available free K+

for plants is limited in soils, and the concentration
is typically within the micromolar range (Schroeder

et al., 1994; Maathuis, 2009). Therefore, plants evolved
mechanisms to adapt to a suboptimal availability of
K, including morphological and physiological altera-
tions (Schachtman and Shin, 2007; Wang and Wu,
2013).

Under limited K+ conditions (below 0.5 mM), plants
absorb K+ through high-affinity K+ transporters as well
as some K+ channels (Epstein et al., 1963; Maathuis
and Sanders, 1997; Véry et al., 2014). In Arabidopsis
(Arabidopsis thaliana), the high-affinity K+ transporter
HAK5 (Rubio et al., 2000; Nieves-Cordones et al., 2010)
and the Shaker inward K+ channel AKT1 (Lagarde
et al., 1996; Hirsch et al., 1998; Spalding et al., 1999;
Ivashikina et al., 2001) have been considered two major
components that conduct K+ uptake in root cells under
low-K+ (LK) conditions (Gierth et al., 2005; Pyo et al.,
2010; Nieves-Cordones et al., 2014). The transcription of
HAK5 is induced by K+ deficiency (Gierth et al., 2005),
which is an important mechanism in plant responses to
LK stress (Wang andWu, 2013). Recent reports showed
that HAK5 and its ortholog in Dionaea muscipula
(DmHAK5) are also regulated by the protein kinase
CIPK23 (Ragel et al., 2015; Scherzer et al., 2015).

In contrast, AKT1 is subjected mainly to posttrans-
lational regulation. The regulatory pathway of AKT1
was elucidated based on a forward genetic screening of
Arabidopsis low-K+ sensitive (lks) mutants (Xu et al.,
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Formate dehydrogenase (FDH) is involved in various higher plant abiotic stress responses. Here, we investigated the role of rice
bean (Vigna umbellata) VuFDH in Al and low pH (H+) tolerance. Screening of various potential substrates for the VuFDH protein
demonstrated that it functions as a formate dehydrogenase. Quantitative reverse transcription-PCR and histochemical analysis
showed that the expression of VuFDH is induced in rice bean root tips by Al or H+ stresses. Fluorescence microscopic
observation of VuFDH-GFP in transgenic Arabidopsis plants indicated that VuFDH is localized in the mitochondria.
Accumulation of formate is induced by Al and H+ stress in rice bean root tips, and exogenous application of formate
increases internal formate content that results in the inhibition of root elongation and induction of VuFDH expression,
suggesting that formate accumulation is involved in both H+- and Al-induced root growth inhibition. Over-expression of
VuFDH in tobacco (Nicotiana tabacum) results in decreased sensitivity to Al and H+ stress due to less production of formate
in the transgenic tobacco lines under Al and H+ stresses. Moreover, NtMATE and NtALS3 expression showed no changes versus
wild type in these over-expression lines, suggesting that herein known Al-resistant mechanisms are not involved. Thus, the
increased Al tolerance of VuFDH over-expression lines is likely attributable to their decreased Al-induced formate production.
Taken together, our findings advance understanding of higher plant Al toxicity mechanisms, and suggest a possible new route
toward the improvement of plant performance in acidic soils, where Al toxicity and H+ stress coexist.

Aluminum (Al) is the most abundant metal in the
earth’s crust, and occurs primarily in the form of alu-
minosilicates or oxides that are nontoxic to plants.
However, when the soil pH drops below 5.5, soluble
forms of ionic Al, mainly Al3+, are released into soil
solution, inhibiting root growth and function, which in
turn causes crop yield loss by impaired root absorption
of soil water and mineral nutrients. Thus, Al toxicity is
one of the major constraints limiting plant growth and
productivity in acid soils, which comprise about 50% of

potential arable lands worldwide (Kochian, 1995;
Kochian et al., 2004).

Although it has long been recognized that the pri-
mary visible symptom of Al toxicity syndrome is inhi-
bition of root elongation, the underlyingmechanisms of
Al root toxicity have remained ambiguous (Kochian,
1995). Because Al is such a reactive element, it may
simultaneously target multiple sites in root cells, in-
cluding cell wall, plasma membrane, and cytoplasm
(Zheng and Yang, 2005). On the other hand,many plant
species have evolved sophisticated mechanisms to deal
with the toxic effects of specific aspects of Al toxicity.
Two main types of Al tolerance mechanism have been
proposed (Ma et al., 2001). One is an exclusion mecha-
nism that prevents Al from entering the root apex (both
symplasm and apoplasm) and the other is internal tol-
erance relying on the detoxification and sequestration
of Al within cells. Thus far, the most well-documented
Al tolerance mechanism is an exclusion strategy based
on exudation of Al-chelating organic acids (mainly
citrate, malate, and oxalate) from root apices into the
rhizosphere (Ryan et al., 2001; Kochian et al., 2004).

Because the importance of mitochondrial respiration
in regulation of organic acid metabolism and mainte-
nance of redox homeostasis, metabolic engineering for
transgenic breeding of Al-tolerant plants has previ-
ously been exploited. For example, genes coding for
citrate synthase have been introduced into tobacco
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DNA polymerase d plays crucial roles in DNA repair and replication as well as maintaining genomic stability. However, the
function of POLD2, the second small subunit of DNA polymerase d, has not been characterized yet in Arabidopsis (Arabidopsis
thaliana). During a genetic screen for release of transcriptional gene silencing, we identified a mutation in POLD2. Whole-genome
bisulfite sequencing indicated that POLD2 is not involved in the regulation of DNA methylation. POLD2 genetically interacts
with Ataxia Telangiectasia-mutated and Rad3-related and DNA polymerase a. The pold2-1 mutant exhibits genomic instability with a
high frequency of homologous recombination. It also exhibits hypersensitivity to DNA-damaging reagents and short telomere
length. Whole-genome chromatin immunoprecipitation sequencing and RNA sequencing analyses suggest that pold2-1 changes
H3K27me3 and H3K4me3 modifications, and these changes are correlated with the gene expression levels. Our study suggests
that POLD2 is required for maintaining genome integrity and properly establishing the epigenetic markers during DNA
replication to modulate gene expression.

DNA replication is a fundamental process that du-
plicates both genetic information (DNA sequence) and
epigenetic information (DNA methylation and histone
modifications). During DNA replication in each cell
cycle, nucleosomes are reassembled onto newly syn-
thesized DNA to maintain the chromatin structures
(Probst et al., 2009). Three key DNA polymerases are
essential for DNA replication: DNApolymerase (Pol) a,
Pol d, and Pol «. It is awell-accepted concept that, after a
short RNA-DNAprimer extension by the Pol a-primase
complex, Pol « and Pol d replace Pol a and perform the
bulk of DNA synthesis in the leading and lagging
strand, respectively (Burgers, 2009).

Pol d is a highly accurate DNA polymerase that is
essential for DNA replication, repair, and recombina-
tion and thus for genome integrity (Prindle and Loeb,
2012). Dysfunction of Pol d results in genomic insta-
bility and cancer (Church et al., 2013; Palles et al., 2013).
Pol d in mammals consists of four subunits: the catalytic
subunit p125 (POLD1, corresponding to Pol3p in yeast
(Saccharomyces cerevisiae) and CDC6 in Saccharomyces
pombe); the accessory subunit p50 (POLD2, correspond-
ing to Pol31p in S. cerevisiae and CDC1 in S. pombe); p68
(POLD3, corresponding to Pol32p in S. cerevisiae and
CDC27 in S. pombe); and the smallest subunit p12
(POLD4, corresponding to CDM1 in S. pombe; Prindle
and Loeb, 2012). The Pol31p and Pol32p subunits in
yeast also interact with DNA polymerase zeta (Pol z) to
participate in DNA translesion synthesis and muta-
genesis (Johnson et al., 2012). Recent studies suggest
that Pol d may replicate both strands (Johnson et al.,
2015; Miyabe et al., 2015).

Several DNA-replication factors have been reported
to help mediate transcriptional gene silencing (TGS) in
plants (Liu and Gong, 2011). In Arabidopsis (Arabidopsis
thaliana),mutations in replication factor C1 (RFC1), Pol «,
Pol a, and replication protein A2A (RPA2A) can sup-
press gene silencing in a DNAmethylation-independent
manner (Elmayan et al., 2005; Kapoor et al., 2005; Xia
et al., 2006; Liu et al., 2010a, 2010b). These mutants are
hypersensitive to DNA damage and exhibit reduced
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Iron (Fe) deficiency affects plant growth and development, leading to reduction of crop yields and quality. Although the
regulation of Fe uptake under Fe deficiency has been well studied in the past decade, the regulatory mechanism of Fe
translocation inside the plants remains unknown. Here, we show that a WRKY transcription factor WRKY46 is involved in
response to Fe deficiency. Lack of WRKY46 (wrky46-1 and wrky46-2 loss-of-function mutants) significantly affects Fe
translocation from root to shoot and thus causes obvious chlorosis on the new leaves under Fe deficiency. Gene expression
analysis reveals that expression of a nodulin-like gene (VACUOLAR IRON TRANSPORTER1-LIKE1 [VITL1]) is dramatically
increased in wrky46-1 mutant. VITL1 expression is inhibited by Fe deficiency, while the expression of WRKY46 is induced in the
root stele. Moreover, down-regulation of VITL1 expression can restore the chlorosis phenotype on wrky46-1 under Fe deficiency.
Further yeast one-hybrid and chromatin immunoprecipitation experiments indicate that WRKY46 is capable of binding to the
specific W-boxes present in the VITL1 promoter. In summary, our results demonstrate that WRKY46 plays an important role in
the control of root-to-shoot Fe translocation under Fe deficiency condition via direct regulation of VITL1 transcript levels.

Iron (Fe) is an essential microelement for both plants
and animals. Despite its abundance in the soil, Fe is only
slightly soluble under aerobic conditions, especially in
high-pH and calcareous soils, which results in Fe defi-
ciency (Kobayashi and Nishizawa, 2012). Fe deficiency
affects plant growth and development, leading to re-
duction of crop yield and quality, and causing health
problems to human beings.

To cope with Fe deficiency, plants have developed
two main strategies for Fe uptake. Except the grami-
neae, which use the strategy II mechanism to take up Fe
from the soil, all other plants acquire Fe via strategy I
mechanism (Schmidt, 2003). In strategy I, two main
processes are involved, including the reduction of ferric
chelates at the root surface and the absorption of the
generated ferrous irons across the root plasma mem-
brane (Kobayashi and Nishizawa, 2012). The dominant
genes responsible for these processes were first cloned

from Arabidopsis (Arabidopsis thaliana), known as the
ferric-chelate reductase oxidase gene FRO2 and the
Fe-regulated transporter gene IRT1 (Eide et al., 1996;
Robinson et al., 1999). The expression of both genes is
induced by Fe deficiency and is tightly regulated at
multiple levels (Connolly et al., 2002, 2003; Barberon
et al., 2011, 2014; Shin et al., 2013; Ivanov et al., 2014).

After acquisition of Fe from soils, plants transport the
Fe from root epidermal cells to other tissues. Fe trans-
location in plants involves various steps, including ra-
dial transport across the root tissues, xylem loading and
unloading, xylem-to-phloem transfer, phloem trans-
port, symplastic movement toward the site of demand,
and retranslocation from source or senescing tissue
(Kobayashi and Nishizawa, 2012). Among these pro-
cesses, xylem loading plays an essential role in root-to-
shoot Fe translocation. A few transporter genes
involved in xylem Fe loading have been isolated so far
in Arabidopsis. FERRIC REDUCTASE DEFFECTIVE3
(FRD3), encoding a member of MATE (multidrug and
toxin efflux) transporter family, facilitates citrate efflux
into xylem (Rogers and Guerinot, 2002; Durrett et al.,
2007). Mutation of FRD3 results in Fe localization to the
central vascular cylinder of the roots and failure to
transport it to aerial parts (Green and Rogers, 2004).
Arabidopsis ferroportin1/iron regulated 1 (AtFPN1/
AtIREG1), a potential novel effluxer, is expected to be
responsible for free Fe transport into xylem, although the
transport activity for IREG1 has not been reported
(Morrissey et al., 2009). Besides, a group of nodulin-like
genes,whose expression is dramatically down-regulated
by Fe deficiency, show high similarity of protein
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Acyl Activating Enzyme3 (AAE3) was identified to be involved in the catabolism of oxalate, which is critical for seed
development and defense against fungal pathogens. However, the role of AAE3 protein in abiotic stress responses is unknown.
Here, we investigated the role of rice bean (Vigna umbellata) VuAAE3 in Al tolerance. Recombinant VuAAE3 protein has specific
activity against oxalate, with Km = 121 6 8.2 mM and Vmax of 7.7 6 0.88 mmol min21 mg21 protein, indicating it functions as an
oxalyl-CoA synthetase. VuAAE3-GFP localization suggested that this enzyme is a soluble protein with no specific subcellular
localization. Quantitative reverse transcription-PCR and VuAAE3 promoter-GUS reporter analysis showed that the expression
induction of VuAAE3 is mainly confined to rice bean root tips. Accumulation of oxalate was induced rapidly by Al stress in
rice bean root tips, and exogenous application of oxalate resulted in the inhibition of root elongation and VuAAE3 expression
induction, suggesting that oxalate accumulation is involved in Al-induced root growth inhibition. Furthermore, overexpression
of VuAAE3 in tobacco (Nicotiana tabacum) resulted in the increase of Al tolerance, which was associated with the decrease of
oxalate accumulation. In addition, NtMATE and NtALS3 expression showed no difference between transgenic lines and wild-
type plants. Taken together, our results suggest that VuAAE3-dependent turnover of oxalate plays a critical role in Al tolerance
mechanisms.

Oxalic acid is the simplest of the dicarboxylic acids
with pKa values of 1.23 and 3.83, thus existing as anion,
i.e. oxalate, in the cellular environment. Oxalate in
plants generally exists in two forms of soluble salts and
insoluble calcium oxalate crystal. Many crop plants and
pasture weeds produce and accumulate oxalate (Libert
and Franceschi, 1987). Being a relatively strong acid,
reducing agent, and a very strong chelating agent, it has
long been recognized that oxalate must have pivotal
roles in biological andmetabolic processes. For example,

oxalate was supposed to be implicated in a metaboli-
cally plausible pH-stat (Davies and Asker, 1983) and as
an important counterion to inorganic cations such as
sodium and potassium (Osmond, 1963). Both physio-
logical and biochemical studies have suggested a role
for oxalate in the regulation of calcium concentrations
by balancing soluble and insoluble forms of oxalate
(Nakata, 2012). In addition, there is evidence that oxalate
functions in both abiotic and biotic stress response in
plants. In rice (Oryza sativa), Yang et al. (2000) reported
that lead (Pb) toxicity induced more root oxalate secre-
tion from tolerant varieties than from sensitive varieties,
and oxalate was able to detoxify Pb by chelating it as
less-toxic complex. Zhu et al. (2011) demonstrated that
root oxalate secretion is involved in differential Cd tol-
erance in two tomato (Lycopersicon esculentum) cultivars.
Furthermore, oxalate has been demonstrated to be in-
volved in protection against herbivory through regula-
tion of calcium oxalate crystal formation (Franceschi and
Nakata, 2005; Nakata, 2012).

Oxalate has also been reported to be implicated in the
tolerance of some plant species to Al toxicity, which is a
major factor limiting plant growth and development on
acid soils (Kochian et al., 2004). One strategy for plants
to utilize oxalate againstAl toxicity relies on the secretion
of oxalate from Al-stressed roots, thereby chelating Al
to form nontoxic complex. For example, secretion of
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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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Conjugase PHO2 to Fine-Tune Phosphate Homeostasis
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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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Putrescine Alleviates Iron Deficiency via NO-Dependent
Reutilization of Root Cell-Wall Fe in Arabidopsis1[OPEN]
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Plants challenged with abiotic stress show enhanced polyamines levels. Here, we show that the polyamine putrescine (Put) plays
an important role to alleviate Fe deficiency. The adc2-1 mutant, which is defective in Put biosynthesis, was hypersensitive to Fe
deficiency compared with wild type (Col-1 of Arabidopsis [Arabidopsis thaliana]). Exogenous Put decreased the Fe bound to root
cell wall, especially to hemicellulose, and increased root and shoot soluble Fe content, thus alleviating the Fe deficiency-induced
chlorosis. Intriguingly, exogenous Put induced the accumulation of nitric oxide (NO) under both Fe-sufficient (+Fe) and Fe-
deficient (-Fe) conditions, although the ferric-chelate reductase (FCR) activity and the expression of genes related to Fe uptake
were induced only under -Fe treatment. The alleviation of Fe deficiency by Put was diminished in the hemicellulose-level
decreased mutant-xth31 and in the noa1 and nia1nia2 mutants, in which the endogenous NO levels are reduced, indicating
that both NO and hemicellulose are involved in Put-mediated alleviation of Fe deficiency. However, the FCR activity and the
expression of genes related to Fe uptake were still up-regulated under -Fe+Put treatment compared with -Fe treatment in xth31,
and Put-induced cell wall Fe remobilization was abolished in noa1 and nia1nia2, indicating that Put-regulated cell wall Fe
reutilization is dependent on NO. From our results, we conclude that Put is involved in the remobilization of Fe from root
cell wall hemicellulose in a process dependent on NO accumulation under Fe-deficient condition in Arabidopsis.

Iron is an essential element for plant growth and
development, and iron deficiency is the most common
micronutrient deficiency in the world. To cope with
iron deficiency, plants have evolved two distinct
mechanisms for Fe acquisition from the rhizosphere.
Strategy I, found in all dicots and monocots with the
exception of graminaceous species, is characterized by
(1) release of protons to acidify the rhizosphere, which
is mediated in Arabidopsis (Arabidopsis thaliana) by the
proton-translocating ATPase AHA2 (ARABIDOPSIS
PLASMA MEMBRANE H+-ATPASE ISOFORM 2;
Curie and Briat, 2003; Santi and Schmidt, 2009); (2) in-
ducing ferric chelate reductase activity mediated by
FRO2 (FERRIC REDUCTASE OXIDASE2; Robinson
et al., 1999); and (3) uptake of Fe2+ by the metal trans-
porter IRT1 (IRON REGULATED TRANSPORTER1;

Eide et al., 1996; Vert et al., 2002). Strategy II, utilized by
graminaceous monocots (Römheld andMarschner, 1986),
is characterized by enhanced release of phytosiderophores
that form chelates with Fe(III) (Curie and Briat, 2003).
However, in addition to Fe acquisition, the mechanisms
underlying the mobilization of Fe(III) also are a major
challenge for us to understand.

Recently, accumulating evidence has shown that
phenolic compounds are important for iron mobiliza-
tion. Rodríguez-Celma et al. (2013) showed that se-
cretion of phenolics is critical for Arabidopsis Fe
acquisition from low bioavailability sources, and then
Fourcroy et al. (2014) and Schmidt et al. (2014) dem-
onstrated that coumarins are the active compounds in
this process. Schmid et al. (2014) confirmed that secre-
tion of coumarins is an essential aspect of Arabidopsis
Fe acquisition and provided extensive information on
metabolomic changes elicited by Fe deficiency. How-
ever, under certain conditions Fe is not readily avail-
able, and Fe is difficult tomobilize; thus, Fe stored in the
plant needs to be reutilized. For example, phenolics are
secreted to remobilize the root apoplastic Fe and im-
prove Fe nutrition in red clover (Trifolium pratense) and
rice (Oryza sativa) (Jin et al., 2007; Bashir et al., 2011).
Moreover, Lei et al. (2014) reported that the cell wall can
be an important Fe source during periods of limited Fe
supply. As the first barrier to encounter the soil envi-
ronment, the cell wall is a pivotal site for most cationic
ions in plants (Lozano-Rodríguez et al., 1997; Carrier
et al., 2003). Hemicellulose contributes to the overall

1 This work was supported by the National Key Basic Research
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ABSTRACT

Potassium (K+) is one of the essential macronutrients for plant growth and development. K+ uptake from

environment and K+ translocation in plants are conducted by K+ channels and transporters. In this study,

we demonstrated that KT/HAK/KUP transporter KUP7 plays crucial roles in K+ uptake and translocation

in Arabidopsis root. The kup7 mutant exhibited a sensitive phenotype on low-K+ medium, whose leaves

showed chlorosis symptoms compared with wild-type plants. Loss of function of KUP7 led to a reduction

of K+ uptake rate and K+ content in xylem sap under K+-deficient conditions. Thus, the K+ content in kup7

shoot was significantly reduced under low-K+ conditions. Localization analysis revealed that KUP7 was

predominantly targeted to the plasma membrane. The complementation assay in yeast suggested that

KUP7 could mediate K+ transport. In addition, phosphorylation on S80, S719, and S721 was important for

KUP7 activity. KUP7 was ubiquitously expressed in many organs/tissues, and showed a higher expression

level inArabidopsis root. Together, our data demonstrated that KUP7 is crucial for K+ uptake inArabidopsis

root and might be also involved in K+ transport into xylem sap, affecting K+ translocation from root toward

shoot, especially under K+-limited conditions.

Key words: Arabidopsis thaliana, K+ uptake, K+ translocation, KUP7, K+ deficiency
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Translocation in Arabidopsis Root under K+-Limited Conditions. Mol. Plant. 9, 437–446.
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INTRODUCTION

Potassium (K+) is the most abundant cation in living plant

cells, and plays crucial roles in many physiological processes

during plant growth and development, such as enzyme

activation, osmoregulation, and stomatal movement (Clarkson

and Hanson, 1980; Leigh and Wyn Jones, 1984). Although the

K+ concentration in cytoplasm of plant cells can reach

100 mM, the K+ concentration at surface of roots in soil is

relatively low, usually below 1 mM (Schroeder et al., 1994;

Maathuis, 2009). K+ deficiency is a common abiotic stress

that plants have to face. However, plants have evolved a

series of mechanisms that can sense low-K+ stress and

increase K+ utilization efficiency under K+-deficient conditions

(Schachtman and Shin, 2007; Wang and Wu, 2013; Chérel

et al., 2014).

K+ is not metabolized in plant cells. The regulation of plant K+

nutrition is mainly dependent on K+ uptake from the environment
and K+ translocation/remobilization in plants. So far, many genes

encoding K+ transporters and channels have been cloned and

identified, which conduct K+ uptake and translocation in plant

cells (Gierth and Mäser, 2007; Lebaudy et al., 2007; Ward et al.,

2009; Véry et al., 2014). Among them, genes from the Shaker

K+ channel family and the KT/HAK/KUP K+ transporter family

play crucial roles (Véry et al., 2014).

AKT1 encodes an inward-rectifying Shaker K+ channel express-

ing in epidermis and cortex of Arabidopsis root (Lagarde et al.,

1996; Hirsch et al., 1998), where it mediates K+ uptake into root

cells over a wide range of external K+ concentrations (Hirsch

et al., 1998; Spalding et al., 1999). AKT1 activity is positively

regulated by calcium sensor CBL1/9 and protein kinase CIPK23

(Xu et al., 2006). Moreover, HAK5 from the KT/HAK/KUP family
Molecular Plant 9, 437–446, March 2016 ª The Author 2016. 437
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SUMMARY

As a central component in the maturation of Okazaki fragments, flap endonuclease 1 (FEN1) removes the 50-
flap and maintains genomic stability. Here, FEN1 was cloned as a suppressor of transcriptional gene silenc-

ing (TGS) from a forward genetic screen. FEN1 is abundant in the root and shoot apical meristems and

FEN1-GFP shows a nucleolus-localized signal in tobacco cells. The Arabidopsis fen1-1 mutant is hypersensi-

tive to methyl methanesulfonate and shows reduced telomere length. Interestingly, genome-wide chro-

matin immunoprecipitation and RNA sequencing results demonstrate that FEN1 mutation leads to a

decrease in the level of H3K27me3 and an increase in the expression of a subset of genes marked with

H3K27me3. Overall, these results uncover a role for FEN1 in mediating TGS as well as maintaining genome

stability in Arabidopsis.

Keywords: FEN1, transcriptional gene silencing, H3K27me3, ChIP-seq, DNA damage repair, telomere,

Arabidopsis thaliana.

INTRODUCTION

Replication and repair of DNA, cell-cycle regulation and

epigenetic systems ensure that genetic and epigenetic

information is passed to the next generation accurately

and genomic stability is maintained during cell prolifera-

tion (Alabert and Groth, 2012). Dysfunction of DNA replica-

tion or repair may result in replication stress and genome

instability, which can cause cancer and cell death (Gaillard

et al., 2015).

FEN1 is a structure-specific nuclease (Tsutakawa et al.,

2011) that can remove 50-flaps, the nucleic acid structures

created by the primase and DNA polymerase during the

process of Okazaki fragment (lagging strand) maturation

(Balakrishnan and Bambara, 2013). FEN1 interacts with

more than 30 proteins involved in different DNA metabolic

pathways, including DNA replication, DNA repair, apop-

totic DNA degradation and the maintenance of telomere

stability (Zheng et al., 2011). FEN1 has single-stranded

DNA endonuclease activity that is critical for resolving

stalled replication forks (Zheng et al., 2005; Zhu et al.,

2008). FEN1 also plays key roles in maintaining telomere

homeostasis (Saharia et al., 2008). FEN1 has an important

role as a tumor suppressor, and FEN1 mutations result in

genomic instability and cancer (Henneke et al., 2003;

Zheng et al., 2007).

FEN1 is highly conserved among species. Mice with a

FEN1 deletion were embryonically lethal and hypersensi-

tive to gamma radiation (Larsen et al., 2003). Conversely,

homozygous fen1 null mutants in chicken DT40 cells were

viable but sensitive to methyl methanesulfonate (MMS)

and oxidative DNA-damaging agents (Matsuzaki et al.,

2002). The yeast fen1 mutant was temperature-sensitive

lethal and sensitive to MMS (Reagan et al., 1995). How-

ever, our understanding of FEN1 in the plant kingdom is

limited. FEN-1a, but not the FEN-1b homologue from rice,

could complement the Saccharomyces cerevisiae fen1 null

mutant rad27 (Kimura et al., 2003). The Arabidopsis FEN1
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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

As a histone variant, H2A.Z is highly conserved among species and plays a significant role in diverse cellular

processes. Here, we generated genome-wide maps of H2A.Z in Oryza sativa (rice) callus and seedling by

combining chromatin immunoprecipitation using H2A.Z antibody and high-throughput sequencing. We

found a significantly high peak and a small peak of H2A.Z distributed at the 50 and 30 ends of highly

expressed genes, respectively. H2A.Z was also associated with inactive genes in both tissues. H3 lysine 4

trimethylation was associated with H2A.Z deposition at the 50 end of expressed genes, and H3 lysine 27

trimethylation peaks were partially associated with H2A.Z. In summary, our study provides global analysis

data for the distribution of H2A.Z in the rice genome. Our results demonstrate that the differential deposi-

tion of H2A.Z might play important roles in gene transcription during rice development.

Keywords: H2A.Z, ChIP-seq, Oryza sativa, distribution, gene expression.

INTRODUCTION

The dynamic regulation of chromatin structure is of pri-

mary importance in modulating genome activities in

higher eukaryotes. Changes in chromatin structure can be

achieved through histone modifications, DNA methylation,

chromatin remodeling and the deposition of histone vari-

ant-related nucleosomes (Luger et al., 2012). The histone

variant H2A.Z is highly conserved among eukaryotes, from

yeast to mammals to plants. Global profiles of H2A.Z and

its species-dependent deposition have been extensively

characterized in Saccharomyces cerevisiae (Raisner et al.,

2005; Zhang et al., 2005; Albert et al., 2007), Drosophila

(Mavrich et al., 2008; Weber et al., 2014b), mammals

(Creyghton et al., 2008; Nekrasov et al., 2012; Hu et al.,

2013; Mao et al., 2014) and Arabidopsis (Deal et al., 2007;

Zilberman et al., 2008; Coleman-Derr and Zilberman, 2012;

Yelagandula et al., 2014). H2A.Z has multiple roles in regu-

lating transcription depending on whether its primary

function is based at the promoter, the transcription start

site (TSS) or in the gene body. H2A.Z is enriched at the

TSSs and is defined as being cell cycle-dependent because

it is displaced during DNA replication and remains

evicted in the M phase of mouse trophoblast stem cells

(Soboleva et al., 2014). In addition, H2A.Z is enriched within

gene bodies, and the negative correlation between the

deposition of H2A.Z and DNA methylation is well conserved

in plants and animals (Zilberman et al., 2008; Conerly et al.,

2010; Zemach et al., 2010); however, the global distribution

of H2A.Z in other model plant genomes remains unknown.

H2A.Z recruitment is functionally involved in diverse

genomic processes, such as transcriptional regulation,

meiotic recombination, chromosome segregation, DNA

repair and genome stability (Talbert and Henikoff, 2010,

2014; Deal and Henikoff, 2011; Soboleva et al., 2014; Weber

and Henikoff, 2014a). Compelling evidence suggests that

the enrichment of H2A.Z at the TSS has a myriad of influ-

ences on transcription during eukaryotic development. In

yeast, the deposition of H2A.Z is necessary for transcrip-

tion, but is inversely correlated with transcription level

(Guillemette et al., 2005; Zhang et al., 2005; Albert et al.,

2007); however, H2A.Z occupancy positively correlates with

transcriptional activity in mammalian genomes (Creyghton

et al., 2008; Mavrich et al., 2008; Nekrasov et al., 2012; Hu
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ABSTRACT

Under phosphate (Pi) starvation, plants increase the secretion
of purple acid phosphatases (PAPs) into the rhizosphere to
scavenge organic phosphorus (P) for plant use. To date, only
a few members of the PAP family have been characterized in
crops. In this study, we identified a novel secreted PAP in rice,
OsPAP10c, and investigated its role in the utilization of exter-
nal organic P. OsPAP10c belongs to a monocotyledon-specific
subclass of Ia group PAPs and is specifically expressed in the
epidermis/exodermis cell layers of roots. Both the transcript
and protein levels ofOsPAP10c are strongly induced byPi star-
vation. OsPAP10c overexpression increased acid phosphatase
(APase) activity by more than 10-fold in the culture media
and almost fivefold in both roots and leaves under Pi-sufficient
and Pi-deficient conditions. This increase in APase activity
further improved the plant utilization efficiency of external
organic P. Moreover, several APase isoforms corresponding
toOsPAP10cwere identified using in-gel activity assays.Under
field conditions with three different Pi supply levels,
OsPAP10c-overexpressing plants had significantly higher tiller
numbers and shorter plant heights. This study indicates that
OsPAP10c encodes a novel secreted APase that plays an
important role in the utilization of external organic P in rice.

Key-words: Oryza sativa (rice); purple acid phosphatase
(PAP).

INTRODUCTION

Phosphorus (P) is an essential macronutrient for plant growth
and development. Plants take up P only in the form of
inorganic phosphate (Pi) from the soil. Although P is abundant
in the earth’s crust, it is usually present in soil in the form of
either organic P or fixed with calcium, iron and aluminium;
plants are unable to take up P in these forms (Wu et al. 2013).
In many countries, P is one of the most restricted nutrients in
the soil during crop production. To obtain high crop yields, P

fertilizer is widely used in farming; use of these fertilizers
accelerates soil degradation and water eutrophication. It is
estimated that quality rock Pi, the primary source of P fertilizer,
will be depleted at the end of this century (Gilbert 2009).
Therefore, the development of crop cultivars with high Pi

uptake and utilization efficiency is essential for sustainable
agriculture practices and themaintenance of global food supply
(Fan et al. 2012; Veneklaas et al. 2012).

Purple acid phosphatases (PAPs) (EC 3.1.3.2) are a family of
binuclear metalloenzymes that hydrolyse a wide range of
phosphate esters and anhydrides under acidic conditions. PAPs
are so named because the extracted enzymes in solutions
appear purple or pink in colour. PAPs show acid phosphatase
(APase) activity and differ from other APases in their insensi-
tivity to tartrate inhibition (Olczak et al. 2003). In plants, many
members of the PAP gene family have been identified; these
members include 29 PAPs in Arabidopsis, 26 PAPs in rice, 35
PAPs in soybean and 33 PAPs in maize (Li et al. 2002, 2011;
Zhang et al. 2011; Gonzalez-Munoz et al. 2015). These PAPs
can be divided into three groups and eight subgroups based
on the diversity of their amino sequences. Among these, some
PAP transcripts are induced in response to Pi deficiency; other
PAPs are regulated at the protein level (Tran et al. 2010b;
Zhang et al. 2011). Therefore, it has been hypothesized that
PAPs play a pivotal role in plant adaptation to Pi deficiency
(Tran et al. 2010a; Plaxton & Tran 2011).

Over the past decade, several PAPs were found to partici-
pate in the utilization and mobilization of extracellular and
intracellular organic P in Arabidopsis. AtPAP26 is a dominant
APase isozyme that is induced post-transcriptionally by Pi
starvation. It is dual targeted to both the vacuole and extracel-
lular space inArabidopsis (Veljanovski et al. 2006; Hurley et al.
2010). In the atpap26 mutant, the APase activity was signifi-
cantly decreased in both leaves and roots regardless of the Pi
status (Hurley et al. 2010; Robinson et al. 2012b; Wang et al.
2014b). Under Pi deprivation conditions, the mutant showed
stronger growth inhibition than the wild type (WT); this finding
indicates a specific function of AtPAP26 in phosphate utiliza-
tion during Pi starvation (Hurley et al. 2010). AtPAP12, a close
homolog of AtPAP26, is partially functionally redundant with
AtPAP26 (Robinson et al. 2012b). AtPAP12, AtPAP26 and
AtPAP10 were found to be the major root-associated APase
isozymes; these proteins were also secreted into the growth
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Abstract

Abscisic acid (ABA) is a vital cellular signal in plants, and effective ABA signalling is pivotal for stress tolerance. 
AtLOS5 encoding molybdenum cofactor sulphurase is a key regulator of ABA biosynthesis. Here, transgenic AtLOS5 
plants were generated to explore the role of AtLOS5 in salt tolerance in maize. AtLOS5 overexpression significantly 
up-regulated the expression of ZmVp14-2, ZmAO, and ZmMOCO, and increased aldehyde oxidase activities, which 
enhanced ABA accumulation in transgenic plants under salt stress. Concurrently, AtLOS5 overexpression induced the 
expression of ZmNHX1, ZmCBL4, and ZmCIPK16, and enhanced the root net Na+ efflux and H+ influx, but decreased 
net K+ efflux, which maintained a high cytosolic K+/Na+ ratio in transgenic plants under salt stress. However, amiloride 
or sodium orthovanadate could significantly elevate K+ effluxes and decrease Na+ efflux and H+ influx in salt-treated 
transgenic roots, but the K+ effluxes were inhibited by TEA, suggesting that ion fluxes regulated by AtLOS5 overex-
pression were possibly due to activation of Na+/H+ antiport and K+ channels across the plasma membrane. Moreover, 
AtLOS5 overexpression could up-regulate the transcripts of ZmPIP1:1, ZmPIP1:5, and ZmPIP2:4, and enhance root 
hydraulic conductivity. Thus transgenic plants had higher leaf water potential and turgor, which was correlated with 
greater biomass accumulation under salt stress. Thus AtLOS5 overexpression induced the expression of ABA biosyn-
thetic genes to promote ABA accumulation, which activated ion transporter and PIP aquaporin gene expression to 
regulate root ion fluxes and water uptake, thus maintaining high cytosolic K+ and Na+ homeostasis and better water 
status in maize exposed to salt stress.

Key words: ABA, AtLOS5, ion fluxes, maize, salt stress, water uptake.

Introduction

Salt stress is a major abiotic stress of crop plants worldwide, 
with intensive irrigation leading to salinity in semi-arid and 
arid regions, and about one-third of the world’s irrigated land 

being severely affected by secondary salinization (Munns 
and Tester, 2008). Unfortunately, most staple crops are rel-
atively salt sensitive, so salinity is becoming a great threat 

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0/), which 
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.
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Abstract

JASMONATE ZIM-domain (JAZ) proteins play important roles in plant defence and growth by regulating jasmonate 
signalling. Through data mining, we discovered that the JAZ7 gene was up-regulated in darkness. In the dark, the jaz7 
mutant displayed more severe leaf yellowing, quicker chlorophyll degradation, and higher hydrogen peroxide accumu-
lation compared with wild-type (WT) plants. The mutant phenotype of dark-induced leaf senescence could be rescued 
in the JAZ7-complemented and -overexpression lines. Moreover, the double mutants of jaz7 myc2 and jaz7 coi1 exhib-
ited delayed leaf senescence. We further employed GeneChip analysis to study the molecular mechanism. Some key 
genes down-regulated in the triple mutant myc2 myc3 myc4 were up-regulated in the jaz7 mutant under darkness. The 
Gene Ontology terms ‘leaf senescence’ and ‘cell death’ were significantly enriched in the differentially expressed genes. 
Combining the genetic and transcriptomic analyses together, we proposed a model whereby darkness can induce JAZ7, 
which might further block MYC2 to suppress dark-induced leaf senescence. In darkness, the mutation of JAZ7 might 
partially liberate MYC2/MYC3/MYC4 from suppression, leading the MYC proteins to bind to the G-box/G-box-like motifs 
in the promoters, resulting in the up-regulation of the downstream genes related to indole-glucosinolate biosynthesis, 
sulphate metabolism, callose deposition, and JA-mediated signalling pathways. In summary, our genetic and transcrip-
tomic studies established the JAZ7 protein as an important regulator in dark-induced leaf senescence.

Key words: Arabidopsis, AtJAZ7, COI1, MYC2, dark-induced leaf senescence, transcriptomics.

Introduction

Leaf senescence is a programmed cell death process essen-
tial for plant growth and survival. Leaf senescence can be 
induced by many developmental and environmental factors, 
such as aging, darkness, hormones, drought, high salinity, 

extreme temperature, and pathogen attacks (Lim et al., 2007). 
Dark-induced senescence has frequently been used as a model 
system to study natural senescence and to promote some typi-
cal senescence symptoms such as chlorophyll degradation 
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Summary
OsSPX1, a rice SPX domain gene, involved in the phosphate (Pi)-sensing mechanism plays an

essential role in the Pi-signalling network through interaction with OsPHR2. In this study, we

focused on the potential function of OsSPX1 during rice reproductive phase. Based on

investigation of OsSPX1 antisense and sense transgenic rice lines in the paddy fields, we

discovered that the down-regulation of OsSPX1 caused reduction of seed-setting rate and filled

grain number. Through examination of anthers and pollens of the transgenic and wild-type plants

by microscopy, we found that the antisense of OsSPX1 gene led to semi-male sterility, with

lacking of mature pollen grains and phenotypes with a disordered surface of anthers and pollens.

We further conducted rice whole-genome GeneChip analysis to elucidate the possible molecular

mechanism underlying why the down-regulation of OsSPX1 caused deficiencies in anthers and

pollens and lower seed-setting rate in rice. The down-regulation of OsSPX1 significantly affected

expression of genes involved in carbohydrate metabolism and sugar transport, anther develop-

ment, cell cycle, etc. These genes may be related to pollen fertility and male gametophyte

development. Our study demonstrated that down-regulation of OsSPX1 disrupted rice normal

anther and pollen development by affecting carbohydrate metabolism and sugar transport,

leading to semi-male sterility, and ultimately resulted in low seed-setting rate and grain yield.

Introduction

Rice (Oryza sativa), one of the major food staples for the world’s

population, is a model monocot plant for molecular biological

study and a model crop for agronomical improvement. The rice

grain yield is affected by many genetic and environmental

factors, such as photosynthesis ability, nutrient efficiency,

processes of pollination and fertilization, biotic and abiotic

stresses, etc. Pollen fertility is a critical factor for rice yield.

Dozens of genes are involved in anther and pollen development

in rice and Arabidopsis, including anther cell differentiation,

meiosis and pollen development (Wilson and Zhang, 2009). The

development of pollen and anther requires nutrients such as

sugars and lipids from source organs to support pollen develop-

ment and maturation (Goetz et al., 2001). Carbon Starved

Anther (CSA), encoding a MYB transcription factor, is involved in

sugar partitioning and the csa mutant showed low carbohydrate

level in later anthers with male sterility (Zhang et al., 2010).

Defective Pollen Wall (DPW) is a fatty acyl reductase, and the

mutant dpw showed defective anther development and degen-

erated pollen grains with an irregular exine (Shi et al., 2011). The

tapetum degeneration triggered by a programmed cell death

(PCD) process provides cellular contents supporting pollen wall

formation (Wu and Cheun, 2000). The TDR (Tapetum Degener-

ation Retardation) encodes a putative transcription factor with a

bHLH domain. In the tdr mutant, the tapetum PCD was retarded

in the anther with aborted pollen development (Li et al., 2006).

The Arabidopsis ortholog AMS (Aborted Microspores) showed

similar function (Xu et al., 2010). UDP-glucose pyrophosphory-

lase (UGPase) is a key enzyme in carbohydrate metabolism,

producing UDP-glucose for sucrose synthesis in leaves. In

Arabidopsis pho1 mutants, Ugp was found to be up-regulated

under conditions of phosphate deficiency (Ciereszko et al.,

2001). Rice Ugp1 is essential for pollen callose deposition, and

the Ugp1-silenced plants showed thermosensitive male sterility

(Chen et al., 2007). Rice OsUgp2 is a pollen-preferential gene

and plays a critical role in starch accumulation during pollen

maturation (Mu et al., 2009).

Phosphorus is one of the major mineral nutrients for plant

growth and development. Phosphate (Pi) has regulatory function

in reactions of photosynthetic carbon metabolism and is involved

in the photosynthetic carbon assimilation and carbon partitioning

processes between starch and sucrose (Rao, 1996), through the

operation of the Pi translocator to facilitate a rapid exchange of

Pi, triose-P and 3-phosphoglyceric acid (PGA) (Flugge, 1995). The

Pi concentration inside and outside the chloroplast could affect

the photosynthetic carbon reduction and control the balance

between starch in chloroplast and sucrose in the cytosol (Rao,

1996). The dynamic interactions between sink and source tissues

affected the response of photosynthesis to phosphate limitation

(Pieters et al., 2001).

There exists close relationship between phosphate signalling

and rice reproductive development. Rice plants can accumulate

abundant Pi in vegetative organs such as leaves at the early

developmental stage and transport the Pi stored in the leaves to

reproductive organs such as panicle at the late developmental

stage (Marschner, 1995). The rice phosphate transporter gene

OsPT8 is involved in Pi translocation from vegetative organs to

reproductive organs in rice. The suppression of OsPT8 resulted in

lower seed-setting rate, higher phosphorus content in the panicle

axis and decreased phosphorus content in unfilled grain hulls (Jia

et al., 2011). Under high Pi level, overexpressing OsPHR2 up-

ª 2016 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd.
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Analysis of crystal structure of 
Arabidopsis MPK6 and generation 
of its mutants with higher activity
Bo Wang*, Xinghua Qin*, Juan Wu, Hongying Deng, Yuan Li, Hailian Yang, Zhongzhou Chen, 
Guoqin Liu & Dongtao Ren

Mitogen-activated protein kinase (MAPK) cascades, which are the highly conserved signalling modules 
in eukaryotic organisms, have been shown to play important roles in regulating growth, development, 
and stress responses. The structures of various MAPKs from yeast and animal have been solved, and 
structure-based mutants were generated for their function analyses, however, the structures of plant 
MAPKs remain unsolved. Here, we report the crystal structure of Arabidopsis MPK6 at a 3.0 Å resolution. 
Although MPK6 is topologically similar to ERK2 and p38, the structures of the glycine-rich loop, MAPK 
insert, substrate binding sites, and L16 loop in MPK6 show notable differences from those of ERK2 and 
p38. Based on the structural comparison, we constructed MPK6 mutants and analyzed their kinase 
activity both in vitro and in planta. MPK6F364L and MPK6F368L mutants, in which Phe364 and Phe368 in 
the L16 loop were changed to Leu, respectively, acquired higher intrinsic kinase activity and retained 
the normal MAPKK activation property. The expression of MPK6 mutants with basal activity is sufficient 
to induce camalexin biosynthesis; however, to induce ethylene and leaf senescence, the expression of 
MPK6 mutants with higher activity is required. The results suggest that these mutants can be used to 
analyze the specific biological functions of MPK6.

Mitogen-activated protein kinase (MAPK) cascades, which are composed of MAPK kinase kinase, MAPK 
kinase and MAPK (called MAPKKK, MAPKK, and MAPK), are highly conserved signalling modules in eukar-
yotic organisms. MAPKKKs can be activated by other kinases or sensors/receptors. MAPKKs are activated by 
MAPKKK via the phosphorylation of the two serine and threonine residues in their conserved S/T-X3–5-S/T 
motif. MAPKKs are dual-specificity kinases that activate MAPKs by phosphorylating the threonine and tyros-
ine residues in their conserved TXY motif. The activated MAPKs have been shown to regulate specific cellu-
lar processes primarily through the phosphorylation of different substrates; however, several MAPKs (such as 
ERK1 and ERK2 in animals) were also shown to perform their function only by binding to targets in an kinase 
activity-independent manner1.

Crystallography and mutagenesis analyses of MAPKs and MAPK-substrate complexes have revealed the 
mechanism by which MAPKs and their substrates interact. The structures of mammalian and yeast MAPKs 
have been studied2. Several structural elements within MAPKs that participated in the regulation of kinase activ-
ity and interaction with their substrates were defined. The overall structures of the MAPKs, which have been 
reported, possess an N-terminal lobe and a C-terminal lobe. A deep cleft between the N- and C-lobes forms the 
ATP-binding site. With the exception of the common structural elements found in other kinases, MAPKs also 
contain a few unique features, including a MAPK insert and a C-terminal α L16 helix3–6.

Since the first reports of plant MAPKs, alfalfa MsERK1 and pea D5 kinase in 19937,8, a great number of 
MAPKKKs, MAPKKs, and MAPKs have been identified in plants9–11. Over the past two decades, the MAPK 
cascades in plants have been shown to be important signalling modules that coordinate stress and hormone 
responses, innate immunity, and plant growth and development11–13. The full family members of the MAPK 
cascades have been defined in several plant species in which the genome sequences have been determined9,14,15. 
The Arabidopsis genome contains 60 MKKKs, 10 MKKs and 23 MPKs (according to systemic nomenclature, the 
MAPKKKs, MAPKKs and MAPKs in Arabidopsis were called MKKKs, MKKs and MPKs)9. The MPKs were clas-
sified into four groups: the A to C groups contain the conserved TEY motif, and the D group contains the TDY 
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Co-expression network analyses 
identify functional modules 
associated with development 
and stress response in Gossypium 
arboreum
Qi You1, Liwei Zhang1, Xin Yi1, Kang Zhang1, Dongxia Yao1, Xueyan Zhang2, Qianhua Wang2, 
Xinhua Zhao2, Yi Ling1, Wenying Xu1, Fuguang Li2 & Zhen Su1

Cotton is an economically important crop, essential for the agriculture and textile industries. Through 
integrating transcriptomic data, we discovered that multi-dimensional co-expression network 
analysis was powerful for predicting cotton gene functions and functional modules. Here, the recently 
available transcriptomic data on Gossypium arboreum, including data on multiple growth stages of 
tissues and stress treatment samples were applied to construct a co-expression network exploring 
multi-dimensional expression (development and stress) through multi-layered approaches. Based 
on differential gene expression and network analysis, a fibre development regulatory module of the 
gene GaKNL1 was found to regulate the second cell wall through repressing the activity of REVOLUTA, 
and a tissue-selective module of GaJAZ1a was examined in response to water stress. Moreover, 
comparative genomics analysis of the JAZ1-related regulatory module revealed high conservation 
across plant species. In addition, 1155 functional modules were identified through integrating the co-
expression network, module classification and function enrichment tools, which cover functions such as 
metabolism, stress responses, and transcriptional regulation. In the end, an online platform was built 
for network analysis (http://structuralbiology.cau.edu.cn/arboreum), which could help to refine the 
annotation of cotton gene function and establish a data mining system to identify functional genes or 
modules with important agronomic traits.

Cotton, an economically important crop worldwide, is essential to the agriculture and textile industries. With 
the release of the whole-genome sequence of Gossypium arboreum in Nature Genetics in 20141, the demand for 
refined annotation of cotton genes on the whole-genome level becomes high because we know so little about what 
most cotton genes do, such as the functional genes for fibre development, quality improvement, disease resist-
ance, drought resistance and salinity resistance. Considering the low proportion of annotated genes in the cotton 
genome, it is necessary and urgent to conduct big data mining to yield novel insights into cotton development 
and stress response.

Currently, there are lots of transcriptomic data on G. arboreum available, including data on multiple growth stage 
tissues and stress treatment samples. High-quality genome-wide transcriptomic data sets from public databases 
promise to provide important biological knowledge2. Transcription regulation plays an essential role in establishing 
the gene expression profiling associated with plant development and stress response. Up to January of 2015, there 
were 23 RNA-seq data sets on G. arboreum collected in the NCBI GEO database, which include tissues such as seed-
ling, leaf, seed and fibre. In addition, our previous experiments obtained a series of RNA-seq data for G. arboreum 
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Effects of MeJA on Arabidopsis 
metabolome under endogenous JA 
deficiency
Jingjing Cao1, Mengya Li2, Jian Chen1, Pei Liu2 & Zhen Li1

Jasmonates (JAs) play important roles in plant growth, development and defense. Comprehensive 
metabolomics profiling of plants under JA treatment provides insights into the interaction and 
regulation network of plant hormones. Here we applied high resolution mass spectrometry based 
metabolomics approach on Arabidopsis wild type and JA synthesis deficiency mutant opr3. The effects 
of exogenous MeJA treatment on the metabolites of opr3 were investigated. More than 10000 ion 
signals were detected and more than 2000 signals showed significant variation in different genotypes 
and treatment groups. Multivariate statistic analyses (PCA and PLS-DA) were performed and a 
differential compound library containing 174 metabolites with high resolution precursor ion-product 
ions pairs was obtained. Classification and pathway analysis of 109 identified compounds in this library 
showed that glucosinolates and tryptophan metabolism, amino acids and small peptides metabolism, 
lipid metabolism, especially fatty acyls metabolism, were impacted by endogenous JA deficiency and 
exogenous MeJA treatment. These results were further verified by quantitative reverse transcription 
PCR (RT-qPCR) analysis of 21 related genes involved in the metabolism of glucosinolates, tryptophan 
and α-linolenic acid pathways. The results would greatly enhance our understanding of the biological 
functions of JA.

Metabolomics utilizes high-throughput methods, such as high resolution mass spectrometry and nuclear mag-
netic resonance to obtain comprehensive information of metabolites in a given biological system1. UPLC-HRMS 
has been regarded as one of the most promising tools for metabolic profiling with improved accuracy and reso-
lution2–4. Metabolomics have been widely used in biology study, especially in the field of biomedical research5–7. 
Plant metabolomics combined with other biology approaches were used to investigate gene function and  
biological processes. Large scale metabolomics profiling of plant materials can identify compounds involved in 
key metabolic pathways for plant growth and stress response, reveal correlation/interaction between metabolites 
from distinct metabolic pathways and construct a metabolite regulatory network. Chen et al. investigated the 
effects of drought stress on rice metabolome using MS2T based approach and found possible regulation coordi-
nation of abscisic acid (ABA) with serotonin derivatives and polyamine conjugates8. This study also found some 
C-glycosylated flavones as potential biomarkers for discrimination between two rice subspecies. Metabolomics 
was also used to illustrate the contrasting effects of metabolites on herbivore resistance in leaves and roots of 
maize upon attack by herbivores9.

Jasmonate acid (JA) is an important phytohormone, it regulates a wide variety of developmental processes and 
mediates the response to various environmental stresses in higher plants. JA plays essential roles in seed germina-
tion, flowering and fruit development, leaf abscission and senescence10,11. JA also regulates plant stress response 
such as insects, fungal pathogens, UV radiation, ozone and other biotic or abiotic stresses12–17. The biosynthesis 
of JA starts with the conversion of linolenate to 12-oxo-phytodienoate (OPDA) in the chloroplast. OPDA is then 
transported into peroxisome where it is reduced by OPDA reductase18 through three cycles of β -oxidation19 to 
produce JA. JA can be reversibly esterified by JMT (JA-methyl transferase) to MeJA20 and can be conjugated to 
amino acids by JAR121 in cytoplasm. Exogenous stimuli induce rapid accumulation of JA in plants and subse-
quently induce the expression of a number of JA regulated genes.
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Microtubule bundling plays a role in ethylene-mediated cortical
microtubule reorientation in etiolated Arabidopsis hypocotyls
Qianqian Ma*, Jingbo Sun* and Tonglin Mao‡

ABSTRACT
The gaseous hormone ethylene is known to regulate plant growth
under etiolated conditions (the ‘triple response’). Although
organization of cortical microtubules is essential for cell elongation,
the underlying mechanisms that regulate microtubule organization by
hormone signaling, including ethylene, are ambiguous. In the present
study, we demonstrate that ethylene signaling participates in
regulation of cortical microtubule reorientation. In particular,
regulation of microtubule bundling is important for this process in
etiolated hypocotyls. Time-lapse analysis indicated that selective
stabilization of microtubule-bundling structures formed in various
arrays is related to ethylene-mediated microtubule orientation.
Bundling events and bundle growth lifetimes were significantly
increased in oblique and longitudinal arrays, but decreased in
transverse arrays in wild-type cells in response to ethylene.
However, the effects of ethylene on microtubule bundling were
partially suppressed in a microtubule-bundling protein WDL5
knockout mutant (wdl5-1). This study suggests that modulation of
microtubule bundles that have formed in certain orientations plays a
role in reorienting microtubule arrays in response to ethylene-
mediated etiolated hypocotyl cell elongation.

KEYWORDS: Ethylene, Cortical microtubule, Orientation, Hypocotyl
growth, Arabidopsis

INTRODUCTION
Ethylene is a gaseous hormone that plays crucial roles in plant
growth, development and stress responses. One of the most widely
documented ethylene responses is the triple response, which results
in a short thickened hypocotyl when Arabidopsis thaliana seedlings
that have been grown in the dark are treated with ethylene or its
biosynthetic precursor 1-aminocyclopropane-1-carboxylic acid
(ACC) (Bleecker et al., 1988; Ecker, 1995). The ethylene signal
is detected by a family of five membrane-bound receptors
(ETR1, ERS1, ETR2, ERS2 and EIN4) in Arabidopsis, and
the redundant nuclear-localized transcription factors ETHYLENE-
INSENSITIVE 3 (EIN3) and EIN3-like 1 (EIL1) mediate ethylene
signaling. Altered cortical microtubule organization has been
shown when exogenous ethylene or ACC is applied to plant
cells (Soga et al., 2010a; Polko et al., 2012). Although the
microtubule-associated protein WDL5 has been recently identified
as a participant in ethylene-signaling-mediated etiolated hypocotyl
elongation (Sun et al., 2015), evidence demonstrating that ethylene

signaling is involved in regulation of microtubule reorientation is
lacking.

Numerous studies have shown that cortical microtubule
orientation is associated with the growth status of plant cells,
especially in etiolated hypocotyl cells (Le et al., 2005; Crowell et al.,
2011). As such, a parallel array of cortical microtubules is
dominantly transversely oriented to the hypocotyl longitudinal
growth axis in rapidly growing etiolated hypocotyl cells, whereas
microtubules are longitudinally oriented when cell elongation stops
(Le et al., 2005; Wang et al., 2012). Mutation or overexpression of
many microtubule-associated proteins (MAPs) alters cortical
microtubule orientation and results in abnormal hypocotyl cell
elongation. For example, overexpression of a protein that binds to
microtubule plus ends, AUGMIN subunit 8 (AUG8), longitudinally
orients cortical microtubules and inhibits etiolated hypocotyl cell
elongation (Cao et al., 2013). Many factors are capable of altering
cortical microtubule orientation in growing cells, such as the
phytohormones gibberellic acid and auxin (Shibaoka, 1993;
Vineyard et al., 2013). Recent studies have shown that blue light,
auxin and brassinosteroid signaling participate in regulation of
cortical microtubule reorientation in hypocotyl and root cells (Wang
et al., 2012; Lindeboom et al., 2013; Chen et al., 2014). Whether
other signaling processes also participate in the regulation of
cortical microtubule reorientation in plant cells in response to
complicated developmental and environmental cues remains
unclear.

Several important regulators have been identified as playing
different roles in the regulation of cortical microtubule reorientation.
For example, γ-tubulin complexes are required for reorientation of
cortical microtubules through nucleation of nascent microtubules as
branches diverge by approximately 40° from existing microtubules
(Murata et al., 2005). The microtubule-severing protein katanin is
prone to localization at nucleation sites in order to sever nucleated
microtubules and at crossovers sites in order to sever overlapping
microtubules to create new arrays during reorientation (Lindeboom
et al., 2013; Zhang et al., 2013). Previous models have demonstrated
that microtubules in their original orientation are prone to
depolymerization, whereas other microtubules build new arrays
(Soga et al., 2010b). Although much is known about the roles of the
γ-tubulin complex and katanin in regulating microtubule
reorientation, questions remain about the underlying mechanisms
regarding regulation of microtubule stability in different
orientations.

In this study, we have demonstrated that ethylene signaling is
involved in regulation of cortical microtubule reorientation. Further
analyses showed that the effects of ethylene on microtubule-
bundling events and lifetime are related to the orientation of
microtubule arrays. The results of this study suggest that regulation
of microtubule bundling plays a role in modulation of cortical
microtubule reorientation in response to ethylene in etiolated
hypocotyl cells.Received 4 December 2015; Accepted 30 March 2016
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